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Preface

Background

Renewable energy is one of the pioneer fields nowadays and every person
is interested in the growth curve of it. It has broad applications in several
areas ranging from energy, transport, transmission, storage, and even day-
to-day activities. This book provides a perfect blend of all current issues
related to the latest developments in the field of Renewable Energy utiliza-
tion. The book will be very useful for engineers, scientists, academicians,
etc. in the field of Mechanical, Electrical, Electronics, Civil, Computers,
and Artificial Intelligence working in the broader domain of Renewable
Energy.

Objectives

This book is intended for use as a reference book to look into the latest
developments in the field of renewable energy, keeping the minimum basic
knowledge intact. The objectives of this work are:

« To cover the sub-domains of the renewable energy sector in
which the latest developments have taken place

 To present practical problems that are coming up in under-
standing and implementing the renewable energy sector

o To link the academia with the industries and try to solve
some of the practical industrial problems

We hope that the careful explanations given in this book with numerous
figures and tables will help the readers develop important skills and help
them boost their knowledge and confidence level.

xvii



xviii PREFACE

Philosophy and Goal

The main philosophy is to help the young and budding engineers of tomor-
row to ignite their minds to critically analyse the importance of Renewable
Energy and its future scope. This book also intends to bring interest and
enthusiasm in the students and it should not be only thought of as a prob-
lem-solving aid.

The key features of different chapters of this text are as follows. In
Chapter 1, a two fluid model (TEM) is used to critically analyse the gas-
solid behaviour in bubbling fluidized beds. The simulation of the bed also
compares the radial and axial contour and vector profile for gas and solid
phase velocity and contour and vector profiles of solid volume fractions
according to different fluid solid interaction drag models. Chapter 2 sum-
marizes the status of accessibility of renewable energy sources in India and
in particular, Rajasthan. This will be helpful for researchers, developers,
and investors to identify the scope of improvement in technologies for bet-
ter harnessing energy from renewable resources and chart a path to expand
production of power from renewable energy. Chapter 3 examines the dis-
tributed generation (DG) system for better electricity access in the wake
of low-cost Renewable Energy (RE) development. This chapter examines
the legal and policy framework which guides the functioning of a DG sys-
tem. This chapter highlights the challenges experienced in effectuating the
system and the policy’s attempt to address them. Chapter 4 presents the
scientific and technical problems of energy use and environmental con-
servation faced as challenges worldwide. This chapter deals with various
nanomaterials used to solve the energy field (hydrogen evolution reaction
and supercapacitors) and environmental-related problems (photocataly-
sis) are discussed in detail. Chapter 5 investigates quantum dot sensitized
solar cells (QDSSCs) owing to their interesting electrical and optical prop-
erties. In this chapter, historical background, working principles, and other
design aspects of QDSSCs on the basis of practical works has been dis-
cussed. Chapter 6 is mainly focussed on the use of desalination technology
in a justifiable manner. In this chapter, the various procedures of improv-
ing the yield of solar stills are elaborately discussed with their respective
enhancements in efficiency. This chapter paves the path for researchers
working in solar still to choose an appropriate method for enhancement
of the productivity that makes the desalination process more viable and
sustainable than conventional solar stills. In Chapter 7, the main focus is
to analyse power oscillations due to SSR on grid connected Wind Energy
Conversion Systems (WECS) with Doubly Fed Induction Generator



PREFACE xix

(DFIG) machines due to the series compensation of the line. The chapter
discusses the mathematical modelling of the grid connected DFIG based
WECS and the SSR analysis under varying conditions of wind speed and
capacitor compensation levels.

Chapter 8 deals with a comprehensive review of biomass and waste to
energy conversion technologies auspicious for sustainable environments.
Incineration and anaerobic digestion have been identified as central in
handling municipal solid waste for heat and power generation. Up-and-
coming technologies, like microbial fuel cells that generate electric-
ity whilst treating wastewater, are promising innovations in sustainable
wastewater treatment. In Chapter 9, is a detailed description of the import-
ant policies and regulations pertaining to RE, energy storage, and EVs.
Certain landmark legislations and electricity market related recent devel-
opments have been covered. A case-study of a state electricity regulator
encouraging use of advanced technologies like Blockchain for managing
rooftop solar energy has also been provided. Finally, a direction towards
the national standard development efforts in RE grid integration, energy
storage, and EVs has been provided. Chapter 10 takes a tour of an alter-
native and durable co-catalyst and catalyst support used in PEFC systems
for automobile and stationary applications. This chapter also focuses on
the modified forms of Titania nanostructures-based catalysts and catalyst
frameworks and provides an overview of data in-depth for these materi-
als. Chapter 11 discusses the mechanism of Unitised regenerative fuel cells
(URFC), their classification, materials aspects, and applications. Chapter
12 includes general concepts on various energy storage devices and their
advancement for renewable energy resources. The chapter discusses the
applications and future challenges of energy storage devices in the mod-
ern era. Chapter 13 elaborates on DC-pG as a critical solution to address
conventional electrification issues while maintaining continuity of power,
cost-effectiveness, resiliency, reduced complex structure, and ease of con-
trol over AC-microgrids (AC-uG) and possible alternate replacement
for distributed generation. Chapter 14 discusses the overview of solar air
heaters (SAHs) which are simple in design and can be fabricated using
locally available resources. A case study has been presented in which
characteristics of net-effective efficiency of conical protrusions rib rough-
ened surface of SAH have been evaluated and compared with those of a
smooth absorber. The focus of Chapter 15 is to enhance system stability
by effective tuning of secondary Proportional Integral Derivative (PID)
controllers in the LFC system with a swarm intelligent algorithm called
a Bacterial Foraging Optimization Algorithm (BFOA). The robustness
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analysis and the convergence analysis on the proposed Micro Grid system
with an intelligent controller also assures the suitability of the proposed
approach in practical implementation. In Chapter 16, the authors demon-
strate a Brushless Doubly Fed Induction Machine, which originated from
the technology of cascade induction machines and can work as a motor
or as a generator and has gained importance as a wind electric generator
because of its comparative advantages over other wind electric generators
in practice today. Experimental analysis on the torque-speed character-
istics of the improved BDFIM in motor mode using a prototype is also
done. Chapter 17 depicts a systematic survey of the inverters fed by these
sources, connected in parallel, controlled by the droop control method.
The purpose of Chapter 18 is to determine the effects of the Southern Pine
Beetle (SPB) outbreak in the Honduran energy sector, taking into consid-
eration the amount of forest area cleared, the volume of wood affected, and
the amount of energy generated by biomass. It was concluded that by 2021,
the energy demand will not be able to be secured with the current biomass
stock.
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Abbreviations
a, Volume Fraction of Gas (air)
a Volume Fraction of Sand

P, Density of Gas (air)

P, Density of Sand

A Superficial Gas Velocity

v Superficial Sand Velocity
Interphase Exchange Coefficient
T Phase Stress-Strain Tensor

C Coefficient of Drag

Re Reynolds Number

H Heterogeneous Index

d Particle Diameter of Sand

1.1 Introduction

Fluidized bed technology is a widely used technology for various chemi-
cal and physical processes and industrial applications for synthesis of fuel
and manufacturing of chemicals like polypropylene and polythene [1]. The
reason is, fluidized bed offers a higher reaction rate as the fuel particles are
small so it is suspending and mixed thoroughly for good air-solid parti-
cle contact, controllable handling of solids, and high heat flow. Nowadays,
Computational Fluid Dynamics (CFD) has become an effective tool for
understanding the hydrodynamics of the gas-solid fluidized bed system
[2]. However, the situation is complex if multiphase flows are involved
because transport equations for mass and momentum need to be solved
for each phase. Generally, two kinds of CFD modeling approaches are
used to understand the hydrodynamics of a fluidized bed system. The first
approach is the Eulerian-Eulerian approach or Two Fluid Method (TFM),
which is used in most studies assuming gas and solid phases as continuous
and fully interpenetrating within each control volume [3]. The main advan-
tage of the Eulerian-Eulerian approach is that it is less computationally
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exhaustive in comparison to other models. The Eulerian approach is basi-
cally an extension of governing equations of fluid dynamics from a single
phase to multiphase.

The second approach is the Eulerian-Lagrangian approach or Discrete
Element Method (DEM) where the gas phase is continuous, but the
solid phase is in discrete form. The trajectories of individual particles are
tracked in space and time by integrating Newton’s Law of Motion [4]. The
Eulerian-Lagrangian approach or Discrete Element Method for fluidized
bed systems was initiated by Tsuji et al. [5]. For DEM model, particle-
particle collisions are described by a hard sphere approach [6] and soft
sphere approach [7]. As the DEM model gives results of various particle
properties in fluid motion, it requires high computational time and cost for
simulation. As the Eulerian-Eulerian approach requires less computational
time for simulation, it is generally preferred.

Fluid-solid interaction force is the key thing for a fluidization phenom-
enon, which is described by Johnson, Massoudi, and Rajagopal [8]. There
are various types of forces like drag force, buoyancy force, Saffman lift
force, Magnus force, etc. which are responsible for fluid-solid interaction
among which buoyancy force, drag force, and momentum transfer due
to mass transfer are considered as controlling parameters for fluid-solid
interaction [9]. The fluid-solid interaction drag model is classified into
two categories: 1) conventional drag models like the Syamlal O’Brien drag
model [10] and Gidaspow drag model [11] and 2) structure-based drag
models like the EMMS drag model [12]. These drag models are based on
various considerations, as the Gidaspow drag model is a combination of
the Wen-Yu drag model [13] and Ergun [14] equations to cover a whole
range of volume fraction, but the Syamlal O’Brien drag model has a form
based on the experimental correlation of terminal or settling velocity [15].
Though this conventional fluid-solid interaction drag model predicts good
results, this conventional drag models theoretically assumed particles
have equal diameter which is experimentally not correct. The EMMS drag
model, which is a structure-based drag model, is based on an energy min-
imization multi-scale principle [16]. According to this drag model, meso-
scale structure is the key for CFD modeling of a fluidized bed system where
for bubbling fluidized bed bubbles are considered as meso-scale structures
similar to clusters for circulating a fluidized bed. According to the EMMS
model, meso-scale interaction refers to that between bubbles and the
emulsion phase [12]. According to the EMMS model, the hydrodynamic
parameters needed for the system are the superficial gas velocity in the
emulsion phase (U ), the superficial solid velocity in the emulsion phase
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(Upe), the volume fraction of bubbles (3,), the rising velocity of bubbles
(U,), the diameter of bubbles (d, ), and the voidage of the emulsion phase
(€)). The main objective of the present work is to study the performance of
different fluid-solid interaction drag models on the modeling of a bubbling
fluidized bed for different air velocities.

1.2 Mathematical Model

The two-dimensional bubbling bed used for the simulation of the gas-solid
flow has a diameter of 0.14m and a height of 1m. The bed is initially filled
with sand up to the height of 0.232 m. The mesh of the bed contains 5600
quadrilateral cells and the cell size is 5 mm.

In this work, a Eulerian-Eulerian approach or Two Fluid Model (TFM)
approach is used. A set of governing equations like mass and momentum
conservation equations for both gas and solid phases were numerically
solved using the commercial software ANSYS-FLUENT. The equations
of mass and momentum conservation, solid phase stress tensor, etc. were
mentioned in Table 1.1. In present work for the simulation of the bubbling
fluidized bed, the sand particles were considered as solid phase and atmo-
spheric air is considered as the gas phase. The gas phase is considered as
a continuous phase and the solid phase sand is considered as a granular
solid phase where the Gidaspow model [17] is used for granular viscosity
of the solid phase. The kinetic fluctuation between particles is considered
using kinetic theory of granular flow [18] which is given in Table 1.1. The
expression of Lun et al. [19] is used for granular bulk viscosity and expres-
sion of Schaeffer [20] is used for frictional viscosity of the solid phase. The
phase coupled SIMPLE algorithm, which is an extension of the SIMPLE
algorithm, is used for pressure-velocity coupling and the QUICK scheme
is used for discretization of the momentum equation.

In the present study, conventional drag models like Gidaspow [11]
and Syamlal O’Brien [10] drag models are used and structure-based drag
model like the EMMS model is used, which is considered bubble as a
meso-scale structure and were given in Table 1.1. The properties of gas
and solid phases which are considered for present study are detailed in
Table 1.2.
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Table 1.1 Kinetic fluctuation between particles is considered using kinetic
theory of granular flow.

Conservation of Mass [21]

Gas Phase
d v S\ (1.1)
E(agpg)+ (otgpgve)=0
Solid Phase
J )= (1.2)
g(asps)'FV(OfsPsVs)—o '

Conservation of Momentum [21]

Gas Phase

0 oo _ . IR
a( PeVe)+ V0PV V) =—0,Vp+V T + 0P8 + Ky (Vi — V)

(1.3)
Solid Phase
(ocspsv )+ V.(0,psV V) =—0,Vp—Vp, + VA + 0p g + Ko (Vy — V)
(1.4)
Phase Stress-Strain Tensor [22]
T = o (V9 + V9T )—%aiui(V.Vi)T (1.5)
where i =g for gas phase and i = s for solid phase.
Solid Shear Stress
Hs = Hs,col + p's,kin + IJ's,fr (16)

(Continued)
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Table 1.1 Kinetic fluctuation between particles is considered using kinetic

theory of granular flow. (Continued)

Conservation of Mass [21]

Kinetic Granular Viscosity [17]

Sk 96(xs (]- + €ss )gO,ss

Granular Bulk Viscosity [19]

3
Frictional Viscosity [20]

us,fr_ 5 IZD

Collisional Viscosity [23]

Solids Pressure

Radial Distribution Function

e 137!
=1-| =
8 |: (Es,max ) :|

Fluid Solid Interaction Drag Models
Gidaspow Drag model [11]

ECD 0L0LgPg[ Vs — Vg |O( -28
4 d, #

asz as Hs_H
150 % e | 1 75 %sPalVs =Vl

7“5 = é(xspsdsgo,ss(l + ess )(

_ bysing

oed,’ d,

, 2
— lopsdsesrl|:1+4g0(xs(l+e):|

0 172
i

4 e 1/2
s,col = — Olg sds ss 1+ ss —
Moo = 0:P:dsgo, (1+e )(n)

ps = aspses + 2ps(1+ e)(xszgoes

for o, >0.8

for o, <0.8

(1.7)

(1.8)

(1.9)

(1.10)

(1.11)

(1.12)

(1.13)

(Continued)
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Table 1.1 Kinetic fluctuation between particles is considered using kinetic
theory of granular flow. (Continued)

Conservation of Mass [21]

where

Co= 2% [14+0.15(0,Re,)**"] (1.14)

o,Re;

Syamlal O’Brien Drag Model [10]

3 Cp Pglvi—V
Kgs=—%wasag (1.12)
4v,, d,

where
48 Y 1.13
Co=[063+— 28 (1.13)
Re,
Vis
Re, = Pl = Vel (110
My
and
V. =0.5(A—0.06Re, ++/(0.06Re, )’ +0.12Re,(2B— A)+ A?) (1.15)
with
A=og" (1.16)
o,
B= ’ for C;=2.61and C,=0.8 (1.17)
Czaglls

(Continued)
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Table 1.1 Kinetic fluctuation between particles is considered using kinetic
theory of granular flow. (Continued)

Conservation of Mass [21]

EMMS Drag Model [22]

3 5 PyEes|U _ﬁsl8 265}, (1.18)

where

(24/Re)(1+0.15Re”*), Re <1000 (1.19)

0.44, Re 21000

1.3 Results and Discussion

The simulation is run for 30 seconds according to each drag model to study
the radial and axial distribution of solid volume fraction. The simulation is
conducted for the three different superficial air velocities of 0.1804, 0.2346,
and 0.2887 m/s. The radial distribution of solid volume fraction is plot-
ted in Figure 1.1 for three different bed heights and compared with the

Table 1.2 Properties of gas and solid phase.

Particle Density (Kg/m?) 2640

Gas Density (Kg/m?) 1.225

Mean Particle Diameter (mm) 0.3096

Packing Limit 0.63

Solid Volume Fraction (a ) 0.54

Initial Bed Height (m) 0.232

Specularity Coefficient 0.6

Superficial Gas Velocity (m/s) 0.1804, 0.2346, 0.2887
Time Step Size (s) 0.001

Iteration per Time Step 20
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experimental results and the axial distribution of solid volume fraction is
plotted in Figure 1.2 and compared with the experimental results for the
three superficial air velocities.

1.3.1 Effect of Different Drag Models for Radial Distribution
of Solid

Figures 1.1 to 1.6 show radial distribution of solid volume fractions for
three different superficial air velocities 0.1804, 0.2346, and 0.2887 m/s at
two different heights 0.1 and 0.2 m. As the sand flows with air at the core
annular region, the volume fraction of sand is low in the core region but
the concentration of sand is more at the wall region due to friction between
the wall and solid particles.

Figure 1.1 shows the solid concentration of sand at a bed height of 0.1 m
for superficial air velocity of 0.1804 m/s. From the figure, it is shown that
the result obtained for the Gidaspow and EMMS drag models came close
to the experimental results. The sand volume fraction profile predicted by
the Syamlal O’Brien drag model is flat throughout the radial position.

It can be easily seen that the solid volume fraction reduces gradually
with increasing the bed height at the same superficial gas velocity. Figure
1.2 provides the radial distribution of solid volume fraction at the bed
height of 0.2 m for the same superficial gas velocity. Here, the solid volume
fraction profile obtained from the Syamlal O’Brien and EMMS drag model

0.7 —e— Experimental
—~— Syamlal O'Brien

06 - —*— Gidaspow

H —v—EMMS
]
€ 054 .
t _%ﬁ{i\A\A‘AIA#AA‘AIA,—’AA;féA
oS Yy Y v —v—Vv 7
S 0.4 4 :Z( —3 <:\‘\./ \:\:’_’: 2 Xy
o ek —k——k——
S |
2 034
o
wv 4
§ 02
= ]
0.1 4
0.0 T T T T T T T T T

T T T T
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
Radial position (m)

Figure 1.1 Radial distribution of sand at bed height of 0.1m for superficial air velocity of
0.1804 m/s.
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Figure 1.2 Radial distribution of solid volume fraction at bed height of 0.2 m for
0.1804 m/s.
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Figure 1.3 Radial distribution of solid volume fraction at bed height of 0.1 m for air
velocity of 0.2346 m/s.
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Figure 1.4 Radial distribution of solid volume fraction at bed height of 0.2 m for air
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Figure 1.5 Radial distribution of solid volume fraction at bed height of 0.1 m for
superficial gas velocity of 0.2887 m/s.
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Figure 1.6 Radial profile of solid volume fraction for bed height of 0.2 m for superficial
gas velocity of 0.2887 m/s.

are almost similar to the experimental result. The Gidaspow drag model
predicted solid fraction profile differs from the experimental result.

For a superficial air velocity of 0.2346 m/s. the concentration of solid is
much lower due to increase of air velocity. Figure 1.3 shows radial distri-
bution of solid volume fraction at the bed height of 0.1 m for air velocity of
0.2346 m/s. The EMMS and Gidaspow drag model successfully predicted
the radial solid distribution profile, which is similar to experimental data,
but the Syamlal O’Brien drag model failed to predict the solid volume frac-
tion profile for the present condition. Figure 1.4 shows the same operating
condition at a bed height of 0.2 m for all three-drag model predicted radial
profiles of solid volume fraction matches with the experimental results.

For the higher superficial air velocity of 0.2887 m/s due increase of the
drag force. The solid concentration near the wall decreases and the dif-
ference of solid volume fraction of wall region and core annular region
decreases, which is shown from the experimental result.

Figure 1.5 shows the radial distribution of solid volume fractions at the bed
height of 0.1m for a superficial gas velocity of 0.2887 m/s. Here, the result from
the Gidaspow drag model came to the experimental result. The result obtained
from the Syamlal O’Brien and EMMS drag model slightly differ from the
experimental result. Figure 1.6 shows the radial profile of solid volume frac-
tion for the bed height of 0.2 m. Here, the result obtained from Gidaspow and
Syamlal O’'Brien drag model came to the experimental result, but the result
predicted by the EMMS drag model differs from the experimental results.
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1.3.2 Effect of Different Drag Models for Axial Distribution
of Solid

Figures 1.7 to 1.9 show the axial profile of mean solid volume fraction at three
different velocities: 0.1804, 0.2346, and 0.2887 m/s. The concentration of solid
decreases with increases in the bed, but after a certain height, the volume frac-
tion of sand becomes almost zero as the bed expanded up to a certain height.

Figure 1.7 shows the axial distribution of a solid volume fraction for
the superficial gas velocity of 0.1807 m/s. The result obtained from the
Gidaspow drag model comes close to the experimental result.

1.3.3 Contours and Vector Plot

Figures 1.10-1.12 show the time averaged solid distribution within the bed
at a superficial air velocity of 0.1048, 0.2346, and 0.2778 m/s, where a, b,
and c represent the results obtained using Gidaspow, Syamlal-O’Brien, and
EMMS drag models, respectively. From the vector plot, it is shown that the
upward motion of sand along with the air takes place at the core annular
region and downward motion of sand near the wall due to gravity force.
Sand particles are uniformly distributed within the bed due to multiple
vortex cells shown in the figure. The time averaged velocity vector gives a
symmetric flow pattern about the central axis for a superficial gas velocity
0f 0.1048 m/s. The results using the EMMS model show a symmetric vertex
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Figure 1.7 Axial distribution of solid volume fraction for superficial gas velocity of
0.1807 m/s.
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Figure 1.9 Axial distribution of solid volume fraction for superficial gas velocity of
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Figure 1.10 Time averaged solid distribution within bed at superficial air velocity of
0.1048 m/s.
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Figure 1.11 Time averaged solid distribution within bed at superficial air velocity of
0.2346 m/s.
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Figure 1.12 Time averaged solid distribution within bed at superficial air velocity of
0.2778 m/s.
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pattern for higher velocities where the results using the other drag-models
show asymmetry for higher gas velocities. As the gas velocity increases, the
mean solid concentration become dense adjacent to the bed wall region,
but it decreases gradually towards the inner core portion.

1.4 Conclusion

In present work, hydrodynamics of bubbling fluidized bed for a sand
particle diameter of 309.6 pm is compared with simulation results of the
same material under the same external parameters. The Eulerian-Eulerian
approach along with kinetic theory of granular flow model is incorporated
in the present simulation to predict behavior of the sand phase. In the
present work, the BFB bed is considered as a 2D bed which is responsible
for the difference between the experimental result and simulation result.
From the present study, it is shown that for lower velocity, the experimental
result matches precisely with the result obtained from the Gidaspow drag
model. For higher velocities, errors occurring for results obtained from
the EMMS and Syamlal O’Brien drag models are minimized considerably.
The contour of solid volume fraction shows the uniformly mixing of solid
particles for all drag models.
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Abstract

Today, energy has become an integral component of day to day life and a major
ingredient for sustainable evolution. Renewable energy sources are considered
green and clean sources as they produce very little or almost no pollution and get
replenished by nature. The exponential growth in population, increasing energy
demand, draining of oil and coal, and climatic consequences has led to strides
toward non-conventional sources of energy. Looking towards drastic climatic
changes, India has moved forward to use renewable energy sources for electricity
generation as the country has plenty of renewable energy sources. This chapter
summarizes the status of the accessibility of renewable energy sources in India.
India has announced world’s biggest programs in all states for renewable energy
development. Rajasthan is one of the major states that harnesses power from
renewable energies. The present status and estimated possibilities of renewable
energy sources in India and specifically in Rajasthan, government policies, initia-
tives, and major achievements are summarized in this chapter. This study will be
helpful for researchers, developers, and investors to identify the scope of improve-
ment in technologies for better harnessing of energy from renewable resources
and chart a path to expand production of power from renewable energy.
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Abbreviations
UNFCCC United Nation Framework Convention on Climate
Change
TWh Tera Watt Hour
GDP Gross Domestic Product
IEA International Energy Agency
GW Giga watts
LUT Lappeenranta-Lahti University of Technology
IRENA International Renewable Energy Agency
MW Mega Watts
RPO Renewable purchase obligations
MNRE Ministry of New and Renewable Energy
EPC Engineering, procurement, and construction
RRECL Rajasthan Renewable Energy Corporation Limited
RSPDCL Rajasthan Solar Park Development Company Limited
NTPC National Thermal Power Corporation
SECI Solar Energy Corporation of India
REIL Rajasthan Electronics and Instruments Ltd.
MOU Memorandum of Understanding
NIWE National Institute of Wind Energy
SHP Small hydro powers
DISCOMs Distribution Companies
CFA Central Financial Assistance
TDI Technological developments and innovations
USA United States of America
RES Renewable energy sources
INR Indian Rupee
PGCIL Power Grid Corporation of India
CSP Concentrated Solar Power
FY Financial Year
SHP Small Hydro Power
Pvt. Ltd. Private Limited
CO Carbon Dioxide

2

2.1 Introduction

Globally, most of the energy consumption is through conventional fuels.
It has been estimated by the World Energy Forum that these fossil fuels
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will run out over the coming decade [1]. Exponential growth in popula-
tion, increasing per capita consumption of energy and drying up of natural
resources has forced us to look for alternative sources of energy. Melting
of the ice caps, overabundance of greenhouse gases, global warming, and
other drastic climatic changes worldwide have turned attention towards
environmental issues [2]. Looking towards global environmental prob-
lems, various countries around the world came together with climatic
negotiations, namely, UNFCCC. India is an active participant of this novel
drive and has decided to generate clean, green, and carbon free energy [3].

India is the world’s most densely populated country after China. The
government is making impressive progress to increase electricity genera-
tion as per growing demand, as well as reduce carbon emissions by produc-
ing clean energy for balanced national development. India has put in place
specific energy policies to open up a market for renewables in line with
an ambitious vision of energy affordability, safety, and reliability. Climatic
concerns around the world have also promoted the government to develop
clean and sustainable energy projects [4].

According to the IRENA report in April 2019, the world has recorded
a growth of 171 GW of renewable energy in the year 2018. 84% of this
growth comprised of new solar and wind power. Today, renewable energy
has become the third most important power in the world. Oceania
recorded the fastest growth in renewable energy in 2018 (17.7%), while
Asia recorded growth of 11.4%, and Africa ranked third with a growth of
8.4% [5].

In the last few years, from 2014, renewable energy generation in India
has grown significantly, with more than 89.22 GW of renewable energy
installed in different parts of the country. India is in the process of reach-
ing the 100 GW target by 2022. India now has the third largest renewable
energy capacity in the world after USA and Brazil [6].

The rise in energy consumption in recent years is frightening. Due to
consistent growth in India’s GDP, consumer purchase power has increased,
which resulted in increased use of energy in domestic comfort. Domestic
energy consumption is 24.6% of total energy consumption in India [7].
Table 2.1 illustrates India’s power consumption from 1990 to 2020 and
projected power consumption between 2020 and 2040. According to an
IEA report in 2017, one-third of the total energy produced worldwide is
produced from coal, 40% of which is consumed in electricity generation,
with the remaining in industrial use. Growing energy demands require
an increase in generation capacity and generation from coal means an
increase in carbon emission and harmful gases. Coal has been the main
source of electricity generation and replacing coal with other natural
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Figure 2.1 Conventional and renewable energy generation capacity of India in MW (31
March 2020).

resources requires infrastructural changes that result in an increase in costs
and delays [8]. Figure 2.1 shows India’s source-wise electricity generation
capacity installed in MW.

Solar, wind, geothermal, tidal, and hydroelectricity are natural energy
sources. These energy sources are carbon free sources which do not last
on a human timescale and get replenished naturally. When these emis-
sion free sources are used for electricity production, they give clean energy,
improve air quality, and reduce pollution. They also gives an opportunity
for employment, research, and technological development [9].

2.2 Renewable Energy in India

There is an abundance of renewable, as well as conventional energy,
resources in India, but coal has been a major source for electricity gener-
ation because it is readily available, suitable for the need, and inexpensive.
Even with half of skilled labor in coal generation compared to solar gen-
eration, coal generates more electricity than solar energy due to lack of
technological development. Since the ancient times, India has understood
the significance of the sun and wind and their powers for the welfare of
mankind. Although India has 300 cloudless bright sunny days, many per-
petual rivers and about 7500 Km seacoast, hydropower, wind, and solar
energy have remained untapped for a long time due to unavailability of
relevant technologies.

During the period of independence, the major sources of electricity
generation were coal, hydro, and diesel due to huge availability. The total
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power generation at that time was 4073 GWh, but there was no growth
in renewable energy generation. With the continuous increase in power
demand, the power generated also increased drastically with the involve-
ment of renewable energy sources. Renewable energy generation began in
the early 80’s when the Indian government created the Commission for
Additional Sources of Energy (CASE) in 1981, followed by the Ministry
of New and Renewable Energy (MNRE) in 2006. Under this ministry, the
world’s largest and aspiring programs for renewable energy development
have been launched. The generation of electricity from renewable sources
began in 1997 and the total installed capacity at that time was 900 MW;
later it was 7760 MW in 2007, it was raised to 57244 MW in 2017, further
increased to 69022 in 2018, and reached 87027.68 MW in 2020 [5]. In line
with the 2005 Paris Climate Agreement, India committed to decrease its
carbon emission per unit of GDP from 33% to 35% over a 15-year period.
These are causing a noticeable change in electricity generation from fossil
fuels to renewable energy sources [10].

As per the Central Electricity Authority in 2013, household energy
consumption has risen from 80 TWh in 2000 to 186 TWh in 2012 and
742.56 TWh in 2019. Out of total power consumption by the year 2018,
48% of consumption is the industrial sector, followed by 24% domestic
consumption and 18% agricultural consumption. Due to the continuous
rise in Indian GDP, the real wages of consumer increases, which leads to
a growing use of domestic appliances, therefore domestic electricity con-
sumption is expected to increase sharply by 2030. India has announced to
increase the power generation by renewable energy towards a target of 450
GW at the United Nation’s Climate Summit in 2019 (India 2020 Policy).
To reach these figures by 2022, India needs to increase its solar generation
by 100 GW, wind energy by 60 GW, biomass power generation to 10 GW,
and 5 GW power from small hydropower. From recent reports of MNRE,
there will be more than 750 GW generation from solar energy and 410
GW from wind energy by the year 2047 [4, 5]. India is planning to shift its
40% of the total generation capacity on renewable energy sources by the
year 2030, as indicated in Intended Nationally Determined Contributions
(INDGs) [11].

The Ministry of Power claimed that the energy mix in India is advancing
with fossil fuels to meet 82% of consumer demand in 2018 and coal still has
a prominent share of 57.9% of total production. Despite this, the contribu-
tion of renewables to the energy mix continues to increase and the share
of coal is projected to fall to 50% by 2040. Year wise cumulative growth in
RES in the last decade (till 2019) is shown in Figure 2.2 [12].
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Figure 2.2 Year-wise cumulative growth in RES in the last decade (till September
2020).

The energy sector in India is progressing towards an enduring develop-
ment. Over the period of 2005-2014, India has reduced its emissions inten-
sity by approximately 20% by taking bold actions and continuing efforts.
The competitive bidding policy has brought unexpectedly low prices for
renewable energy. In India, renewable energy sources have become a
prominent asset for building a feasible future.

According to a study conducted by the University of Technology (LUT)
in Finland, India can fulfill all its power requirements from renewable
energy sources by 2050 by optimally leveraging new and advanced technol-
ogies that can harness proactive collaboration with research and develop-
ment with industry and academia. Such a system focuses on green energy
sources like solar energy, wind energy, and other resources along with new
storage solutions. There’s a lot to look forward to since approximately 293
companies worldwide and nationally are dedicated to the production of
266 GW of energy with renewable energy sources. With the growth of elec-
tric vehicles in India, the cost of storage is expected to reduce and this will
give robust growth in the renewable energy market [13].

A set of regulations and push mechanisms, observed through unique
techniques, is expected to support the improvement of renewable electricity
technologies. For environmental conservation and electricity generation,
there are a number of methods, such as technological progress, appropri-
ate regulatory regulations, tax policies, and improved research and devel-
opment that can be implemented in a proper and cost effective manner.
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To do so, the government should integrate training and education ini-
tiatives as well as technology and financial initiatives for the advance-
ment of renewable energy sources in India. With consistent policies and
investor-friendly governance, India can play a crucial role in the world’s
green and clean energy [14, 15].

The estimated solar power in India during 1995 was 5x1015 KWh/pa,
wind power was 20 GW, bioenergy was 17 GW, bagas was 8 GW, and small
hydropower was 10GW. In 2006, estimated renewable energy in India
was 85 GW, with 35 MW solar energy, 4500 MW wind energy, biomass
25 GW, and small hydro power of 15 GW. In 2018, renewable energy was
estimated at 1,096.080 GW, based on the 2017-2018 MNRE report [6,
16, 17]. Estimated renewable energy potential in different states of India
is shown in Table 2.2 and Table 2.3 illustrates the cumulative capacity of
grid-connected renewable energy at the end of the year in 2019 and 2020.
Renewable power capacity increased by about 6GW in 2019-20. Table 2.4
shows the total renewable producing capacity of India including thermal,
renewable, hydro power, and nuclear power with their respective sectors.

One-fourth of the total energy demand of India can be met with renew-
able energy sources and this fraction can be raised by one-third by 2030,
as per an IRENA report. The share of renewable energy sources in total
energy consumption was 15% in 2014 and 21% in 2018. According to the
revised order of RPO, this target is set to 40% by 2030 [5].

Table 2.3 Growth in grid connected renewable power.

Total capacity Combined capacity
Sector (2019) (November 2020)
Wind Power 37505.18 38433.55
Solar Power- 31379.30 33508.31
Ground
Mounted
Solar Power- 2333.23 3402.18
Roof-top
Small 4671.55 4740.47
Hydropower
Biopower 9861.31 10145.92
Waste to Power 139.80 168.64
Total 85908.37 90399.07
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Table 2.4 Sector-wise total installed capacity of India (in MW).

Sector Hydro Thermal Nuclear | RES Total (31.12.2019) | Total (30.11.2020)
State 29878.8 | 71829.13 | 0 199037 | 103698.30 104117
Private 3394.0 | 8700030 |0 70563.99 | 160958.29 176655
Central | 12126.4 | 64197.91 | 6780.0 | 1527.30 | 84631.63 93427
Total 45399.2 | 223027.34 | 6780.0 74081.66 | 349288.22
(2019)
Total 45699 231321 6780 90399 3740199
(2020)
Table 2.5 Grid-connected renewable energy capacity in States
of India.
Installed grid interactive

State renewable power (MW)

Andhra Pradesh 7838.58

Arunachal Pradesh 136.50

Assam 56.51

Bihar 334.35

Chhatisgarh 537.85

Goa 3.97

Gujarat 8651.80

Haryana 503.68

Himachal Pradesh 890.49

Jammu & Kashmir 193.86

Jharkhand 43.30

Karnataka 13844.99

Kerala 413.83

Madhya Pradesh 4576.71

Mabharashtra 9331.93

(Continued)
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Table 2.5 Grid-connected renewable energy capacity in States
of India. (Continued)

Installed grid interactive
State renewable power (MW)
Manipur 8.89
Meghalaya 46.45
Mizoram 36.97
Nagaland 31.67
Odisha 518.58
Punjab 1405.52
Rajasthan 7671.66
Sikkim 52.12
Tamil Nadu 12671.13
Telangana 3988.66
Tripura 21.10
Uttar Pradesh 3100.71
Uttarakhand 651.57
West Bengal 494.37
Andaman & Nicobar 16.98
Chandigarh 34.71
Dadar & Nagar Haveli 5.46
Daman & Diu 14.47
Delhi 178.89
Lakshwadeep 0.75
Puducherry 3.14
Others 4.30
Total 78316.44
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Karnataka, Tamil Nadu, Maharashtra, Gujarat, and Rajasthan are India’s
top five states in installed renewable capacity. Those five states have about
66.991% of renewable energy capacity. Karnataka ranked 1st at 12,953.24
MW (17.485%), Tamil Nadu 2nd at 11,934.38 MW (16%), Maharashtra
3rd at 9,238.78 MW (12.532%), Gujarat 4th at 7,882.5 MW (10.6%), and
Rajasthan 5th at 7,573.86 MW (10.224%). Alongside these five states,
Andhra Pradesh, Madhya Pradesh, Telangana, and Uttar Pradesh are the
other most important Indian states with installed renewable capacity.
These nine states account for 91.655% of total Indian installed capacity
[18]. Table 2.5 shows grid interactive capacity of the states of India.

2.3 Renewable Energy in Rajasthan

Rajasthan has a leading role in expanding India’s renewable power capacity
and transferring the electricity grid to a cost-effective, inexpensive, and envi-
ronmentally friendly electricity system. Rajasthan has the largest geographi-
cal area in the country and it shines brightly on the solar map of the country,
as there are 300-330 clear sunny days. High radiations, wind speeds, and con-
venience of huge barren land square measure are factors that make Rajasthan
as an appropriate location for commercial solar parks. Bhadla Solar Park, situ-
ated in Jodhpur district, is the world’s largest solar park (2.25 GW). Rajasthan
is drawing in the attention of foreign, as well as domestic investors, to dis-
cover openings in renewable power, transmission, and distribution systems
and related assembling. Rajasthan imports electricity from neighboring states
during peak daytime hours. It imported 10.9 TWh of electricity in 2019-20.
If the renewable energy potential of Rajasthan is properly utilized, it can gen-
erate sufficient power to fulfill its need and can transmit surplus powers to
other states with energy deficits. Rajasthan has 9.8 GW non-conventional
capacity, which is 45% of total power generation capacity and generates 56.5%
of total grid-connected generation while 43.5% of installed capacity is from
renewable energy sources which produce 17.6% of total on-grid generation.
According to forecasts, Rajasthan can add 22.6 GW of renewable power to the
ambitious target of 175 GW by 2030. This increase includes 18 GW of new
solar power and 4 GW new onshore wind energy. With the gradual installa-
tions of renewable energy sources, Rajasthan will retire its outdated coal-fired
plants and coal capacity will reduce to 0.7GW by 2030 [19].

As per the economic review of Rajasthan in 2019-20, the total installed
generation capacity is 21,175.90 MW and there is an increase of total of
736.96 MW during 2018-19. Table 2.6 shows sources of generation and
installed capacity of Rajasthan [20].
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Table 2.6 Sources of generation and total installed capacity of

Rajasthan.
Sources Total Capacity (MW) | Fraction
Thermal Power 12122.46 57.25%
Hydel Power 1757.95 8.3%
Gas Based 824.6 3.9%
Nuclear Power 456.74 2.16%
Solar Power 2178.10 10.3%
Wind Power 3734.10 17.6%
Biomass Power 101.95 0.5%
Total 21175.90 100%
1% B
44% Wind 1% Solar
Energy rgy Ground

m Solar energy ground
4% B Rooftop Solar energy
Solar Energy Wind Energy

Figure 2.3 Total renewable capacity of Rajasthan 2019-20.

The renewable energy generation capacity of Rajasthan until the end of the
year 2019-20 reached 9.8 GW. It added 1.7 GW of solar power in 2019-20,
which is higher than any of the other states of India. Karnataka added 1.4 GW
and Tamil Nadu added 1.3 GW, although these states have the highest installed
solar capacity. 55% of the total generation capacity of renewable energy sources
in Rajasthan is solar energy, 51% from ground mounted, and 4% from rooftop
solar plants. Wind energy shares 44% of the total renewable installed capacity,
whereas biomass holds only 1% of total capacity, as shown in Figure 2.3 [20].

Energy Resources in Rajasthan

Energy resources in Rajasthan are broadly classified as conventional or
non-renewable sources and non-conventional or renewable energy sources
as shown in Figure 2.4. Conventional sources are sources of energy which
have been in use for a long time, like coal, natural gas, oil, or nuclear fuels.
These sources are finite sources, but are still majorly used.
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Figure 2.4 Main energy resources.

2.3.1 Conventional Energy Sources in Rajasthan

The major conventional sources of electricity in Rajasthan are the Suratgarh
Super Thermal Power Plant (2200 MW) situated at Suratgarh, Ganganagar,
Kota Super Thermal Power Plant (1240 MW) situated at Sakatpura Kota,
Chhabra Thermal Power Plant (2320 MW) sitauted at Chhabra, Baran dis-
trict, Kalisindh Thermal Power Station (1200 MW) in the Jhalawar district,
Giral Lignite Power Plant (250 MW) in the Barmer district, Barsingsar
Thermal Power Station (250 MW) situated at Barsingsar, Bikaner district,
JSW Barmer Station (1100 MW) situated in Bhadresh, Barmer district, Kawai
Thermal Power Station (1300 MW) situated at Kawai, Baran district, and VS
Lignite Power Plant situated at Gurha, Bikaner district.

The other sources of generation are oil and natural gas plants at the
Dholpur and Jaisalmer districts. The hydroelectric power plants in Rajasthan
are the Mahi Bajaj Sagar hydroelectric power plant, Jawahar Sagar Dam
hydroelectric power plant at Karondi, Gandhi Sagar hydroelectric power
plant, Rana, and the Rana Pratap power station, Rawatbhata [21].

2.3.2  Renewable Energy Sources
2.3.2.1 Solar Energy

India has high solar radiation and a very dense population, which is a
suitable combination of solar power generation. The government of India
announced the National Solar Mission (NSM) for National Action Plan
on Climate Change (NAPCC) in November 2009. A target of 20 GW
grid solar capacity and 2 GW off-grid installations by 2022 was set. It was
later raised to 100 GW of solar energy by 2022. The solar energy sector is
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expanding rapidly in India. The growth of installed solar energy in India
is summarized in Table 2.7. The solar installed potential of India is 34.404
GW up to February 2020 with minimum capital cost per MW globally.
The solar generation capacity of the country in 2014 was 2650 MW, added
3 GW in 2015, 5 GW in 2016, over I0GW in 2017, and 20 GW in 2018,
with a reduced cost of energy with solar power plants. From 2014 to 2018,
solar generation capacity has grown 8 times. India has set around 42 solar
parks to promote solar plants by making land available. India had installed
82580 MW of renewable energy at the end of September 2019 [22]. The
components of Indian solar energy are presented in Table 2.8.

The solar installed capacity achieved new heights by the supportive
initiative of the government with “Made in India” to encourage domestic
manufacturing of solar panels. Now, India ranks fifth in solar installations
worldwide. To achieve the remaining targets of 100 GW, MNRE planned
for bidding of the solar generation capacity. Large sections of land have
been characterized for solar parks in India and out of that 47 solar parks
were developed. The solar generation capacity of these 47 parks is around
26 GW and 2.6 GW projects are already commissioned. Tarifts were also
determined by a competitive bidding process. This has a reduced solar
energy tariff from INR 18 per kWh in 2010 to INR 2.44 per kWh in 2018
(17, 18].

Table 2.7 Growth in installed solar power in India.

Year 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 2018 2019 2020

Cumulative | 161 461 1205 | 2319 | 2632 | 3744 | 6763 | 12289 | 21651 | 28181 | 35739
Capacity
(MW)

Table 2.8 Constituents of total solar power in India.

Capacity till July Capacity till November
Solar power 2019 (MW) 2020 (MW)
Ground Mounted Solar 27930.32 33508.31
Power
Rooftop Solar Power 2141.03 3402.18
Oft-Grid Solar Power 919.15 1171.49
Total 30990.50 35739
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Rajasthan has the country’s second largest solar energy generating capac-
ity after Karnataka. Aggregate installed electricity generation of Rajasthan
in 2020 reached to 22268.27 MW while solar capacity is 4811 MW, which
is a 21.06% share of the total capacity. India has planned to assist solar
power projects in many states through solar parks. Andhra Pradesh,
Gujarat, Madhya Pradesh, Jammu & Kashmir, Karnataka, Telagana, Uttar
Pradesh, Kerala, Meghalaya, Nagaland, Punjab, and Rajasthan have begun
solar park installations. Barmer, Bikaner, Jaisalmer, and Jodhpur are the
core areas of high solar radiations. The high level of solar radiations and
the large flat, undeveloped area are two vital resources that are available in
Rajasthan. The assessed capacity of solar energy generation in Rajasthan
is 142 GW, as per MNRE assessment, 4996.96 MW ground mounted solar
power plants are operational, and 356.80 MW rooftop plants, which was
726 MW in 2014 [23].

The solar park is a focused area of solar power projects. For solar park
development, well characterized land, with required infrastructure like
connectivity, communication, water and transmission facilities, etc. are
developed. Solar parks provide well developed infrastructure to the project
developers and investors with reduced numbers of approval, which mini-
mizes the risk and gestation period of project development [24].

Solar Parks in Rajasthan

a) Bhadla Solar Park

Rajasthan has a high solar irradiation of 5.72 kWh/m2/day and solar poten-
tial of 142 GW with an advantage of available vast and affordable land.
The Bhadla Solar Park is situated at Phalodi in Jodhpur district, Rajasthan.
With a spread area of 10000 hectares (40Km?2), it is a wide-ranging solar
park in India. This park was proposed for 2000 MW capacity and construc-
tion started in July 2015. Later, this proposal was raised up to 2250 MW
(2.25 GW). The project was developed in four stages: Phase I started in
October 2018, power generation from Phase II started in April 2019, and
Phase III and Phase IV were auctioned in December 2019 [25, 26].

Phase I: Phase I was developed by Rajasthan Renewable Energy
Corporation Limited (RRECL) with RSPDCL. It had 7 solar plants with a
total installed capacity of 75 MW.

Phase II: The second phase of the Bhadla Solar Park was developed by
RSDCL at Village Bhadla, Jodhpur. It has 10 solar power plants with a total
installed capacity of 680 MW. This phase was developed under an MNRE
scheme of solar park development. This scheme provides basic infrastruc-
ture like light, water, office buildings, power evacuation systems, etc. for
solar parks. Operation and maintenance were arranged by RSDCL.
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Phase III: Surya Urja Company of Rajasthan is developing Phase III of
the Bhadla Solar Park. It has 10 SPV plants with a combined potential of
1000 MW. The companies developing solar power plants in Phase III of the
Bhadla Solar Park are Hero Future Energies (300 MW), Softbank Group
(200 MW), ACME Solar (200 MW), and SB Energy (300 MW).

Phase IV: Fourth Phase is developed by Adani Renewable Energy Park
Rajasthan. It has 10 solar power plants of 500 MW capacity. The companies
developing solar power plants in Phase III of the Bhadla Solar Park are
Azure Power (200 MW), SB Energy (100 MW), Avaada Power (100 MW),
ReNew Solar Power (50 MW), and Phelan Energy Group (50 MW) [27].

NTPC and SECI are two organizations that float tender of the solar
power plants and sign 25 year power purchase agreements with develop-
ers. Power Grid Corporation of India and Rajasthan State Transmission
Company are responsible for the power evacuation system for the solar
park. PGCIL will establish 765/400/220kV grid substations and polling
stations at Bhadla.

b) Sambhar Ultra-Mega Green Solar Power Project

The scheme for the Sambhar Ultra-Mega Green project was prepared
around 2013. The plan was to prepare 4000 MW solar projects on Sambhar
Lake near Jaipur Rajasthan. The solar project was finalized to install on
an area of 9308 hectares of Sambhar Salts Limited. 1000 MW generation
started with the commissioning of the first phase of the project by the end
of 2016. The expected generation of the plant is 6000 million units per year
after full commissioning of 4000 MW. This project will export electricity
to the neighboring states through the national grid. It has a generation
capacity of 1800 MW. Phase I of the project was completed through a joint
venture of Sambhar Salts Limited with REIL and other companies, namely
BHEL, PGCIL, and SECI [23]. The government plans to fund a portion of
the project through the sustainability gap. This will be done through the
National Clean Energy Fund. The balance of the sum would be secured
through the signing of power purchase agreements with electricity distri-
bution companies.

¢) Nokh Solar Park

Nokh Solar Park is the second wide-spread solar park of the Rajasthan.
Solar park sites have been strategically chosen in light of the high amount
of sunlight available in the state, which makes them suitable locations for
solar photovoltaic projects. This solar park is located at Nokh, Jaisalmer
and spread over an area of 1850 hectares. The Government of Rajasthan
and NTPC Ltd are committed to generate 925 MW solar power from
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Table 2.9 Growth in installed solar power in Rajasthan.

Year 2014-15 | 2015-16 | 2016-17 | 2017-18 | 2018-19 | 2019-20

Capacity 942.10 | 327.83 543.00 519.84 894.02 1911.12
Added
(MW)

Cumulative | 942.10 | 1269.93 | 1812.93 | 2332.77 | 3226.79 | 5137.19
Capacity
(MW)

this solar farm. The estimated capital investment of this project would be
about Rs 4000 Crore. Renewable Energy Corporation Limited (RRECL)
will develop Ultra Mega renewable energy parks in a joint venture with
other leading developers and Power Finance Corporation, Solar Energy
Corporation of India, and the National Hydroelectric Power Corporation
for Developing Solar Parks [26]. NTPC signed implementation support
in February 2020 with RSDCL to develop a 925 MW solar power project
at Nokh, Jaisalmer. The present installed capacity of this farm is 980 MW.

d) Fatehgarh Solar Parks

The Fatehgarh Solar Farm covers an area of 4040 hectares in Jaisalmer
and has an installed capacity of 421 MW. This project is developed by a
joint venture company of Adani Renewable Energy Park Ltd (AREPL) and
RRECL. Adani group is building the first phase of developing a 1500 MW
solar park in Fatehgarh, Jaisalmer [28]. The government of Rajasthan will
create solar farms with a capacity of 1,000 MW in the recognized zones of
the Jodhpur, Jaisalmer, Bikaner, and Barmer regions. RREC will go about
as a nodal organization to create solar parks in Rajasthan [29].

Rajasthan is now home to six solar farms in Bikaner and Jodhpur, spread
over 2,500 hectares. Rajasthan’s total solar capacity stood at 5137.19 MW
in 2020. The growth of solar power in year 2019-2020 is shown in Table
2.9. The largest 125 MW Fresnel-type CSP power station in the world is
located in Rajasthan. Jodhpur ranked first with a capacity of 1500 MW. The
exclusive tower-type solar thermal power plant with an output of 2.5 MW
is located in the Bikaner area. It has the lowest energy price in India (2.48/
KWh) [30, 31].

2.3.2.2 Wind Energy

Wind energy is the combined effect of several phenomena like earth’s rota-
tion, solar energy, the ocean’s cooling effects, difference in temperature
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gradient of land and sea, etc. It is a broadly dispersed source of energy.
Wind energy is emerging out as a bright source of energy due to techno-
logical advancements in turbine systems. India stood fourth in introducing
a wind power limit on the planet with a total installed capacity of 38.124
GW in 2020 [8].

Electricity production from wind energy started in the 1990’s, yet the
generation and installation growth has only occurred in the last decade.
Although India is a latecomer to wind industry compared with other devel-
oped countries, due to government policy support, wind power generation
has grown significantly in India. Wind power generation has grown by 14%
during the period of 2007-2016. Later, in 2018, wind power became 10% of
the country’s total capacity with a capacity of 34,293 MW [32]. Figure 2.5
shows the increase in wind power production in India. A target of 60GW
electricity by 2022 from wind power is set by the country and out of that
38.124 GW has been achieved by 2020 [33]. The leading states in wind
power are Tamil Nadu (7269.50MW), Maharashtra (4100.40MW), Gujarat
(3454.30MW), Rajasthan (2784.90M W), Karnataka (2318.20MW), Andhra
Pradesh (746.20MW), and Madhya Pradesh (423.40MW). Installed wind
capacity of different states of India as per MNRE 2019 is given in Table
2.10. MNRE reported another strategy to use the land for wind farms the
same as solar parks in the “New Wind-Solar Hybrid Policy” in May 2018.

Wind is a discontinuous and site-explicit asset of energy, hence a gen-
eral evaluation of wind resources is required for the selection of poten-
tial locations [34]. The “National Institute of Wind Energy” report gave
charts of wind potential at 50m, 80m, and 100m over the ground level and
assessed a gross capacity of 302 GW in the nation at 100 meters. An NIWE
assessment of offshore wind energy potential found a decent potential at
the bank of Gujarat and Tamil Nadu. Further assessment done by NIWE
recommends 36 GW at the coastline of Gujarat and 35 GW at the Tamil
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Figure 2.5 Year-wise growth of wind energy generation in India.
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Table 2.10 Installed wind capacity of States in India.

S. no. State Generation capacity (MW)
1 Tamil Nadu 9304.34
2 Gujarat 7541.52
3 Maharashtra 5000.330
4 Karnataka 4790.60
5 Rajasthan 4299.720
6 Andhra Pradesh 4092.450
7 Madhya Pradesh 2519.890
8 Telangana 128.100
9 Kerala 62.500
10 Others 4.300
Total Installation 37716.75
(MW)

Nadu coast. The assessment of wind power capacity in Indian states is pre-
sented in Table 2.11 below [35] and some of the largest wind farms of India
are shown in Table 2.12.

With a total capacity of 4337.64 MW wind power in the year 2019-20,
Rajasthan is on the fifth rank in the country. Figure 2.6 shows year-wise
growth of wind energy in Rajasthan. The Jaisalmer Wind Park, situated
in Rajasthan is one of the largest operational wind farms in the world and
the second largest onshore wind park in India with a 1,064 MW capacity
[36]. The site for the wind farms includes areas near Jaisalmer, Amarsagar
Badabaug, Tejuva, and Soda Moda. The farm was set up by Suzlon Energy
and other companies are also involved in various activities of development.

The fantasy of generating electricity through wind energy worked out
with the establishment of a demo project at Amarsagar. It was a 2 MW
project with 8 windmills (each of 250 kW capacity) of hub height 40 meters
[37]. A second demo project has been set up in Devgarh in the district of
Chittorgarh, with a capacity of 2.25 MW with 3 turbines (each with an out-
put of 750 kW) at 55 meters high. The third demo project with a combined
capacity of 2.10 MW with 6 Suzlon machines of 350 kW was established in
the district of Phalodi in Jodhpur [38]. Some large wind projects developed
by different developers in Rajasthan are shown in Table 2.13.
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Table 2.11 Estimated wind potential in States of India.

States Assessed wind potential (MW)
Tamil Nadu 33799.65
Maharashtra 45394.34
Gujarat 84431.33
Rajasthan 18770.49
Karnataka 55857.36
Andhra Pradesh 44228.60
Madhya Pradesh 10483.88
Others (Kerala, Telangana, Odisha, 9285.84
Chattisgarh, West Bengal, Puducherry,
Lakshadweep, Goa, Andaman & Nicobar)
Total 302251.49 (302 GW)

Table 2.12 List of India’s largest wind farms.

S.no. | Wind farm State Capacity (MW) | Producer

1 Jaisalmer Wind | Rajasthan 1600 Suzlon
Park Energy

2 Muppandal Tamil Nadu | 1500 Muppandal
Wind Farm Wind

3 Brahmanvel Maharashtra | 528 Parakh Agro
Wind Farm Industries

4 Dhalgoan Mabharashtra | 278 Gadre Marine
Windfarm Exports

5 Chakala Maharashtra | 217 Suzlon
Windfarm Energy

6 Vankusawade Maharashtra | 189 Suzlon
Windfarm Energy

7 Vaspet Maharashtra | 144 ReNew Power
Windfarm
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Figure 2.6 Growth of installed wind capacity of Rajasthan (yearly).

2.3.2.3 Biomass Energy

India is an agrarian country with a tropical location, bountiful sunshine
and rains that make ideal conditions for biomass production. The huge
amount of agrowaste can be used to meet heat energy and power genera-
tion demands. As per an IREDA report, biomass can be used as a substitute
for coal for approximately 260 million tones, which can save Rs.250 billion
yearly. Power generation capacity from biomass in India is around 16 GW
and 3.5 GW from bagasse cogeneration. Agricultural crop residues, forest
waste, municipal waste, poultry waste, and cowdung are organic waste that
can be used for power generation. Biogas, biofuel, biodiesel, bio protein,
and waste to energy are different biomasses that can be used in different
forms to substitute energy [3, 4].

MNRE amended national policy for biofuels from biomass in May 2018
to encourage cogeneration projects using biomass in sugar industries. An
incentive amount as CFA will be given to biomass cogeneration projects at
the rate of Rs.2.5 million per MW. A target of 10 GW power from biomass
is set for the year 2022 [39, 40].

India’s total biomass production capacity right now is about 1 GW
and further planned to increase 10 GW. The major biomass-based gen-
erating states are Andhra Pradesh, Maharashtra, Tamil Nadu, Karnataka,
and Rajasthan. Some new capacities of biomass are added by Punjab and
Chbhattisgarh too. Table 2.14 shows state-wise installed capacity of biomass
energy in India. Th requirement of large amounts of land for electricity
generation for biomass made it a troublesome recommendation. The land
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Table 2.14 State-wise biomass power generation capacity in India
(31.10.2020).

State Installed capacity (MW)
Andhra Pradesh 483.67
Rajasthan 121.30
Madhya Pradesh 107.347
Maharashtra 2584.40
Tamil-Nadu 1012.65
Jharkhand 4.30
West-Bengal 319.92
Telangana 160.10
Gujarat 77.30
Kerala 2.27
Punjab 473.45
Odisha 59.22
Bihar 124.70
Chattisgarh 244.90
Haryana 210.66
Uttarakhand 130.22
Uttar Pradesh 2117.26
Himachal Pradesh 9.2
Meghalaya 13.80
Assam 2.0
Total 10145917

requirement for biomass generation is 10 times the land required for the
same capacity of a solar PV system. Then, even the generation of electricity
from biomass is beneficial for the country like India as country has crop
residues, forest waste, and livestock available in large quantities [5, 6].
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The “National Biogas and Manure Management Programme” was estab-
lished with the aim of providing biogas for household use prepared from
organic waste. In the year 2014, 47.5 lakh biogas plants were established
and increased to 49.8 lakh by the end of the year. Biogas is a clean and
green source for cooking. Under this policy, the cost of filling LPG for
domestic use was reduced. This project saved tons of wood which is used
for cooking and other domestic use. The program has given employment to
several laborers. The “New National Biogas and Organic Manure Program”
(NNBOMP) was initiated in May 2018 by the MNRE [41, 42].

Biomass is also one of the natural energy sources, which is versatile,
clean, plentifully accessible in our nation, and by and large liberated from
carbon dioxide. Different varieties and forms of biomass are available
across the country, depending upon crop development patterns and site
of biomass power generation plants. Traditionally, biomass was utilized in
fulfilling energy requirements in rural areas. With the development of the
industrial age, coal and petroleum products became dominant and usage
of biomass reduced gradually. According to an MNRE report, there is 50
million metric tons of biomass available every year from horticulture and
timberland deposits and 120-150 million metric tons is surplus every year.
Therefore, the estimated potential of biomass for electricity generation is
18 GW. The biomass power sector is growing gradually, the installed capac-
ity in FY 2011-12 was 3135 MW and this capacity reached 10145.91 MW
in FY 2019-20, as shown in Table 2.14. Despite of the fact that biomass is
the third important source of energy in India, its utilization is restricted to
villages for cooking and heating. With technological developments, bio-
mass energy can be utilized for transport and power generation [41, 43].

The Government of Rajasthan has made the implementation of non-
conventional power projects in Rajasthan a high priority by issuing the
“Policy for Promoting Generation of Electricity from Non-Conventional
Energy Sources” in 1999 and “Policy for Promoting for Generation of
Electricity from Biomass” in 2010 [44].

In India, farmers burn the crop residues in the farm which causes envi-
ronmental pollution. Farmers do so to clean the fields for the next cul-
tivation and also due to lack of availability of labor for such works. This
crop residue can be used for power generation or development of bio-
fuels. Burning of crop residue also causes scarcity of fodder for animals.
Generally, residues of wheat, maize, rice, and other cereals are burned
in the fields. This burning releases harmful smoke that can cause health
issues, emit greenhouse gases, and cause adverse effects on soil properties
too. There are several alternatives to use this crop residue in a productive
and profitable way, like animal food, power generation, biofuel production,



48 RENEWABLE ENERGY TECHNOLOGIES

(panunuo))

PYI
Nsny uereq ‘poreg 1A so1dojouyay,

010T-20-61 Po[00D Tojepy pIeisnjy edryyD-1eydoeq 8 JUSWIUOIIAUY "N'S 9
ASNH yredionmy) P

S00Z-TI-HT | Pa[o0D 123BM preysny LIpuey) ST uonerodio) earg S
Ysni PI1(dD)

900Z-01-10 | Pao0D 197eM preysny adre( mndjoy 8 YoIL AU JLIWY i
ysny B0y "PYT Iomod

9002-€0-1¢ | Po[ooD Iaep preysnjy | eindpeg-ind3uey S/ [equrey) eLing €
ysnyg yuog, “pyT UOISSTWISURI],

900Z-11-0T PI[00D) Iaepn preIsnjy BIR[UN-T[OJRY] 8 1omod nrejedpey Y4
ysny 1eGeueduen “P¥T UOISSTWISURI],

€002-20-ST PI[00D) Tayepr preisny 11§ andwepeq 8/ Iomo( nrejedpeyy I

Suruorssruwruod ASorouypa) pasn uonedo | (MIN) 1odopoasq | rou-g

Jo e Jo adAT, sseworg fipeden

‘ueyjseley ur pauorsspurod syodfoid sseworg S1°Z d[qelL




PatHWAYS OF RES IN RAJASTHAN FOR SUSTAINABLE GROWTH 49

S¥'0CI [eI0L,
uereq
Ysny ‘(reSueysny
€102-01-90 po[ooD 1y preisny ‘qreSremueyqg 8 "0 UIIK) JUILID) 11
Jsny yreduewnuey] "PIT1Ad Tomod
1102-0T-£0 Po[00D 1TV preisnjy ‘erregueg 01 | 094 reSng Solueg 01
Jsny anegeN ‘I PII
1102-€0-1€ po[ooD 1y pIeISny -[IsYaL sedrfung 01 | ad 1omog wrefyjes 6
eIO[JINO( aI0Te[ IoyPURS Tamod
0102-20-82 po[ooD 1y stdosoig -LresSeq eoyoey 71 U22ID) YD2)SURI], 8
elopIn( PYI
0102-20-61 Pa[00D Iy sidosoiq 1yox1§ andurey 0T £81oug aeyquureg L
Suruorssruruod ASoouypa) pasn uoned’oT | (MIN) 1adopoadq | rou-g
Jo e Jo adA4T, ssewrorg fipeden

(panu1zuoy)) "ueyisefey ur pauorssTiod sjoafoxd sseworg S [qeL




50 RENEWABLE ENERGY TECHNOLOGIES

Table 2.16 Ongoing biomass power projects in Rajasthan.

S. no. | Name of developer Capacity (MW) | Location
1 Indeen Biopower 8 Chandli-Devli, Tonk
2 Banswara Biomass 6 Chhinch, Bagidora,
Energy Pvt. Ltd. Banswara
3 Maya Eleodoro Solar Pvt. | 4.8 Jwanpura, Jaipur
Ltd. New Delhi
Total 18.8

and manure by recycling or composting. The government is promoting
the cultivation of biomass, which can reduce waste and burning of crop
residues [45].

Mustard husk and Julie Flora are the main biomass energy sources in
Rajasthan. The waste and residues of mustard, cotton, gaur, and Prosopis
Juliflora are used for electricity generation from biomass power plants. The
fuel can be prepared from the combination of different available residues
and crop waste. The generation of stalks of mustard, gaur, and cotton are
quite stable and predictable. Mustard mainly grows in the areas of Rajasthan
like, the Tonk, Bharatpur, Ganganagar, Alwar, and Modhopur districts. The
yearly generation of mustard husk in Rajasthan is 61,46,066 tons per annum
and the excess availability is 2,758, 894 tons per annum. Prosopis Juliflora is
grown in particular areas of Jaisalmer, Bikaner, Barmer, and Jodhpur. The
annual generation of Juliflora wood is 29,262,740 tons per annum and out of
that, 3,632,967 tons per annum is a surplus availability [46].

Rajasthan houses total eleven biomass power plants of total capacity of
121.3 MW, as shown in Table 2.15. Out of these eleven plants, 9 plants are
operative and two plants are non-operative since 2012 due to the scarcity
of fuel and higher fuel prices. Three new biomass projects are in the pipe-
line in Banswara, Jaipur, and Tonk, as shown in Table 2.16.

2.3.2.4  Small Hydropower

India is the world’s fifth country for installed hydroelectric power capacity.
The total installed utility scale hydroelectric capacity of India is 45699 MW
and 4380 MW of small hydroelectric power units have been installed [4].
SHP accounts for 1.3% of India’s total production capacity.

SHP is the project of generation capacity of 2 to 25 MW capacity. India has
huge potential for small hydro plants too. The assessed capability of SHP is 20
GW and MNRE set an objective of 5 GW by 2022 and the out of 4.7 GW was
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accomplished before the end of the year 2020. Table 2.17 shows installed capac-
ity of different states of India. NITI Aayog’s 3-year activity plan (2018-2019 to
2019-2020) incorporated a goal to satisfy the development of SHP by giving
grants for project infrastructure and tarift support. MNRE is also supporting
public and private sectors to set up small/micro-hydro projects by provid-
ing central financial assistance (CFA). MNRE is searching for new expected
areas by reviews and complete project reports and giving funds to redesign
and modernization of old projects [47, 48]. Rajasthan has also installed small
hydro plants in various parts of the state, as shown in Table 2.18.

Table 2.17 Small hydropower projects installed in States of India.

State Installed capacity (MW) March 2020
Andhra Pradesh 162.11
Arunachal Pradesh 131.105
Assam 34.11
Bihar 70.7
Gujarat 68.95
Haryana 73.5
Himachal Pradesh 911.51
Jammu & Kashmir 180.48
Karnataka 1280.73
Kerala 222.02
Madhya Pradesh 95.91
Maharashtra 379.575
Mizoram 32.53
Nagaland 30.67
QOdisha 64.625
Punjab 173.55
Rajasthan 23.85
Tamil Nadu 123.05
Tripura 16.01
Uttar Pradesh 25.10
West Bengal 98.50
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Table 2.18 List of small hydropower plants in Rajasthan.

S. no. Name of power house Capacity (MW)
1 Anoopgarh PH-I 4.50
2 Anoopgarh PH-II 4.50
3 Pugal PH-I 1.50
4 Pugal PH-II 0.65
5 RMC Mabhi-I 0.80
6 RMC Mahi-II 0.165
7 Mangrol 6
8 Suratgarh 4
9 Charanwala 1.20
10 Birsalpur 0.535
Total 23.85

2.4 Government Initiatives

With the goal of advancing solar energy innovations across the country,
the first ‘National Solar Mission’ (NSM) was dispatched in 2010. The ini-
tial goal set up by this mission was to install 20 GW solar plants by the
end of the year 2022. The mission employed a reverse bidding mechanism
to encourage project developers [49]. The government likewise advanced
solar oriented water radiators and rooftop solar systems in the govern-
ment buildings under the national building code. The central government
also provides endowments to encourage off-grid and rooftop solar gen-
eration. The ministry had also settled Centers of Excellence to energize
research and development activities related to renewable energy sources.
The government has also taken various strategy measures like directions
for acquirement of solar and wind power, standards for installing solar PV
systems, the framework of rooftop solar systems, guidelines of smart cities,
and amendments for the compulsory planning of rooftop solar plants on
buildings [50].

These initiatives have also given employment opportunities in the last 5
years. About 36000 Suryamitras and 1450 Varunmitras and engineers were
given training for rooftop grid connection in 2018-19 [51].
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To facilitate reconciliation of renewable generation capacity at a large
scale, the ‘Cabinet Committee of Economic Affairs’ (CCEA) authorized
GREEN ENERGY CORRIDOR for intrastate transmission in states
that are rich in renewable resources. Karnataka, Gujarat, Tamil Nadu
Himachal Pradesh, Madhya Pradesh, Maharashtra, Rajasthan, and
Andhra Pradesh are the states included in the green energy corridor
[12]. Solar streetlights (SSLs) were installed in Assam, Bihar, Jharkhand,
Odisha, and Uttar Pradesh under Atal Jyoti Yojana (AJAY) Phase I.
Under Phase I, the scheme is implemented in the North Eastern States of
India including Sikkim, Jammu & Kashmir, Ladakh, Himachal Pradesh,
and Uttarakhand. Approximately 3 lakh Solar Street Lights (SSLs) are
planned to position [13].

Biomass energy generation is encouraged in the country by Central
Financial Assistance (CFA) by MNRE. Depending on the capacity installed,
the mode of energy generation, and its utilization, CFA is given selectively
through a clear and competitive policy [52].

Rajasthan solar policy aims to encourage solar power generation in
the state. The policy encourages small decentralized solar projects with a
capacity of 0.5 to 3 MW, located near load centers, roof-top solar generation
with net-metering, other solar applications like solar water heaters, solar
pumps, home lighting system, solar projects with storage systems, renew-
able energy based charging infrastructure for electric vehicles, expansion
of solar parks, and strengthening of the Transmission and Distribution
system [27]. The benefits of a net-metering scheme will be applicable for
domestic consumers as well as government offices, buildings, schools, and
hospitals, as well as banking facilities and payment of surplus power to
DISCOMs [28].

To encourage farmers to participate in the solar energy sector and raise
sources of income for farmers, this policy aims to promote farmers to
develop decentralized solar power projects on uncultivable land and sell
the energy to DISCOMs.

Manufacturing of solar equipment is encouraged by the government in
the state with many benefits like easy land allotment in industrial areas,
relief from stamp duty and electricity duty for 10 years, subsidies on inter-
est, and other benefits according to the Rajasthan Investment Promotion
Scheme (RIPS).

The Rajasthan state first developed “Bio-fuel Policy” in 2006 to pro-
mote biofuel generation. Baran, Banswara, Bhilwara, Bundi, Chittorgarh,
Dungarpur, Jhalawar, Kota, Rajsamand, Sirohi, Udaipur, and Pratapgarh
are the districts found suitable for plantation of Jatropha, which is used as
the main component for biofuel generation.
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As renewable energy sources are unpredictable and unreliable, usage
of a hybrid (combination of renewable sources or renewable sources with
conventional sources) system is the need of changing requirements. To
promote and encourage electricity generation from the hybrid system, the
Rajasthan government reviewed Wind Policy in 2012 and developed the
Wind and Hybrid Policy in 2019. This policy aims to optimize power pro-
curement cost and use of abundant wasteland in productive generation
of renewable energy. It likewise encourages large grid-connected systems
to achieve better grid stability. Small solar-wind hybrid systems will also
be promoted in rural areas to meet day/night power requirements. The
objective of the policy is to set up 3500 MW projects by the end of the
year 2024-25, comprising of a 200 MW solar/wind hybrid plant, 2000 MW
new wind-solar projects, 500 MW wind-solar hybrid system with storage,
and 800 MW hybridization of existing conventional plants. To promote
manufacturing of wind and solar equipment, the Rajasthan government is
providing benefits as per Rajasthan Investment Promotion Scheme (RIPS),
including concessional land allotment, exemptions on electricity duty and
stamp duty, etc.

To utilize the knowledge in technological developments, the
‘Technology Development and Innovation Policy’ was launched in
October 2017. This policy aims to study resources, growth in technology,
and commercialization of renewable power generation in the country. It
also encourages manufacturing of renewable power devices and systems
domestically. Technology development programs realized the need for
collaboration of information, sharing expertise and institutional mecha-
nisms. Policymakers, industrial innovators, researchers, scientists, stake-
holders, and related departments are mainly involved in the program
[53]. As a technological initiative, the Impacting Research Innovation and
Technology (IMPRINT) program has been conducted. The funds for the
program were financed by MHRD and MNRE. MNRE and IMPRINT are
implementing 5 projects for solar thermal systems, storage of SPV, biofu-
els, hydrogen, and fuel cells in FY 2018-19. The MNRE is also providing
“The New and Renewable Energy Young Scientist’s Award” for exceptional
work by the researchers/scientists in the field of renewable energy.

2.5 Major Achievements

SECI carried out reverse auctions for interstate solar power transmission
with the lowest per unit cost in June 2020. Earlier, the lowest tarift recorded



PatHWAYS OF RES IN RAJASTHAN FOR SUSTAINABLE GROWTH 55

was INR 2.44 per unit in 2018 and now it is INR 2.36 per unit, which is
3.3% lower. Kisan Urja Suraksha evam Utthaan Mahabhiyan’ (KUSUM)
Yojna was launched in 2019 for farmers to add 25.75 GW of solar pumps
in farms.

There are three fully functioning solar parks in India located in Kurnool,
Andhra Pradesh with an installed capacity of 1000 MW, Bhadla-II in
Rajasthan with an installed capacity of 680 MW and Pavagada in Karnataka
with a total generation capacity of 2000 MW.

In March 2017, under the solar parks scheme, the capacity of solar parks
increased from 20000 MW to 40000 MW with an objective to establish 50
solar parks by 2019-20. The existing mode of selection of private entre-
preneurs in the development of solar parks has been corrected and some
new methods have been presented to bring more transparency in the sys-
tem. The assessment teams identified 995,000 acres of land for develop-
ment of renewable energy projects in Andhra Pradesh, Karnataka, Madhya
Pradesh, Tamil Nadu, Rajasthan, and Gujarat [54].

1115 hydropower projects are also set up in various parts of the country
with a generating capacity of 4593 MW and 116 projects are in the process,
with a generating capacity of about 650 MW.

Delhi Metro trains are now solar powered as the Delhi Metro Rail
Corporation will receive solar power from the Rewa Solar Power Project,
Madhya Pradesh. DMRC also generates 28 MW solar power through roof-
top solar projects installed on stations, residential areas, and depots. The
solar energy generated from rooftop plants on DMRC premises are used
for auxiliary purposes. Now, DMRC will receive 27 MW solar power from
an off-site source, Rewa Solar Power Projects [55].

Mandironwala Bhuddi Village Chakanwala Panchayat, Amroha district,
Uttar Pradesh has no electricity poles, but is completely solar powered. It is
totally dependent on solar power for all its needs. As a part of government
scheme, solar panels have been installed on the rooftop of every house in
the village and solar energy has become a source of electricity in the village
for daily household chores. This village is a model of renewable energy
usage in the country.

Vidya Dairy, Anand University Campus in Gujarat uses a Concentrating
Solar Thermal System for its pressurized hot water system. There are 19
modules of solar dish costing around 72 lakh and this system saves 66 liters
of fuel every day.

Natco Pharma Limited, Nagarjunsagar, Telangana uses Concentrating
Solar Thermal for process heating applications. This system saves 120 kg of
fuel/day and the total cost of the system is Rs. 82.19 Lakh [56].
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2.6 Environment Effects

For the last 150 years, human civilization has remained heavily reliant on
fossil fuels like coal, oil, and petroleum for electricity, transportation, and
industries, but these fossil fuels emit harmful greenhouse gases that con-
tribute to global warming, the rising sea-level, and increasing tempera-
ture. Also, fossil fuels are on the verge of exhaustion. Renewable energy
is an abundantly available, self-replenishing, and everlasting source of
energy which can be utilized in electricity production, for transportation,
and other applications of energy. India is actively working on harnessing
energy from renewable energy sources to fulfill its requirements as well as
to reduce emissions. India has been working for sustainable development.
Emission intensities of India have been lowered to 20% compared to the
previous decades. This shows a significant advancement even though CO,
emissions are rising continuously. Per capita emission of CO, in India is
1.6 tonnes, which is less than the global average value. The global share
of India’s CO, emissions is 6.4%. While energy-related CO, outflows kept
on developing by more than 1 percent every year on average over the last
five years, emissions would need to decay by 70% underneath their present
level by 2050 to meet global climate goals. This requires a huge expansion
in public aspiration and more forceful renewable energy and climate tar-
gets. This scheme mainly relies on industrial and commercial consumers
for large scale purchase of energy efficient LEDs. The government launched
the LED program to promote energy efficient products and reduce the
prices of such products globally, as well as create jobs in the manufacturing
of energy efficient lighting [4]. Energy demand in India is expected to be
double by 2040 as a result of growing GDP, domestic comforts, and pur-
chase power. To fulfill the growing energy demands of the country by fossil
fuel will bring large emissions. Consequently, renewable energy sources
are the best way to meet energy demands and reduce obnoxious gases in
nature.

2.7 Conclusion

With the correct investments in green innovations, India is all around situ-
ated to accomplish sustainable power targets. The pursuit towards cleaner
energy will have an essential function in empowering the nation’s change
to a completely supportable energy framework. There are estimates that
suggest that renewable energy installations would reach 860 GW by the
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year 2030. The estimation is made by an assessment of RES in the country
and growing energy demand. Advancements in renewable energy in India
will create jobs for local, rural electrification and promote electric mobility
too. An effort has been made to summarize the availability of RES in India.
The main focus is on the estimated potential and installed capacity of RES
in Rajasthan. The current status, generating capability, government poli-
cies to promote them, major achievements, and subsequent development
are discussed in this chapter. Although data regarding development and
installation of renewable energy sources are available on different websites,
an attempt is made to collect them all in a meaningful way. The data col-
lected in this chapter will enable researchers and developers to identify a
scope of improving technologies to harness renewable energy and chart
a path for further expansion of renewable energy production. With this
review of renewable energy sources in India, some suggestions are marked
as follows:

» Due to the fact that renewable energy sources are unpredict-
able, its large-scale integration into the grid is a difficult task.
It requires up gradation of transmission and distribution
infrastructure.

» Hybrid renewable energy sources should be preferred over
usage of single renewable energy sources as it can increase
system efficiency and reliability.

» 'The government is making efforts to bring renewable energy
into electricity generation systems, but individual efforts
and social recognition of renewable energy is necessary for
overall development. Public awareness about utilization of
renewable energy sources and its environmental benefits
should reach society.

» Advancements in renewable energy are not only good for
the environment, but also for society as it will create jobs for
local, rural electrification and promote electric mobility too.
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3.1 Background

Amid the world trends towards renewable energy (RE), global energy
policy is increasingly focused on sustainability and the environment.
Developed countries have ensured affordable access to energy and
stable infrastructure, while developing countries are not seeing the
same progress. The United Nations Commission (UNC) report on
Sustainable Development has expressed the above ethos by stating that
“Access to energy is crucial to economic and social development and
the eradication of poverty. Improving energy accessibility implies to
find ways and means by which energy services can deliver reliability
and affordability, in an economically viable, socially acceptable, and
environmentally sound manner” [1]. Electricity accessibility has been
described in a different form by various international institutions and
countries. As per the World Bank’s electricity access schema, four hours
of electricity supply per day per household is sufficient to meet their
lighting and communication appliances, like cell phones. According to
the International Energy Agency’s energy access models, an electricity
supply of 250 kWh per year per household defines electricity access for
rural households. In South Africa, a home having an electricity supply
of 50 kWh per month per household free of cost describes an electrified
house. While in India, electricity access definitions are region-based
rather than for household levels. A village is declared an electrified vil-
lage if public institutions and 10 percent of that village’s households are
electrified [2]. The definition, as mentioned earlier, of access to electric-
ity achieved more comprehensive coverage after the implementation of
the Pradhan Mantri Sahaj Bijli Har Ghar Yojna (SAUBHAGYA) scheme
in September 2017, which aims to the electrification of every house-
hold. Still, India’s access to electricity has a binary definition that talks
only to having an electricity connection or not having an electricity
connection [3]. It cannot reflect the ethos of sustainable development
goal 7 for universal energy access stated by the UNC on Sustainable
Development. On the contrary, the international institution’s electric-
ity access definition has multidimensional aspects that cover various
key attributes, such as reliability of supply, the capacity of the connec-
tion, minimum available hours of supply and quality of supply, etc., for
access to electricity.

The World Energy Council’s (WEC) meaning of energy sustainabil-
ity depends mainly on three dimensions: 1) energy security, 2) energy
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equity, and 3) environmental sustainability of energy systems. Adjusting
these three dimensions comprises of a “Trilemma, and balanced sys-
tems empowers the prosperity and competitiveness of each country.
According to the WEC report for the 2019 year, India has achieved
109" rank among 128 countries. India’s position reflects the need for a
significant improvement in the national energy policy to reach energy
sustainability. The report, as mentioned earlier, also explains vital chal-
lenges such as reducing the Aggregated Technical and Commercial
(AT&C) losses of distribution utilities (discoms) and the integration of
RE capacity. Policy and definition of access to electricity sets the busi-
ness objectives for the concerned discoms and shape the breadth of the
future course of actions to meet the established objectives. Ultimately,
electricity is an essential service, so concerned distribution utilities need
to meet customer service’s minimum standards to increase customer
satisfaction [2].

In the last few decades, India’s dependence on fossil fuels has dra-
matically increased for advancement of quality of life, giving impetus
to industrialization in the fastest economic growth and the needs of the
growing population. In this era of sustainable development, the ideal
choice of energy generation is the one that has no or a less harmful
imprint on the environment. Therefore, RE generation plays a criti-
cal role in fulfilling the power sector’s vision and sustainable develop-
ment goals. As part of Nationally Determined Contributions (NDC) to
mitigate climate change by promoting electricity generation from RE
resources, India has set an ambitious target of 175 GW or 40 percent of
RE’s total electricity generation by 2022 [4]. The cost curve of various
RE technologies is very low as per their maturity in the market and the
ability to make these resources affordable to everyone. The Electricity
Act, 2003 (EA, 2003) is a directive to regulate India’s entire electricity
sector. The EA, 2003 has a few provisions which deal with the RE sector
and addresses RE-related issues in a discontinuous manner. A dedicated
legal framework for RE generation, transmission, and distribution is
astray [5].

The Electricity Act, 2003 has brought reforms to generation, trans-
mission, and energy distribution. The generation sector is reformed by
de-licensing energy generation; in transmission, reformation has been
done by providing non-discriminatory open access. Even the distribution
sector has improved by providing multiple licenses, open access, manda-
tory metering, and adopting multi-year tariff principles. It likewise gives a
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cross-subsidy surcharge on direct sale to consumers until cross-subsidies
are eliminated step by step [5].

Overall efficiency and healthiness of the distribution system of the
electricity sector is reflected in terms of AT&C losses. The total AT&C
loss is estimated to be comparable to 1.5 percent of India’s Gross
Domestic Product (GDP) or approximately USD 17 billion with refer-
ence to the 2010 GDP [6]. In the last two decades, there have been many
policies and schemes designed to reduce these losses. The majority of
consumers who are affected due to these losses come from the rural sec-
tor. These consumers are unable to have electricity access for more than
eight hours despite having surplus power. In the Indian power sector sce-
nario, agriculture alone shares 18.08 percent of total consumption, 24.2
percent by the residential sector, and 2 percent by the transport sector
[7]. Agriculture remains a crucial part of the entire Indian economy and
driver of the whole rural economy. The agricultural sector is the highly
subsidized sector of the Indian power sector and a significant contributor
to AT&C losses. In order to have low AT&C losses, it is critical to do away
with unsustainable subsidies in the distribution sector. It is challenging
to have such kinds of reform in highly organized, high weight, and active
agriculture consumers who are the primary consumers in the rural areas
where the highly competitive political arena is always present. In the
above circumstances, a technological solution and new business model
may be developed for the high efficiency of the distribution sector. These
above conditions lead the way for an RE-based distributed generation
(DG) model.

This book chapter deals with the RE-based DG system model to
ensure better electricity access and sustainable development and energy
security. It starts with a broad overview of the electricity access sce-
nario and distribution sector of the Indian electricity market. It tries to
explain the positive but potential leading role of the RE-based DG sys-
tem to address the long-pending critical issues like AT&C loss, the ful-
fillment of Renewable Purchase Obligation (RPO), universal access to
electricity, quality and reliable power supply, energy security, etc. Apart
from these, it primarily focuses on the RE-based DG system’s position in
India’s electricity sector’s various laws and policies. Finally, it explains the
corresponding challenges for the development of a robust RE-based DG
system in India.
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3.2 Electricity Access in India

Prior to looking into India’s electricity access scenario, it is necessary to
overview India’s power sector. The power sector has its position as the
world’s fifth-largest in the aspect of installed capacity for power genera-
tion and is the third largest electricity producer. In the fiscal year 2018-19,
per capita consumption of electricity was 1181 kWh and it was 14" in the
world in the aspect of per capita consumption [8]. India has a total installed
capacity of 373.029 GW by 30-09-2020 [9]. With all this, the Indian power
sector has witnessed significant growth in power generation. After the
electricity reform and the EA, 2003, it mainly focused on increasing power
generation to eliminate the power shortage and energy poverty. So far,
this method has proven successful and India has become a power surplus
from a power shortage and net exporter from a net importer of electricity.
India has also achieved the ambitious target of “One Nation, One Grid”
[10]. According to the recent survey conducted jointly by NITI Aayog
and the Rockefeller Foundation on the topic of Electricity Access and
Benchmarking of Distribution Utilities, only 87 percent of Indian house-
holds have access grid-connected electricity. The other 13 percent of Indian
households either access off-grid electricity and lightings or no electricity
at all.

The rural sector has an access rate of 84 percent. The rural sector can be
categorized into four broad consumer categories: households, agricultural,
commercial, and institutional. The agricultural consumer is the primary
electricity consumer in the rural sector. Agricultural has only a 52 percent
access rate of electricity from the grid as a source. The other 48 percent of
agricultural consumers prefer diesel generators with 48 percent as a pri-
mary electricity source, followed by kerosene with 18 percent, and solar
panels with only 3 percent. Diesel generators and kerosene have 66 percent
total contribution as a source of electricity for agricultural consumers [11].
It should also be noted that both fuels come in the category of fossil fuels
and emit high carbon emissions. Although India has surplus power in the
generation segment and one national grid in the transmission segment,
still access to electricity is not at par standards. It shows that policymakers
need to focus on the distribution part of the electricity sector, which is
solely responsible for access to electricity. In the distribution segment, the
rural sector of India needs high focus.
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3.2.1 Distribution Sector of India

The distribution sector of the electricity market is the most prominent and
critical. The distribution sector is a source of cash flow in the entire supply
chain of the power system. It plays a very crucial role in bringing commer-
cial viability and efficiency to the Indian power sector. A solid and efficient
distribution sector is a primary necessity to achieve and realize the 24*7
Power for All, a goal of the EA, 2003. The distribution sector serves vari-
ous critical aspects such as cross-subsidy management, reliable and quality
electricity supply, subsidy transfer mechanism to end consumer, customer
service management like metering, billing, collection, and complaint reso-
lution, etc. To achieve the goals mentioned earlier, the major impediment
for this sector is AT&C losses. Unfortunately, the majority of the time, the
distribution sector is facing financial predicaments, which reflects in terms
of AT&C losses. Significant factors which contribute to the AT&C losses
are the technical losses that happen during transmission and monetary
losses at the retail end. There are different causes for monetary losses, but
the principal causes are mentioned below:

o Electricity theft happens at the consumer end through
unlawful tampering with meter and transmission lines

o Inefficiency in the subsidy delivery mechanism due to faulty
classification of consumers, namely agricultural consumers

o Corruption in the billing mechanism, due to which discoms
fails to collect the correct revenue

Currently, the nation-wide AT&C losses are 18.87 percent [12]. The
AT&C losses were high contrasted to most of the nations, including South
Korea (4%), Japan (5%), Brazil (17%), China (5%), and Indonesia (10%) in
2009. The AT&C loss is assessed to be comparable to 1.5 percent of India’s
GDP or around USD 17 billion as far as 2010 GDP. In recent years, India’s
transmission and distribution (T&D) loss of India is high contrasted to
other developing nations like Brazil, South Africa, and China. T&D loss of
India was 21.04 percent in 2017, which was higher than the world average
(8.64%), Brazil (16.36%), South Africa (9.59%), and China (5.46%). The
same is illustrated in Figure 3.1 (T&D losses (in %) of India, different lead-
ing countries, and the world).

The investor community views high losses as a danger subverting busi-
ness viability, frail institutional credibility, and evidence of high regulatory
uncertainty [6]. To get rid of these losses that emerged due to financial
and operational inefliciency, many policies or schemes were formulated
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Figure 3.1 T&D losses (in %) of India, leading countries, and the world [13].

and tried in the last two decades. The Accelerated Power Development
& Reform Programme (APDRP) was launched in 2001 to reinforce the
sub-transmission and distribution network and to lessen the AT&C
losses to 15 percent in 5 years. Without reaching this target, the APDRP
was re-structured by the MOP after refining as a Restructured APDRP
(RAPDRP) and re-released in 2008, as one of the essential initiatives of
the 11th Plan. Focusing on constructing baseline statistics and adopting
IT applications, it targets to lessen AT&C losses by 3 percent each year
for utilities which have over 30 percent AT&C losses and by 1.5 percent
per year for those who have less than 30 percent [14]. In 2011, discoms
looked for another bailout package from the union government. In 2015,
the Ujjwal Discom Assurance Yojana (UDAY) scheme was taken off with
the intention of resuscitation of discoms. Sadly, targets set in the policy
were missed in the last two decades, as illustrated in Figure 3.2 (Annual
AT&C losses (in %) of India in the period of 2000-01 to 2018-19). Like
earlier trends, this scheme also failed to achieve its target and still, average
nationwide AT&C losses stand at 18.87% [12]. UDAY 2.0 launched in early
2019 and 35 million smart meters installed by December 2019 is envisaged
as part of its mandate.

The majority of affected consumers, due to these losses, come in the rural
sector, which is unable to have electricity access in not more than 8 hours
despite having surplus power. In the era of generation-focused reform,
there was very sporadic work done in the rural energy sector. Especially
in rural areas, artificially depressed pricing structures and the removal of
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Figure 3.2 Annual AT&C losses (in %) of India from 2000-01 to 2018-19 [15].

unsustainable subsidies need to be implemented to reform the primary
distribution sector. It is challenging to have such reform in the highly
organized, weight, and active agriculture consumers who are the primary
consumer in rural areas where a highly competitive political arena is always
present. In addition to all this, to address climate change, a great transition
started in energy generation technology towards RE resources from con-
ventional energy resources like coal, oil, gas, etc. In the COP21 meeting
held in Paris in 2015, India launched a target to meet 40 percent of total
installed electricity generation from RE resources by 2030. As part of this,
the Government of India (Gol) has launched 175 GW from RE resources.
The Gol has launched a target of 100 GW by 2022 under the scheme of
the Jawaharlal National Solar Mission (JNNSM). Out of 100 GW, 40 GW
covers under solar PV (SPV) rooftop, and 60 GW is covered by ground-
mounted. Solar RPO has risen from 0.25 percent in 2012 to 3 percent by
2022. The necessary amendment was carried out in the National Tariff
Policy in January 2011 to enhance solar RPO [16]. The Ministry of New and
Renewable Energy (MNRE) has already implemented solar RPO and set
each state’s target by 2022. Grid-connected SPV acquires 41.34 GW and off-
grid/captive power develops 1.005 GW in the RE system by 30" September
2020. SPV ground-mounted and rooftop achieved 38.124 GW and 3.216
GW, respectively [4].

It is necessary to get a sustainable solution that brings high efficiency
in the distribution sector to reduce AT&C losses and achieve quality and
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reliable 24*7 Power for All using green sources of electricity generation
to address climate change issues. These conditions lead to a new energy
generation and distribution model of the DG system based on RE sources.

3.2.2 Distributed Generation

Distributed Generation is a method that uses small-scale technology to
generate electricity on-site or near to the end-users. The DG system is also
termed as decentralized generation, embedded generation, decentralized
distributed generation, etc. A DG system is termed differently from country
to country. Also, it has no universally defined definition, as it has different-
different meanings across different nations. In the UK, the DG system is
defined as the power generation plant directly connected to a distribution
system rather than a transmission system. In the USA, the DG system is
defined as the small-scale power generation plant situated near the load.
According to the American Council for an Energy Efficient Economy for
Distributed Power Generation, it is defined as any power generation tech-
nology that generates power outside the working periphery of the distri-
bution utility [17]. In India, it is termed as the Decentralized Distributed
Generation System (DDG) and defined as the electricity generation only
from RE resources such as wind, solar, biomass, small hydro, geothermal,
and waste at or near to the end-use customer or load [18]. So in India, DG
is termed as DDG and they are based on RE resources only.

Distributed Generation systems can improve the entire electricity deliv-
ery system’s operation from generation to distribution to the end con-
sumer. These systems range from less than kW to a few MW system sizes.
Distributed Generation systems can be based on RE and conventional
fossil fuel resources. DG can provide less expensive electricity as well as
higher efficiency and safety of power [19]. RE resources have a distributed
nature and they are available at every location on the earth. Solar energy
is available more than enough across India and this reflects in the JNNSM
target for solar power of 100 GW installations by the year 2022. The highly
variable nature of solar energy and other RE resources is a major block-
ing stone in integrating their energy generation with the current national
grid. This problem is making it difficult to achieve the target of INNSM.
Simultaneously, the Gol is committed to providing 24*7 Power for All and
reducing AT&C losses. Amid climate change, 24*7 Power for All and low
AT&C loss targets, the duo combination of the DG system model and RE
resources can play a crucial and game-changing role in the Indian electric-
ity sector.
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Merits of DG System
Distributed Generation systems based on RE resources have the following
merits [20]:

o It can be a better option against the diesel generators used in
the rural sector.

« It enhances energy diversity and security.

o It can provide access to electricity in remote and inaccessible
areas in the capacity of a stand-alone or mini-grid type sys-
tem. Remote and inaccessible regions are also not economi-
cally feasible to connect through grid extension. It provides
better rural electrification.

o It provides a better and quick response for more power
demands.

o It can provide emergency power to many public utilities
such as hospitals, airports, military bases, communications
stations, etc. It can be an effective backup or additional
power system option during natural calamities and grid fail-
ure conditions.

o DG can help achieve the various mandatory targets designed
in the RE and the EA, 2003 like a contributor to RPO for
discoms, last-mile connectivity with a quality and reliable
power supply, and the fulfillment of universal service obliga-
tion impacting discoms’ financial viability. Ultimately, it can
play a crucial role in fulfilling set objectives under NDC for
climate change.

o Itenhancesand fixes the accountability on quality and reli-
ability of power supply, service to consumers, especially
by providing power to productive loads to strengthen
livelihoods and support the rural enterprises. Hence,
it can provide effective and efficient energy and load
management.

« It intensifies customer service management through timely
billing and collection. Ultimately, better customer satisfac-
tion can be provided.

o It shows confidence to have clear and comprehensive cover-
age for all loads in an area inclusive during peak hours and
resilience to cater to the load likely to emerge in power for
all situations.

« Simultaneously, due to the absence of a high voltage trans-
mission system, this model of power generation has no or
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significantly less AT&C loss than the current high AT&C
loss as low operation and maintenance (O&M) expenditure.

o It helps frame a business framework and viability construct
built off significantly improved power distribution business
activity in rural areas.

In addition to all this, extensive use of DG technologies could reduce
carbon emission as per the latest studies. According to the report of a
British study in the year 1999, domestic combined heat and power technol-
ogy decreased carbon emissions by the extent of 41 percent. In the period
of 1998 to 2001, a similar kind of report based on the Danish power system
showed that extensive use of DG technologies reduced carbon emissions
by the extent of 30 percent [21].

3.2.3 Recent DG Technologies and their Scenario in India

DG systems can be based on fossil fuel and RE technology. Currently, the
DG system is based on RE resources as per the policy of Gol. According to
different RE technology, the DG system classification includes solar, wind,
small hydro, bio-energy, waste to energy, and geothermal. Geothermal is in
the development phase among these RE technologies.

« Solar Energy
India is blessed with abundant solar energy resources, with
5 trillion MWh annually. Solar energy is a prime focus in
India’s climate mission, with a magnificent target of 100
GW installation by 2022 under JNNSM. Solar energy is
highly distributed in nature across India. India achieved
the 5th rank in solar power installation across the globe.
Solar energy is installed into two categories which include
off-grid and grid-connected ones. Off-grid solar PV has a
target of 2 GW out of 100 GW under the JNNSM. Off-grid
SPV mainly consists of a solar-based lantern, pump, street
light, home lighting system, and small SPV plants of kW
size. Different off-grid SPV applications’ current status are
illustrated in Table 3.1. The distribution of 7 million study
lamps is in the planning phase of MNRE, focused on the
students’ rural areas. The installed capacity of the grid-con-
nected SPV plant is 30 GW as of July 2019 and the current
total SPV installed capacity is 35 GW as of 31st March 2020.
Grid-connected SPV is promoted through various schemes:
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Table 3.1 Total installed capacity of different oft-grid SPV
applications [22].

Off-grid SPV applications Installed capacity or units

Solar Lantern 65,17,180
Solar Pump 2,37,120
Solar Street Light 6,71,832

Solar Home Lighting System | 17,15,639

Solar PV Plant 212 MWp

rooftop, canal top, micro-grid, canal bank, floating plant,
viability gap funding (VGF), etc. [22].
« Wind Energy
Wind energy is also an intermittent energy source like solar,
but it is site-specific, unlike continuous solar across India.
The potential of wind energy is 302 GW at 100 meters height.
The wind energy sector has a strong eco-system through the
proven indigenous industry. The industry has a strong man-
ufacturing capacity of 10 GW annually. Wind energy has a
target of 60 GW under the NDC by India to mitigate cli-
mate change. The current installed capacity of wind power
is 38 GW as of 31st March 2020. Different schemes and
financial incentives, including generation-based incentives
(GBI), accelerated depreciation, exemption of customs duty,
zero interstate transmission charges, have been designed to
support wind energy development. The government is also
exploring off-shore wind power capacity with the Global
Wind Energy Council and the European Union [23].
o Small Hydro Energy

Hydropower is categorized into large and small hydropower
projects. A project having a capacity of up to 25 MW is con-
sidered a small hydropower project. Small hydro is also cate-
gorized into micro (up to 100 kW), mini (100 kW - 2 MW),
and small (2-25 MW). Small hydro has an estimated poten-
tial of approximately 21 GW. The government supports
microhydro projects for the electrification of remote villages
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in the hilly region of India. Such projects will be developed
to help local associations of a water mill, cooperative societ-
ies of the town, and other NGOs. The total installed capacity
currently achieved a fabulous milestone of 4.7 GW against a
targeted 5 GW under the NDC of 175 GW RE installations
by 2022 [24].

Waste to Energy

Waste is increasing due to rapid industrialization, the life-
style change of communities, and urbanization, becoming a
big issue. Recently, different technologies have been devel-
oped to utilize various kinds of waste, including agricultural,
vegetable market yards, slaughterhouses, industrial, munici-
pal wastes, etc., for generating electricity. Different biogas or
bio-CNG and waste can be used as an asset for energy, simul-
taneously reducing its dumping issue. Waste is also a distrib-
uted energy source like other RE resources due to available
technologies. MNRE is promoting different technologies
which can convert waste into energy and provide central
finance assistance (CFA). The total estimated potential from
waste to energy is 5.69 MW. The total installed capacity is
26 MW against the 99.5 MW target. The BIOURJA portal is
developed to provide a platform for availing the CFA from
the government [25].

Bioenergy

Bioenergy consists of biomass-based energy generation, bio-
gas, and heating applications. Bagasse is the primary energy
source for biomass-based power and co-generation. A pro-
gram for biomass power and co-generation was launched to
promote bioenergy. The majority of projects under this pro-
gram are grid-connected ones. Sugar mills are playing a piv-
otal role in this program. Another program, Biogas-based
Power Generation and Thermal Application (BPGTP), are
launched to tap the bioresources of dairy products, cow
dung, poultry waste, etc. Projects are small-scale (3 kW -
250 kW) and off-grid type. The total estimated potential of
biomass-based power generation and co-generation is 26
GW. CFA is the promotional measure for the bio-energy
sector [26]. The cumulative installed capacity of different
bioenergy technology types is illustrated in Table 3.2.

75



76 RENEWABLE ENERGY TECHNOLOGIES

Table 3.2 Total installed capacity of different bioenergy applications [26].

Biomass IPP (In MW) 1826
Bagasse Cogeneration (In MW) 7547
Non-Bagasse Cogeneration (In MW) 772

Cumulative Installed Capacity As On 31-12-2019 (In MW) 10145

Bio-Gas Power (Off-Grid) As On 31-03-2019 (In MW) 8951.5

3.3 DG System Position in Existing Legal and Policy
Framework of India

3.3.1 Position of the Electricity Sector in the Constitution
of India

The matter of electricity covers the concurrent list of the seventh schedule
of the Constitution of India. The seventh schedule of India’s Constitution
frames out the different issues on which the Parliament of India and State
legislature can frame the laws. It consists of three lists: Union, State, and
Concurrent. The Parliament of India can frame the law on the subjects cov-
ered under the Union list, while state legislature can frame the legislation
for state list matters. Legislation for the issues under the concurrent list
can be framed out by both the Parliament of India and the state legislature
[27]. Legislation passed by India’s Parliament will prevail over the state leg-
islature in a conflict situation over one subject. Hence, the center and state
have jurisdiction on the subject of electricity.

3.3.2 Overview of the Electricity Act, 2003

The Electricity Act, 2003 governs India’s entire electricity sector and pro-
vides directions to all three segments: generation, transmission, and dis-
tribution. The EA, 2003 provides direction to electricity generation from
all the energy resources, excluding only nuclear energy. The electricity
generation from nuclear energy resources is covered under the Atomic
Energy Act, 1962. The EA, 2003 has brought many significant reforms in
the electricity sector of India. The EA, 2003 has restricted center, state,
and regulatory bodies [5]. One of the main objectives of the EA, 2003 is to
keep regulatory bodies independent from the governments in governing
all three segments of the electricity sector of India. The Central Electricity
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Regulatory Commission (CERC) and State Electricity Regulatory
Commission (SERC) have come into existence in the place of earlier
electricity boards. CERC has jurisdiction at the national level and SERC
has jurisdiction at the respective state level. The generation sector has
received fundamental reform through the de-licensing of power genera-
tion, excluding power generation from hydro projects. It also recognizes
the trading of power as a distinct activity and paves the way for Indian
Energy Exchange Limited formation. It also acknowledges the promotion
of captive generation. The transmission sector has received key reform by
providing non-discriminatory access to the transmission network to all
generators. The distribution sector has reformed through various provi-
sions, including multiple licenses, open access, mandatory metering, and
multi-year tariff principles. It also asks to provide a cross-subsidy sur-
charge on direct sale to consumers until cross-subsidy is eliminated step
by step.

3.3.3 DG System Position in the Electricity Act, 2003 [5]

A renewable energy-based DG system can be established and operated
under captive generation to fulfill self-demand as per section 9 of the EA,
2003. Such captive capacity needs to have the necessary infrastructure to
transmit electricity. Solar PV rooftop systems and other DG systems can
be termed as the captive plant to fulfill the self-demand. The Electricity
Act, 2003 has provided necessary thrust to DG, especially in the area of
rural electrification. The Distributed Generation system has provided the
necessary space for its establishment in the rural areas under section 14
of the EA, 2003. Any person means an individual or group of individuals
or communities or NGOs or cooperatives, etc. can establish, operate, and
maintain the DG system for distribution and supply of electricity service
in his area. Such a DG system needs to comply with the conditions speci-
fied under section 53 of the EA, 2003 by the competent authority. The Act,
notwithstanding the grid augmentation model for rural electrification,
characterizes DG and supply through off-grid energy systems based on
any kind of energy source. Distribution of electricity is also incorporated
through different means, including NGOs, local governing systems, com-
munity groups, and franchisees of distribution utilities as alternate modes
for rural electrification. Any persons, like the Panchayat body, an associ-
ation of individual, cooperative societies, and NGOs are allowed to pur-
chase the power in a bulk amount under section 5 of the EA, 2003. Under
section 5 only, the local distribution system’s management is also allowed
by the persons mentioned earlier. Also, Section 4 of the Act enables RE
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sources’ operation and distribution system based on stand-alone systems
for rural areas.

Section 42 (2) of the EA, 2003 provides space for open access for the DG
system. The respective DG system needs to pay the surcharges and wheel-
ing charges set by the appropriate commission to use available distribution
system infrastructure to supply the generated electricity to the concerned
consumer. The respective DG system is entitled to have non-discrimina-
tory access to public transmission infrastructure under Section 39 (ii).
Distributed Generation systems will not be allowed to have any charges
for the use of transmission infrastructure if the electricity is transmitted to
its own premises for self-consumption. The Renewable Energy-based DG
system has a promotion in both urban, as well as rural sectors through the
setting of RPO to each concerned discoms under section 86 (1) (e) of the
said Act. The respective DG system may be utilized to fulfill the obligated
RPO by the concerned discoms.

3.3.4 DG System Position in the Electricity (Amendment) Act
2018 and Electricity (Amendment) Act, 2020

Both the Electricity (Amendment) Act, 2018 (EA 2018) and Electricity
(Amendment) Act, 2020 (EA 2020) are bills that are pending to the
approval of parliament. Both the bills have been drafted mainly to
address recurring issues like AT&C loss of the distribution sector in
order to bring sustainability and competition in the power sector. The
EA 2018 provides enough light on the RE-based DG system market’s
recurring issues and seeks to develop a better regulatory eco-system for
its growth. The EA 2018 addresses different issues like defining the DG
system and its position in all three segments of the electricity sector.
The DG system is termed as a Decentralized Distributed Generation
System (DDG). Any DG system which has electricity generation from
the RE resources can be termed as a DDG system under Section 2 (15A)
of part 1 of the EA 2018 [28]. With the consultation of state govern-
ments, the union government may notify the National RE Policy for the
promotion and better vision of the RE-based electricity market under
Section 3 of the EA 2020. Section 62 (1) (d) of the EA 2020 seeks to set
the retail supply tarift of electricity without considering the subsidy to
reflect electricity’s true cost. Through this provision, the EA 2020 aims
to enhance competition in the distribution sector by enhancing the ease
of doing business in this sector. It may build a level playing field in the
distribution segment and enhance the DG system market’s growth. The
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long-pending issues of a better mechanism to transfer the required sub-
sidy to the targeted beneficiary are tried to resolve through the manda-
tory implementation of Direct Benefit Transfer (DBT) under section 65
of the EA 2020. An agricultural and retail consumer covers the major
portion of the subsidy beneficiary, which is also the major consumer
of the DG system market. Mandatory provision for the minimum per-
centage purchase of RE-based electricity is mentioned under Section
86 (1) (e) of the EA 2020. The distribution sub-licensees (DSL) concept
is inserted under Section 2 in the EA 2020 [29]. DSL is defined under
Section 2 (17A) as

“.. a person recognized as such and authorized by the distribution licensee
to distribute electricity on its behalf in a particular area within its area of
supply, with the permission of the appropriate state commission. Any ref-
erence to a distribution licensee under the Act shall include a reference to
a sub-distribution licensee.” For rural areas, DSL is a new concept and the
franchisee model for distribution and generation of electricity service
under Section 14 of the EA 2020. Both DSL and franchisee models do not
require any separate licensee from the respective state commission to pro-
vide service. At prima facie, the DSL, as mentioned earlier, may enhance
competition in rural areas.

3.3.5 DG System Position in the National Renewable Energy
Act 2015 [30]

The National Renewable Energy Act 2015 (NREA 2015) envisages devel-
oping a prominent RE-based DG system in fulfilling climate change chal-
lenges, RPO, and quality and reliable electricity access in rural and remote
areas. The NREA 2015 is in the form of a bill that is yet to get approval from
the parliament. The NREA 2015 emphasizes the high synergy between the
DG system and electricity access in rural areas. Clause 30 (1) and Clause 30
(2) of the NREA 2015 ask about promoting the DG systems for all kinds of
consumers, including residential, agricultural, commercial, industrial, etc.,
by the union and state governments. In order to have systematic promo-
tion, Clause 31 of the NREA 2015 asks to designate a specific nodal agency
to assess the regions and various applications for the DG system operation.
The governments may provide the needful incentives and facilitation to
promote the DG system’s use as per clause 33 of the NREA 2015. The ben-
efited DG system projects under clause 33 need to have a viable business
model, reasonable consumer retail tariff, grievance redressal mechanism,
and the ability to have grid inter-connectivity. According to Clause 35 of
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the NREA 2015, the respective ministries will coordinate with other minis-
tries and concerned regulators to introduce net-metering, gross-metering,
and a smart meter set up to promote the grid-connected DG system. The
DG system may be considered in the RPO fulfillment as per Clause 39 (3)
of the NREA 2015. It may provide a significant boost to the DG system.

3.3.6 DG System Position in the National Electricity Policy
2005, National Tariff Policy 2006, Rural Electrification
Policy 2006, and National Energy Policy 2017

The rural electrification component mentions the DG system in the
National Electricity Policy 2005 (NEP 2005), which was notified on 12
February 2005. A DG system can be based on any energy resource and
it can be utilized along with available local distribution networks as per
Section 5.1.2 (d). In the NEP 2005, Section 5.1.2 mentions the DG sys-
tem operations in the remote and grid-connected areas. In the NEP 2005,
Section 1.7 uses the EA, 2003 and introduces the RPO and preferential
tariffs to develop RE. There is a need for some light on whether this section
includes the RE-based DG system for the grid connection case [31]. In the
National Tarift Policy (NTP) 2006, Section 6.3 mentions the fixation of
tariff rates by SERCs for the trading of excess power from captive power
plants [32], but it does not explicitly state such trading for DG systems.
The Union government prepared the rural electrification policy by exer-
cising its power under Sections 4 and 5 of the EA, 2003. DG is mentioned
in Section 3 (3.3) of rural electrification policy and it can be based on any
energy resources, as well as local distribution facilities.

Rural Electrification Policy (REP), 2006 is a repercussion of Section 4
and Section 5 of the EA, 2003 [33]. This policy tries to address the rural
electrification problem by integrating the rural electricity distribution,
village electrification infrastructure, and DG system. This policy asks the
CERC to set up guidelines to transfer the subsidies to the consumers. To
date, clarification is missing in grants, whether in terms of GBI, feed-in tar-
ifts (FiT), capital subsidies, or any other form. The policy is also silent on
the tariff determination on a case to case basis. Implementation, monitor-
ing, and verification mechanisms for the policy are missing in this policy.
Even Section 6.11 of the National Energy Policy 2017 of NITI Aayog has
mentioned DG systems [34]. Under Section 6.11 of the policy, it states that:

“The steep rise in the share of Renewable Energy in the electricity mix
will call for several measures to adapt the grid. The measures listed above
are expected to integrate this variable and seasonal electricity source by
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addressing both commercial and technical challenges. Diversified geograph-
ical and distributed generation helps in addressing the above challenges in a
cost-effective manner. NITI Aayog will offer a platform to bring the Central
Ministries and State Governments together to solve the inter-agency issues
related to integration and growth of Renewable Energy in the country as per
the Renewable Energy Integration Roadmap 2030.”

3.4 Analysis and Challenges in the DG System

3.4.1 National Policy on Renewable Energy Based
Mini/Micro-Grid

To address climate change issues in the COP21 meeting held in Paris in
2015, India set a target under NDC to meet 40 percent of total installed
electricity generation from RE resources by the year 2030. Among vari-
ous measures taken, one of the measures undertaken to meet these tar-
gets includes deploying a DG system like mini-grids and micro-grids. The
National Policy on RE based Mini/Micro-Grids by the MNRE is framed to
achieve the following objectives [35]:

o To promote the RE-based micro-grids and mini-grids
deployment in un-served and under-served regions of the
nation to serve the 237 million people deprived of electricity
access

« To place RE-based mini/microgrids in the mainstream
of power systems in order to enhance the accessibility of
affordable energy services and improve the local economy

« Develop the Public Distribution Network to distribute the
energy generated

o Encourage cluster form DG systems by linking all the
nearby DG systems to better operational efficiency and cost
reduction

o The preamble of this policy is guided to develop the state-
level policies and regulations that enable a better eco-system
for its growth

o It is also suggested to frame a detailed policy to boost the
local economy by meeting various consumers from residen-
tial to commercial

 The ministry aims to install 10,000 projects with a cumula-
tive capacity of 500 MW in the next five years
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o It targets to fulfill basic needs like lightings, fans, mobile
charging of every household

o To optimize the mechanism to access the central financial
assistance, including other incentives

 The policy directs to use only RE sources until some rare
cases enforce the use of conventional energy resources as a
backup

The policy as mentioned above has tried to address the installation part
of the DG system for rural electrification. It asks for the development of
state-level policies to develop the robust DG facility in the respective state.
It expects the state government to frame out the decisive plan for mini-
grids. Framing such a decisive plan will provide the necessary confidence
among the various key stakeholders, including Energy Service Companies
(ESCOs) and investors interested in this area. The state government can
categorize the areas based on their electrification priority and mode of
electrification. It attempts to build the basic out frame for the DG system
to encourage RE-based electricity generation, which may help the state
develop additional policies on the DG system. Corresponding challenges
regarding this policy for developing a robust DG system are described in
the following sub-section, namely challenges.

3.4.2 Smart Grid Policy of India

Smart grids are attracting the attention of more and more policymakers
and private investors. India believes that the smart grid has vast advantages
on the distribution side because smart metering is one of the smart grid
components. To enhance grid integration in the wake of the DG systems
market, the union government is increasingly interested in adopting inno-
vative technology, including smart grids. The smart grid is the modern
grid that has more dynamicity and is digital. It offers real-time monitoring
and control by incorporating advanced information and communication
technologies in all dimensions of power systems, including generation,
transmission, distribution, and electricity consumption. The fundamental
elements which constitute the smart grid are illustrated in Figure 3.3.

It has a multidirectional information flow and bi-directional electricity
flow in the power system. It promotes the active participation of consumers
in the grid operation. It provides a capacity of self-healing and adaptivity,
high reliability and service, and enhances energy efficiency and resiliency
to the grid. It enhances the grid integration of RE generation [36]. The
smart grid’s primary components are smart meter, integrated information
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Figure 3.3 Basic elements of Smart grid.

and communication technologies, energy storage, RE generation, demand
response system, DG, data security, etc. The government has been trying to
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modernize the existing grid by incorporating various innovative technolo-

gies of the power sector, IT sector, and communication. In order to achieve

the same, the government has planned and implemented various policy
initiatives, which are listed out in this section in a comprehensive manner.

ISGF and ISGTF

The idea of a smart grid has come up with the modernization
ofthe Indian power grid system to reduce AT &Closses. Policy
level initiatives have started with introducing the RAPDRP
policy initiative targeted to the distribution sector in 2008,
then UDAY in 2015 to UDAY 2.0 in 2019 by the Ministry
of Power (MoP). All these initiatives have been explained
in the earlier section of the distribution sector. In addition,
MoP launched the India Smart Grid Forum (ISGF) in 2010
and subsequently established the Indian Smart Grid Task
Force (ISGTF) to develop a roadmap for the development
of smart grids in India. It can reduce the business losses of
discoms. However, India’s goal goes beyond the level of pro-
liferation. Innovative interactive power systems can reduce
peak loads, minimize power generation requirements, and
better integrate RE into the grid. ISGTF is composed of
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the Department of Science and Technology (DST), MNRE,
Ministry of Information and Communication Technology,
and MoP.

In contrast, ISGF has all critical stakeholders of the power
sector ranging from utility to industry and academia fellows.
ISGF provides the necessary platform for public-private
partnerships. ISGF critically acts as an advisory group to
the government for the government’s smart grid vision and
sets up the roadmap for coordination with ISGTE. This advi-
sory group has been divided into a different working groups
to address various critical issues like an advancement of
metering infrastructure, modernization of the transmission
system, modernization of the distribution system, DG and
renewable energy, control of consumption and load, forma-
tion of policy and regulations, and design and architecture
of the smart grid. ISGF has proposed the government launch
a national mission on the smart grid in 2013 [37].

« National Smart Grid Mission
With objectives other than the reduction of AT&C losses
like the integration of RE-based electricity, development
of RE-based DG system, Prosumer (where Prosumer is a
household that is both producer and consumer of electric-
ity) enablement, real-time monitoring, supporting neces-
sary infrastructure for the proliferation of Electric Vehicles
(EV), etc., in March 2015, the National Smart Grid Mission
(NSGM) was established by Gol [38]. NSGM developed
the smart grid’s detailed implementation plan for the short,
medium, and long term with a vision, mission, with corre-
sponding goals. It assessed the different resource require-
ments, funds, development of a timeline for the smart grid
projects, identification of main stakeholders who will han-
dle the projects as per the suggested vision, and roadmap by
ISGE The vision statement of the NSGM aimed to transform
the grid into a more secured, adaptive, and sustainable one.
It also aimed to develop the grid’s digital eco-system to pro-
vide quality and reliable electricity services to all. The mis-
sion statement of NSGM states to enhance the energy mix by
incorporating RE resources and providing affordable quality
power to all. In order to achieve the above stated vision and
mission of NSGM, NSGM objectives have been divided into
two phases. Phase 1 covers activities like smart meters and
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advanced metering infrastructure deployment, moderniza-
tion of substations with GIS technology, encouragement to
microgrids and DG systems, especially SPV rooftop systems,
and equip the distribution transformer with real-time con-
trol and monitoring mechanisms. The period of Phase 1 is
2014-2017. The total cost is estimated to 980 crores, includ-
ing the support of 312 crores from the budget. Phase 2 covers
activities like enabling access to quality power to all, a pro-
liferation of the microgrid systems, prosumer enablement,
development of demand-side response and management,
integration of RE-based systems, and development of nec-
essary infrastructure for the EV and energy storage system.
The total estimated cost for Phase 2 activities is 990 crores,
including 312 crores from the budget. The period of Phase 2
is 2017-2020 [38].

The organizational structure developed under the NSGM
has a three-tier hierarchy. The first tier is the governing
council chaired by the Minister of Power, followed by an
empowered committee chaired by the MoP and NSGM
project management unit secretary. The empowered com-
mittee is supported by a technical committee chaired by the
Chairperson of Central Electricity Authority (CEA). It is to
be noted that DG has a very critical position in the entire
NSGM program, whether it is aimed for the proliferation
of EV, integration of RE-based system, on-demand access of
power, reliable quality power to all, etc. DG system covers
almost all the goals and merits of smart grid aiming.

Smart City and AMRUT

Apart from the above policy for developing smart grids
across India, other schemes and policies drive the smart grid
movement to achieve its various objectives. For the urban
areas, the schemes are smart city mission and AMRUT, i.e.,
Atal Mission for Rejuvenation and Urban Transformation,
while rural areas use the Saubhagya scheme. The union gov-
ernment launched both the missions in 2015. The smart city
mission covers 100 cities under its umbrella, while AMRUT
covers 500 towns under its umbrella. The smart city mission
aims to advance the city’s basic infrastructure, including
quality and green electricity supply to all, efficient and envi-
ronmentally friendly urban transport, and digitalization of
various public serviceslike health, education, and governance
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by incorporating advanced IT and communication technol-
ogies. Smart city mission features a minimum of 10 percent
electricity from the SPV system of the city’s total electricity.
This mandatory feature creates a vast opportunity to develop
a smart grid to integrate these SPV systems with the grid.
All these SPV systems are DG in nature and create oppor-
tunities for consumers’ active participation as Prosumers in
the distribution system. The mission has aimed to develop
demand side management, e-billing, customer relationship
management with utility, complete electrification of trans-
port by 2030 under the National Electric Mobility Mission,
deployment of smart meters, etc. The smart city mission had
an allocation of 2.05 lakh crore until now [39]. The mission
statement of AMRUT aims to rejuvenate and transform
towns across the nation. The primary objectives under this
mission are pollution reduction by enhancing public trans-
port, which are environment-friendly, green and eflicient
street light systems, assurance of clean drinking water sup-
ply, and geo-tagging of the city’s buildings, societies, streets,
and other public places. The AMRUT mission has received
77,640 crores until now [40].
o« SAUBHAGYA

Power for All under the Pradhan Mantri Sahaj Bijli Har Ghar
Yojna (Saubhagya) scheme launched on 10th October 2018.
An opportunity is there to frame an integrated approach for
reliable, quality, affordable, and resilient power supply for
rural areas. Saubhagya aims to have 100 percent household
electrification through grid connection and other RE-based
DG systems [3]. Corresponding challenges regarding these
policies concerning the DG system are described in the fol-
lowing sub-section, namely challenges.

3.4.3 Grid Integration Policy of DG System

Grid integration of the RE-based system is crucial for the prolonged sus-
tainability of the RE sector. Some policy measures like RPO, FiT, GBI, and
Renewable Energy Certificate (REC) are already in action. These mea-
sures are desirable for large-scale RE-based systems. Smart meters under
the smart grid program and the development of micro and mini-grids are
also designed to integrate with the DG system. Apart from these, signif-
icant policy measures for the grid integration of the DG system are Net



Di1STRIBUTED GENERATION PoLICY IN INDIA 87

Metering and Gross Metering. As the DG system comes under the ambit
of the power sector’s distribution sector, the distribution sector is governed
and regulated by the SERC. Hence, there are different policy designs for the
grid integration of the DG system in all 28 states of India. There are two
tariffs, i.e., feed-in-tariff (FiT) and retail tariff in the gross metering mech-
anism. This consumer will be compensated at fixed FiT for the entire solar
power units generated and fed into the grid. The consumer will be billed at
retail tarift for the total electricity units consumed. It is to note that retail
tariff is higher than FiT. There will be two meters, i.e., gross meter and
regular electricity meter.

There is only one meter in net metering, i.e., a net meter, which accounts
for the net consumption of electricity by the consumer. A net meter is a
bidirectional meter that records both exported and imported electricity by
the consumer. The consumer will be billed for the net consumption of elec-
tricity and rates for export and import of electricity may differ from state to
state as per the tariff fixed by the respective SERC. As per the recent policy
measures laid down by the MoP as the Electricity (Rights of Consumers)
Rules, 2020 in December 2020, net metering and gross metering get nec-
essary policy support in the DG system market. Net metering is manda-
tory for the DG system up to 10 kW and gross metering is mandatory for
a DG system capacity of more than 10 kW. These provisions have been
categorically mentioned under the section, which addresses consumers’
rights as prosumers [41]. It also states that prosumers have similar kinds
of rights as consumers. The policy’s primary components are the policy’s
scope, system size limit, permissible grid penetration, tarift scheme, and
eligible consumer type to install the DG system. Many states notified the
net metering policy, but they lag in the effective implementation of the
same and become rocky during the execution.

3.4.4 Regulatory Commission on the DG System [42]

The mutually agreed tariff has been exercising in almost all RE-based DG
systems in rural areas. Every year, CERCis also used to issue RE tariff orders.
In the CERC RE tariff order 2019-20, the two tariff models are Generic and
Project Specific tariffs. Regulation Eight covers projects which come under
Generic tariffs and Regulation Seven covers projects of Project-Specific
tariffs. In Generic tariffs, uniform tariffs are used to avoid initial tariff costs
and at the same time ensure a reasonable IRR (Internal Rate of Return)
for the project. Article 8 of the CERC RE tarift rules include the following
categories of power plants that use RE: small hydropower projects, biomass
energy projects using Rankine cycle technology, cogeneration plants for
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RE, biomass gasification projects, and projects based on biogas. Article 7
regulations include the following types of power plants with RE technol-
ogies: SPV and solar thermal power generation, wind power (including
onshore and offshore), if the project developer chooses specific rates are
based on biomass gasifier projects, biogas projects when developers choose
prices for specific projects, municipal solid waste and waste-derived fuel
projects using Rankine cycle technology, hybrid solar thermal power gen-
eration projects, other hybrid projects including RE-RE or RE-fossil fuel
approved by the MNRE, and all other new technologies that use RE sup-
ported by MNRE. Corresponding challenges regarding this policy for the
DG system are described in the following sub-section.

3.4.5 Renewable Energy Policy of India

Renewable energy resources are distributed in nature, unlike conven-
tional energy resources. The DG system discussed in this chapter denotes
an RE-based DG system. Policy measures to promote the RE system have
been addressed in a detailed manner in the chapter’s earlier sections and
subsections. This section mainly summarizes the significant policy mea-
sures for the different RE technology. The leading policy initiative which
brings other national missions for different RE technology is the National
Action Plan on Climate Change (NAPCC) launched in 2007. NAPCC
became the platform of significant RE policy formation to address cli-
mate change issues. Under NAPCC, the National Solar Mission (NSM),
renamed Jawaharlal Nehru National Solar Mission, was launched to pro-
liferate solar energy technology and enhance its share in India [22]. The
generation-based incentive is declared for wind energy projects in 2009
[23]. INNSM has the target of 100 GW of solar plants by 2022. The solar
PV DG system has 40 GW and the large-scale solar plant has 60 GW in this
100 GW target. The JNNSM has provided the necessary thrust for nation-
al-level and state-level policy framework. It also introduced the reverse
bidding mechanism for the low tariff and speedy deployment of the target.
The Solar Energy Corporation of India Limited (SECI) was established in
2011 to instrument the JNNSM initiative better and more quickly. VGF
schemes and the trading of power from solar plants have been introduced
to enhance solar projects’ implementation [22]. To promote oft-shore wind
power generation, the government framed the National Oftf-Shore Wind
Energy Policy in 2015. Significant measures of the policy are International
Competitive Bidding (ICB) and enabling of a contract with the project
developers for the establishment of off-shore wind energy projects, espe-
cially in the Exclusive Economic Zone (EEZ) [23].
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To promote bio-fuels usage, a National Policy on Biofuels has been
framed by the MNRE. The policy provides the necessary platform and guid-
ance to the different biofuel market sections, including processing, market-
ing, supply chain, R&R and R&D, setting of quality standards, knowledge
building, and other fiscal incentives to promote usage of biofuels. The pol-
icy targets 20 percent of blending in fossil fuels by the end of 2030 [26].
National Renewable Energy Act 2015 is dedicated to the RE sector and
waiting for parliament’s approval. It suggests formulating the national RE
policy. Primary objectives to cover under the policy are RE system data
collection and management, mapping of RE resources, framing of vari-
ous necessary technical and safety standards, development of monitoring
and control center of RE projects, development of “National RE Fund” and
green funds at the state level, etc. A dedicated national-level RE committee
and advisory group is proposed for the effective and efficient implemen-
tation of different RE policies [30]. The National Tarift Policy 2016 aimed
for electricity for all in a sustainable and environment-friendly manner.
Policy enhances the RPO target to a minimum of 8 percent by March 2022,
which means 8 percent of total electricity demand needs to be met from
solar energy sources. Renewable Generation Obligation (RGO) is framed
for thermal power plants. According to RGO, thermal power plants need
to purchase REC or establish a new RE system. Zero transmission charges
for the power from the solar and wind plant in the case of inter-state trans-
mission [43].

3.4.6 Challenges

The draft National Policy on RE-based Mini/Micro-Grid misses the scal-
ing up part, which is critical for the long-term sustainability of projects.
Typically, the entrepreneurs (or those who will be Renewable Energy
Service Providers (RESPs)) need training and handholding, which requires
disproportionate investment, time, and effort than the business’s size. It
requires cross-sector linkage, but the policy is silent on cross-sector rela-
tions to achieve such objectives. Rural residential and agricultural con-
sumers have heavily subsidized grid power and simultaneously, micro and
mini-grid power are expensive. It creates a non-level playing field. The pol-
icy is silent on direct financial incentives or subsidies to promote the DG
system, which may aid in developing a level playing field in this aspect. The
electricity comes in List III of the Seventh Schedule of India’s Constitution
[27]. The DG system covers the distribution segments entirely, so the state
is responsible for designing and planning the regulatory, institutional, tar-
iff structure, interconnection, and financial assistance for any distributed
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generation system. The state is responsible for developing a better ecosys-
tem for the growth of the DG system. None of the states have implemented
policy on DG systems in their state. The policy is also silent about the
timeline in the required dedicated institutional mechanism for distributed
generation.

Though policy aims to mainstream the RE-based DG system, due to the
absence of a holistic approach, it cannot provide light on the mechanism
for Prosumer [44] enablement and incorporation of information and com-
munication technology (ICT) for high efficiency and better monitoring. It
affects service quality and performance, like minimum hours criteria. In
2010, the MoP established the ISGF and ISGTF to develop the digital and
smart electricity sector by incorporating ICT. Almost ten years have passed
since the rolling out of the ISGF and ISGTE. The progress achieved is not
on par with the envisioned objectives. In 2015, NSGM was launched as a
part of various missions to address climate change under the NAPCC of
the Gol. NSGM seeks to promote the RE-based DG system, especially for
EVs proliferation in India’s transport sector. All these require developing
additional distribution infrastructure, which involves high capital invest-
ment. The aforementioned objectives seem very far away, especially in the
light of the stressed condition of discoms due to high AT&C losses and the
absence of a proactive approach of the concerned state government. Also,
it is interesting to note that 100 percent household electrification under
the SAUBHAGYA scheme will enhance the consumer base, especially in
the rural sector, and it may enhance the current high stressed assets of
discoms. It is interesting to note that these households have been declared
electrified only based on the electrical connection. Meaningful electricity
access with reliable and quality power supply is still a big challenge for the
concerned discoms.

There are severe challenges during the implementation process of a
smart grid that may affect the smart grid’s success and other allied schemes
like the proliferation of EVs and integrating the RE-based DG system.
There is low confidence among private players to invest due to the absence
of proven commercial-level large smart grid projects. The major discoms
are owned by the state and are in very pitiful financial condition due to
populistic measures like waiving oft the electricity bill. Hence, the dis-
coms are significantly less concerned about the new technological devel-
opments in the sector. The discoms are highly unaware of the new smart
grid system’s impact on the existing business processes. The discoms needs
to build itself for corresponding significant technological and operational
challenges. Proper awareness needs to bring about the smart grid system
to the customer and utility and corresponding change in the role of both.
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Value addition to each stakeholder ranging from government and utili-
ties to customer needs to be studied thoroughly. The smart grid makes
the grid highly digital and dynamic and data will be a crucial part of the
entire power system. The potential threat of data privacy and cybersecurity
are the primary preliminary concern in the smart grid system. Major DG
systems are based on the RE resources, especially SPV and wind, which
are highly intermittent across the day. High energy storage is the prelim-
inary requirement to make the continuous electricity supply from these
resources necessary for a smooth and stable grid operation. Such large-
scale energy storage projects which are commercially viable are still in the
development phase.

Amid the highly stressed condition of discoms, in order to achieve the
fundamental electrification objective in the rural sector and the prolifera-
tion of EVs, especially in the urban transport sector, the RE-based DG sys-
tem can play a crucial role. A sustainable and robust RE-based DG system
depends on the tariff guidelines for the different RE technologies. CERC
is the main regulatory body to determine the tariff regulations and poli-
cies for the electricity sector. Detailed tariff design and structure as per the
capacity, region, technology, etc., have been found for small hydro, bio-
mass, bio-gasifier, and wind in Regulation Seven of the RE tarift document.
Likewise, tariff details have been found missing for SPV DG. E.g., WWEA
(World Wind Energy Association) argued to consider SPV project lifetime
as twenty years. As per the guidelines of CERC, the SPV project lifetime is
twenty-five years.

Similarly, the degraded SPV panel ranges from 1 to 9 percent. If the
damage of the item exceeds 20 percent, its service life is considered to be
at the end of its life. It is reccommended by nearly 1 percent for large solar
farms and 2 percent for rooftop projects. If PV panel degradation is more
than the defined range, then the policy is silent on those issues. CERC’s
tariff policy is silent on such kinds of problems. Distributed generation
like Micro Grid or Micro SmartGrid, which have a smart meter, Internet
technology, and ICT devices for real-time monitoring and demand-supply
management, requires having a new tariff model that can address the dyna-
micity of such advanced systems. Still, to date, no such tariff policy is found
for a dynamic pricing mechanism. Studies show that these components are
critical for prosumer enablement or Energy Internet or Democratization of
Energy, high operational efficiency, a proliferation of EVs, and monitoring
and scaling up any project.

The CERC RE tariff structure contains parameters such as return on
investment, interest on capital, depreciation, interest on working capital,
operating costs, and maintenance costs. A carbon tax, savings amount of a
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grid’s cross-subsidy, project location, quality of local resource availability,
and annual regression or digression (to avoid overheating problem hap-
pens in Germany) is missing in RE’s tariff model structure based distrib-
uted generation system. These are crucial factors to establish a level playing
field between grid-based supply and distributed generation supply. Tariff
calculation for a grid-interactive hybrid microgrid will not be enough if we
calculate the tarift based on the marginal retail tariffs principle, especially
for designated low-tier residential connections.

We need to understand the various stages of the DG market devel-
opment and corresponding grid system changes. Local capacity, gover-
nance structure, and other stakeholder involvement in the activity need
to be studied comprehensively. Based on the analysis, various regulatory
mechanisms and policy frameworks should be considered to solve the fol-
lowing problems: avoid confusion in the service space, protect investors
from inconvenience posed by discoms, ensure the quality and reliability
of services, promote health and safety, and provide appropriate services.
Consumers are aware of new technologies, data security, data confidential-
ity, transparency and related information flow, and financial sustainability
through new price structures and new support systems.

3.4.7 Impact of DG System on the Indian Power System

An impact study is necessary to know the full spectrum of the DG sys-
tem in the power system. It explains DG system growth drivers, which are
the merit aspect of it and forecasts challenges associated with the DG sys-
tem for its sustainable development in the power system. The Distributed
Generation system has a different power system structure than the exist-
ing centralized power generation system of the grid. In the grid’s existing
power system, all major key aspects of a system, that includes generation,
transmission, and distribution, are used to deal individually. The flow of
power is a radial one, but in the DG system, three critical aspects of a power
system are integrated and the flow of power in the grid is bi-directional or
looped. Different challenges arise due to such different orders of power
system structure and flow of power, as the DG system evolves and inte-
grates into the existing power system. Indeed, the DG system, especially
the RE-based DG system, and has vast positive impacts on the full spec-
trum of the energy sector in the current era of sustainable development.
The earlier section, namely distributed generation, has discussed the DG
system’s positive effects on its merits. Challenges that arise with the inte-
gration of the DG system have been addressed in the challenges section.
This section merely summarizes the impacts of the DG system.
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The Distributed Generation system has an impact on the power sys-
tem in various dimensions, which includes environmental, market com-
petition, grid stability, energy security, reliability, modernization of the
power system, AT&C losses, ancillary services, O&M costs, safety, quality
of power, universal service obligation, etc. The Distributed Generation
system is critical to meet the NDC target of 175 GW by 2022 to mit-
igate climate change and improve India’s energy security by reducing
its dependence on fossil fuel imports. Primary objectives like univer-
sal service obligation, high competitive energy market, and affordable
electricity to all EA, 2003 could be achieved. AT&C losses and O&M
costs reduction are possible by the DG system, as well as reliable and
quality power to all could be provided. Human life’s safety enhances due
to the low voltage transmission and distribution system in the DG sys-
tem. Consumer participation and role change as the consumer becomes
Prosumer and indirectly role grid stability management. It creates an
opportunity to study sophisticated consumer behavior flow of power,
hourly or sub-hourly, forecasting localized RE resources. Grid modern-
ization, which has been continued for the last two decades, is necessary
to speed up through addressing corresponding challenges to integrate
such a large-scale RE-based DG system in the future. The optimal size of
the DG system at an optimal location in the distribution network with
optimal RE technology is necessary to tap the DG system’s vast benefits
[45]. To envisage such optimal planning of the DG system needs the sup-
port of policy and regulations related to the DG system.

3.5 Conclusion

The DG system has the necessary potential to improve the efficiency in the
electricity market in India. It seems promising to reduce high AT&C losses,
universal electricity access, and to provide the necessary thrust to RE in the
electricity market. Initially, it can play a complementary role in the cur-
rent grid-connected electricity market. Incrementally, it can play a lead-
ing role in achieving energy security and sustainable development. There
are various schemes and policies available to support the development of
the DG system’s basic infrastructure. Some points which pertain to the
development of the DG system need to be addressed, such as the National
Policy on RE-based Mini/Micro Grid framed to promote RE-based micro
and mini-grids deployment for serving 237 million people of our coun-
try, which are either un-served or under-served. Cross-sector linkage
for the cost reduction is missing. It does not indicate the timeline for the
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required dedicated institutional mechanism for such a distributed gener-
ation (DG) system. The draft policy talks about the installation of the DG
system. Simultaneously, it is silent about the system’s scaling up, which is
critical for the long-term sustainability of projects. The policy is even quiet
in building a level playing field regarding the DG system’s energy cost and
current energy cost. The absence of this holistic approach cannot provide
light on the mechanism for prosumer enablement and incorporation of
Internet technology with ICT for high efficiency and better monitoring.
The Indian government is increasingly interested in adopting innovative
technologies, including smart grids launched by the MoP, namely, ISGE
ISGTE NSGM, and power for all, i.e., SAUBHAGYA Scheme supports the
development of the basic infrastructure of the distributed generation sys-
tem and enhances grid integration in the wake of the distributed genera-
tion systems market. It is also desirable that the regulatory commissions
devise a tariff plan for solar PV distributed generation systems in order to
give the confidence to all the stakeholders. The existing components of the
tariff model structure, carbon tax, savings amount of grid’s cross-subsidy,
project location, quality of local resource availability, and annual regression
or digression are also missing. The absence of the same level playing field
between grid based supply and distributed generation systems is hindering
the growth of the latter. There is an urgent need to place holistic struc-
tural, regulatory, and institutional mechanisms that are fundamental to the
sustainable growth of the RE-based distributed generation system in rural
areas, Prosumer enablement and, democratization of energy sector. To
enable this, supporting eco-systems need to develop, addressing resources
assessment, testing facilities, monitoring and verification programs, and
cross-sector linkage in the implementation and tariff formulations.
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Abstract

The scientific and technical problems of energy use and environmental conserva-
tion are currently facing challenges as a worldwide concern for human society’s
growth. Most of the energy consumed these days comes from fossil fuels. These
fossil fuels are running out of energy, so there is a big quest for alternative energy
sources, mainly green energy, which can be environmentally sustainable. Energy
production and conservation are key challenges and can be accomplished by fuel
cells, supercapacitors, and batteries. Furthermore, industrial and agricultural
activities also lead to severe water contamination, aggravating ecological balance
and human health. These contaminants must be carefully treated and converted
into harmless materials before releasing into water. A practical solution for clean-
ing industrial waste is a procedure like the advanced oxidation method assisted by
a photocatalyst. More specifically, the production of better-performing materials
that can increase supercapacitors’ working performance, fuel cells, and photoca-
talysis are necessary to resolve energy and environmental concerns. In all these
applications, nanomaterials’ production is enormous because the nanomaterials
used in modern science and technologies are peculiar characteristics. This book
chapter deals with various nanomaterials used to solve the energy field (hydrogen
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evolution reaction and supercapacitors) and environmental-related problems
(photocatalysis) are discussed in detail.

Keywords: Renewable energy, sustainable development, environmental
protection, nanomaterials, photocatalysis, electrocatalysis, supercapacitors

4.1 Introduction

Nanoscience and nanotechnology are scientific and technological applica-
tions that focus their attention on the architecture, synthesis, characteri-
zation, and application of nanoscale-based materials and device apparatus
[1]. This information division is a subset of colloid astronomy technologies,
biology, physics, chemistry, and other scientific fields that include research
into nanoscale phenomena and material handlings [2]. This results in
materials and structures that show new physical, chemical, and biological
properties, varying dramatically because of their scale and composition
[3]. The enormously increased surface-volume relationship in numerous
materials at the nanoscale opens up new surface research opportunities
and a peculiarity of nanotechnology [4].

The distinctive properties of nanomaterials used in science and tech-
nology play a significant role in developing human lifestyles at all times
[5]. The process condition adjustments can be used to synthesize nano-
materials of specific dimensions such as nano-tubes, nano-fibers, nano-
composites, nano-islands, nano-spheres, and nano-shells to have partic-
ular properties [6]. Technologies allowed by the nanomaterials have been
easily incorporated into applications, such as fuel cells, aviation, the auto-
mobile industry, the space industry, solar hydrogen, power generation,
optics, batteries, manufacturing, consumer electronics, sensors, and ther-
moelectrical equipment [7].

The development of new nanomaterials that can offer the fastest kinetic
reaction change paths is essential for renewable energy and environmen-
tal applications [8]. To achieve the performance, lifetime, and durability
required in various technical applications, knowledge of nanomaterials’
surface, structural, microstructural, physicochemical, and interface prop-
erties is essential [9]. This chapter deals with the use of nanomaterials
that can help to solve these two great challenges around the world and
this includes: (i) Energy (hydrogen evolution reaction (HER) and super-
capacitors) and (ii) Environment (photocatalysis) cleanliness, which are
discussed in detail.
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4.2 Photocatalysis

A global problem is hazardous organic compounds in water flow and
wastewater discharge from landfills, power plants, chemical factories,
and agricultural sources [10-12]. Filtration, chemical treatment, potas-
sium permanganate, chlorine, hydrogen peroxide, catalytic oxidation,
thermal, ozone, biological treatment, high-energy ultraviolet light, and
flocculation are the standard methods of wastewater treatment [13-15].
All water treatment methods presently in operation have their disad-
vantages and none are economical [16, 17]. Also, because of their low
efficiencies, far more hazardous intermediates are created. The overall
cost of treatment is increased if intermediate destruction and complete
mineralization are to be obtained, particularly for the treatment of light
sources of wastewater [18].

Heterogeneous photocatalysis is a technique used to treat rapidly grow-
ing water and air [19]. It can be described when a catalyst is present as the
acceleration of a photoreaction [20]. In 1972, for the first time, Fujishima
and Honda discovered the photochemical separation of water in oxygen
and hydrogen with TiO, [21]. Since then, this new oxidation-reduction
response with various semiconductors has done considerable work to pro-
duce hydrogen from water [22]. In recent years, emphasis has been placed
on semiconductor materials as photocatalysts to remove the aqueous or
gaseous phase from organic and inorganic species [23]. The proposed
method was designed to protect the ecosystem from oxidizing the organic
and inorganic substrate [24]. These gains contribute to significant savings
in water and environmental cleanliness [25].

4.2.1 Mechanism of Photocatalysis

Photocatalysis typically involves the photosensitizing of a chemical species.
It usually applies to a semiconductor in photochemical reactions caused by
photonic energy absorption by another species known as photosensitiz-
ers [26-28]. Figure 4.1 shows the mechanism of photocatalysis. The light
irradiation semiconductor photocatalyst creates an oxidative and reductive
object with energy equivalent or superior to its control bandgap. In its first
process, the valence band (h*y;) and the conduction band (e” ) individ-
ually are created by photo-generated holes and electrons (Equation 4.1).
This process of generating electron-hole pairs is called photoexcitation.
Subsequently, photoexcited electrons will lead to superoxide radicals (O, ™)
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Figure 4.1 Graphical representation of photocatalysis process.
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with dissolved oxygen (Equation 4.2). The holes can respond straightfor-
wardly with adsorbed water molecules to create hydroxyl radicals (OH")
on the photocatalyst’s surface (Equation 4.3). Lastly, all the dynamic spe-
cies produced, OH", e7, h*, and O, respond with the polluting molecules
to obtain innocuous yields like CO, and H,O (Equation 4.4).

Photocatalysis+hv — e g +h'yp (4.1)

e g +0, > O, (Reduction) (4.2)
h*y + H,O — OH + H"(Oxidation) (4.3)
OH +0,™ +Pollutants - CO, + H,0O (4.4)

4.2.2 Applications of Photocatalysis

A metal-organic framework (MIL-100) incorporated CdS, which is used
for photocatalytic degradation of nitrite ions, has been prepared by a solu-
tion-thermal process. A model solution containing an aqueous solution
of NaNO, (50 mL, 10 ppm), a catalyst (30 mg), and a light source (800 W,
xenon arc lamp) are used to achieve photocatalytic degradation of nitrite
ions. The findings demonstrate that photocatalytic degradation of nitrite
ions could not efficiently be accomplished by the bare MIL-100. Where
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variable volumes of CdS have been incorporated into the MIL-100 com-
posites, critical activities have been illustrated. It shows that only a limited
volume of CdS (5 wt. %) is added, i.e., CdS/MIL-100(5) can dramatically
raise the degradation yield to 48% and proceed to increase CdS (20 wt. %),
i.e.,, CdS/MIL-100(20) reached a high degradation yield at 92%. The pho-
tocatalytic degradation yield decreased due to a further increase in CdS (30
wt. %), i.e., the CdS/MIL-100(30). Such a drop in CdS sample operation is
possible due to low dispersion and improperly equipped CdS dimensions
on the exterior surface of the MIL-100. Also, excessively integrated CdS
particles may hinder the distribution and utilization of incidental light to
reduce photocatalytic reactions [29].

A simple sol-gel process for W/TiO,-SiO, was described and photocat-
alytic methamphetamine degradation was ideally described in caffeine-
containing samples. A photocatalytic degrading model solution which
consists of methamphetamine (50 mL, 50 mg/L), photocatalysts (0.02 g),
and a light source (350 W, Xenon lamp) was observed. The observed results
indicate that 28.1% of caffeine methamphetamine is photodegraded with
TiO, (P25). The incorporation of SiO, or tungsten doping in TiO, greatly
enhances methamphetamine degradation performance (64.2 % over TiO,-
SiO, aerogels, and 74.1 % over W/TiO,). Note that W/TiO,-SiO, will almost
entirely decrease methamphetamine 60 minutes after adding silicone and
doping tungstate into TiO, concurrently. The increased W/TiO,-SiO, pho-
tocatalytic degradation can be due to effective charge separation and mov-
ing the absorption edge to the noticeable light area [30].

A simple single-pot hydrothermal method has been developed to
generate a regulated S$*/S°* sulfur-doped TiO,. The model photocat-
alytic degrading solution which consists of ciprofloxacin (50 mL, 10
mg/L), photocatalysts (30 mg), and a light source (5 W, LED lamp)
revealed that the removal efficiencies of ciprofloxacin from the sam-
ples of $*/8% doped (S-TiO,(ZnSO,), S-TiO,(Na,SO,), S-TiO,(MnSO,),
and S-TiO,(Fe,(SO,),) were 79.7%, 81.7%, 84.1%, and 91.5% individ-
ually. However, the above results have confirmed that $*/S§%* doped
S-TiO,(Fe,(SO,), is the steady photocatalyst for ciprofloxacin degrada-
tion in the noticeable light area [31].

A simplified bio-template approach for synthesizing TiO,/SiO, com-
posites with no extra additional Si precursors or chemical templates has
been introduced. The degrading gentian violet dye of simulated sun-
light radiation was investigated in the occurrence of P25, TiO_/SiO,, and
TiO,-p (TiO, particles formed without templates). The degrading solu-
tion contained gentian violet (50 mL, 10 mg/L), a photocatalyst (20 mg),
and a light source (800 W xenon lamp). The bio-template degradation
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results for composites D-TiO,/SiO,, WH-TiO,/SiO,, and R-TiO,/SiO,
after around 5 hours were 11.7%, 61.4%, and 72.0%. In this finding, the
photocatalytic behaviors of WH-TiO,/SiO, and R-TiO,/SiO, have been
better compared to those of D-TiO,/SiO,, respectively. The results show
that bio-templates can contribute significantly to the improvement of
photocatalytic activity [32].

Biphasic nanoparticles of nitrogen-doped anatase/brookite were syn-
thesized using a sol-gel route changed by a hybrid solvothermal route. The
photocatalytic operations were conducted using methyl orange (50 mL,
10 mg/L), photocatalysts (50 mg), and light illumination (500 W, Xenon
lamp with a 420 nm cut-off filter). For contrast, they also analyzed the pho-
tocatalytic behavior of P25 and the other two samples were synthesized
using a parallel sol-gel process warmed at 165 °C in a resistance-heated
tube furnace with a nitrogen flow (TF-165) or a muffle furnace with air
(MEF-165). The findings observed reveal that the adsorption rate of dark
reactions of samples is less than 8%, indicating that the methyl orange
extracted is mostly due to photocatalytic rather than adsorption degra-
dation. The rates of photocatalytic methyl orange elimination of MF-165,
TE-165, P25, HA-165, NA-145, NA-165, and NA-185 are 27%, 31%, 49%,
53%, 83%, 92%, and 95%, individually. However, NA-165 (92%) is nearer
to that of NA-185 (95%) than NA-145, HA-165, P25, TF-165, and MF-165,
respectively. The results verified that the temperature of 165°C for the heat
treatment was selected in visible light to degrade organic dyes [33].

The natural rubber latex templating technology was utilized in meso-
porous TiO, products and studied phenol and rhodamine B photocata-
lytic degradation under sunlight. A model solution consists of phenol or
rhodamine B (50 mL, 10 ppm), photocatalyst (25 mg), and sunlight per
day (solar intensity, 22 pW/cm?). The findings observed are compared to
Degussa P25 TiO, and MTiO,/DDA and have improved the phenol and
rhodamine B degradation ability of the prepared mesoporous TiO, materi-
als, in particular for phenol degradation. Also, studies found that MTiO,/
RL-ACA photodegradation yield was more significant than MTiO,/RL.
For instance, for MTiO,/RL-ACA rhodamine B, the photocatalytic degen-
eration yield is over three times the photodegradation yield of MTiO,/RL
for solar light radiation. The above findings have shown that MTiO,/DDA
has demonstrated deficient solar radiation activity and P25 has had no
substantial activity to degrade the solar light of rhodamine B [34].
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In combination with sol-gel science and self-assembly, the gc-MTiO,
has been prepared. The model solution containing acetaldehyde (200 pL,
40 %), catalysts (5.0 x 107 kg), and a light source (500 W, halogen lamp)
was used to test the photocatalytic degradation of acetaldehyde. After 30
minutes of visible-light radiation in gc-MTiO,, deterioration of acetalde-
hyde was detected. The results showed that the photocatalyst gc-MTiO,
produced in one stage was of substantial photographing activity in visible

light [35].

4.2.3 Current Trends in Photocatalytic Applications

A brief overview of the recent development of nanomaterials for photocat-
alytic applications, as illustrated in Table 4.1.

Table 4.1 Current trends in photocatalytic applications.

Synthesis
Photocatalysis method Observations Achievements | References
Ni,,Co,,Fe, [ Hydro- Light Source: Degradation: | [36]
O,/g-CN,/ thermal 500-W xenon Methylene
biochar Assisted arc light blue
Solvo- (cut-off filter, reaches
thermal A<420 nm); 96.7 % at 2
Method Catalyst: 25 mg; hours;
Pollutant: Rate constant:
Methylene 2.833x107?
blue (50 mL, min’.
20 mg/L).
g-C\N,-CDs/ | Hydro- Light Source: Degradation: | [37]
Ni ,Co,, thermal 300-W xenon Methylene
Fe,O, Method arc light blue
(cut-off filter, reaches
A<420 nm); 96.6 % at 1
Catalyst: 25 mg; hour;
Pollutant: Rate constant:
Methylene 0.05127
blue (50 mL, min’.
10 mg/L).

(Continued)
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Table 4.1 Current trends in photocatalytic applications. (Continued)

Synthesis
Photocatalysis method Observations Achievements | References
ZnO/ Refluxing Light Source: ZnO/AgPO,/ | [38]
Ag PO,/ Method Visible LED Agl was
Agl lamp (50-W); around 19.7,
Catalyst: 100 45.8,71.2,
mg; and 89.6
Pollutants: folds greater
Methylene than those
blue, Methyl of ZnO for
orange, and evacuations
Rhodamine B of
(1.0x10° M), Methylene
and Fuchsine blue,
(0.77x10° M), Fuchsine,
250 mL of Rhodamine
each B, and
Methyl
orange.
Fe,O,/CdS/ Chemical Light Source: Degradation: | [39]
g-C\N, Liquid Visible light Cipro-
Phase (250-W, Xenon floxacin
Method lamp); reaches
Catalyst: 50 mg; 81% at 330
Pollutants: minutes;
Ciprofloxacin | Rhodamine
(100 mL, 20 B reaches
mg/L), and 77% at 330
Rhodamine minutes.
B (70 mL, 7
mg/L).

(Continued)
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Table 4.1 Current trends in photocatalytic applications. (Continued)
Synthesis
Photocatalysis method Observations Achievements | References
a-Fe O,/ Hydro- Light Source: Degradation: | [40]
BiVO, thermal Visible light Tetra-
Method (300-W, Xe cycline
light, cut-off reaches
filter, A\>420 ~75.8 %
nm); at 120
Catalyst: 50 mg; minutes;
Pollutant: Rate constant:
Tetracycline 0.012 min™.
(100 mL, 20
mg/L).
n-BaTiO,/ Hydro- Light Source: Degradation: | [41]
Ag/p-AgBr thermal Sunlight (200- Rhodamine
Method W, Xe lamp); B reaches
Catalyst: 100 mg; 99.3 % at 12
Pollutant: minutes;
Rhodamine Rate constant:
B (100 mL, 5 0.40304
mg/L). min’.
g-CN, Heat Light Source: Degradation: | [42]
Treatment 18-W Rhodamine
Method LED light B reaches
(Crompton 81 % at 25
India); minutes;
Catalyst: 100 Rate constant:
mg; 0.074 min';
Pollutant: Tetracycline
Rhodamine reaches 48 %
B (50 mL, 5 at 270
mg/L); minutes;
Catalyst: 50 mg; | Rate constant:
Pollutant: 0.0013174
Tetracycline min’.
(50 mL, 50
mg/L).

(Continued)
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Table 4.1 Current trends in photocatalytic applications. (Continued)

min.

Synthesis
Photocatalysis method Observations Achievements | References
mpg-C N,/ Dip-Coating | Light Source: Degradation: | [43]
Ag/ZnO Process 250-W high- Direct
nanowires/ pressure orange
Zn mercury reaches 94 %
light (Osram, at 120
Germany); minutes;
Catalyst: 4 Rate constant:
plates; 0.0225
Pollutant: Direct min™.
orange 26
(500 mL, 10
mg/L).
AgVO,/ Hydro- Light Source: Degradation: | [44]
ZnIn,S, thermal 250-W Xenon K,Cr,O,
Method light (cut-oft completely
filter, \>420 degraded at
nm); 25 minutes;
Catalyst: 30 mg; | Rate constant:
Pollutant: 0.19280
K,Cr,0, (100 min’.
mL, 20 mg/L).
BiOI/CdS In-situand | Light Source: (1 | Degradation: | [45]
Calcining kW Xe lamp); Rhodamine
Method Catalyst: 20 mg; B reaches
Pollutants: 93.9 % at 60
Rhodamine minutes;
B, and Rate constant:
Methylene 0.05252
blue (50 mL, min;
20 mg/L). Methylene
blue reaches
70 % at 210
minutes;
Rate constant:
0.00607
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4.3 Electrocatalysis

Sustainable energy inputs (wind and solar) will form an integral function
in future energy storage and conversion strategies of the electrochemical
splitting of water into oxygen and hydrogen. They can theoretically solve
large-scale energy demand in the future [46]. The processing of hydrogen
by electrolysis absorbs high energy, so fossil fuels also rank for large-scale
industrial applications as electricity [47]. Effective electrocatalysts are
needed to facilitate the overall water splitting to mitigate excessive reac-
tions, enhancing the energy-efficient splitting mechanism [48]. While
platinum-based materials have been described as the chief active catalysts
for hydrogen evolution reaction, their broad uses are restricted by the high
price and limited supply of the resources [49]. Therefore, it is highly desir-
able to utilize highly effective and cheap non-precious hydrogen evolution
reaction catalysts [50]. At present, the hydrogen evolution reaction’s elec-
trical catalysts are nanomaterials with desired nanostructuring and their
composites because of their comparatively low prices and usability [51].
Nanomaterials are well-known for fuel cell technologies and will be the
main ingredients for the potential demand for renewable energy [52].
Enormous studies are available concerning the production of many nano-
materials as strong hydrogen evolution reaction electrodes, which can be
used for applications in fuel cells [53]. However, much of the way hydrogen
is generated on a large scale is not very effective [54]. The electrochem-
ical method is the safest way to create hydrogen because it is technically
straightforward, effective, and inexpensive [55].

4.3.1 Mechanism of Electrocatalysis

The hydrogen evolution reaction (2H* +2¢” = H,) is a multi-step elec-
trochemical interaction that produces gaseous hydrogen on the electrode
surface [56]. Figure 4.2 describes the electrocatalytic development mecha-
nism of H, on the electrode surface. The hydrogen evolution reaction route
in alkaline media can be through the Volmer-Tafel (Equation 4.5 and 4.7)
and Volmer-Heyrovsky pathways (Equations 4.5 and 4.6).

Electrochemical adsorption of hydrogen (Volmer reaction)

HO+E+e =E-H ,k +OH" (4.5)
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Figure 4.2 Schematic depiction of hydrogen evolution reaction mechanism.

Electrochemical desorption of hydrogen (Heyrovsky reaction)
E-H, +HO+e =E+OH +H (4.6)
Chemical desorption of hydrogen (Tafel reaction)
2E-H, =2E+H] (4.7)

where E shows the electrode surface of the catalysts.

Both routes include H,0 adsorption, electrochemical reduction of
adsorbed H,O to the adsorbed OH™ and H atoms, OH™ desorption, and
H adsorbed form H, generation. Therefore, the hydrogen evolution reac-
tion follows various processes based on Tafel slope values corresponding
to Volmer-Heyrovsky in the region of 66 mV per decade. Volmer-Tafel
follows in the neighborhood of 118 mV per decade and finally exhibits the
Tafel mechanism above 200 mV per decade [57, 58].

4.3.2 Applications of Electrocatalysis

The electrocatalytic action occurs in the hydrogen evolution reaction of
the Sn-Ni alloy coatings. Cyclic voltammetry and chronopotentiometry
techniques reveal that the highest electrocatalytic action in 1.0 M KOH
solution for hydrogen and oxygen evolution reaction in the Sn-Ni alloy
deposited at 1.0 A/dm? (19.6 wt. % Ni) and 4.0 A/dm? (37.6 wt. % Ni),
respectively. Sn-Ni alloy coverings perform extremely well as electrocata-
lytics, as far as their surface morphology, design, and active surface area,
both for hydrogen and oxygen evolution reactions [59].

Ni-Mo alloy as an electrode material can be used in water splitting.
Ni-Mo alloys were originally deposited in the 1.0-4.0 A/dm? range for a
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copper substrate. In the 1.0 M KOH solution, the alloy coatings were then
checked for their deposition properties and electrocatalytic behaviors. The
above experimental findings found that the maximum electrocatalytic pro-
pensity for hydrogen and oxygen evolution reactions is demonstrated by
an Ni-Mo alloy deposited at 1.0 A/dm?* (38.3 wt. % Mo) and 4.0 A/dm?
(33.2 wt. % Mo), respectively. Moreover, by stimulating the magnetic field,
perpendicular to the deposition phase, the electrocatalytic operation of the
Ni-Mo alloy for hydrogen evolution reaction was further increased. Ni-Mo
alloy coatings, formed under various external magnetic fields of 0.1 T-0.4
T were tested using the same experimental set-up as Ni-Mo alloy electro-
deposition. Coatings of Ni-Mo alloys formed at 1.0 A/dm* and a magnetic
field of 0.4T was observed to display the maximum electrocatalytic action
for a hydrogen evolution reaction [60].

The introduction has influenced the hydrogen evolution reaction kinet-
ics of modified Ni-Mo alloy coatings into their matrix of reduced graphene
oxide (rGO). Thus, modified Ni-Mo-rGO Nanocomposites have been
deposited with a current density varying between 1.0 and 4.0 A/dm? on
the copper substrate by DC electrodeposition process and their electro-
catalytic activities have been investigated. Also, an increase in carbon per-
centage in the composite coatings of Ni-Mo-rGO is observed to decrease
the overpotential onset and increase the density of exchange current for
hydrogen evolution reaction. The better coating showed a maximum cur-
rent density of 0.517 A/cm?, which is nearly three times higher than that of
the paired Ni-Mo alloy, signifying the optimal achievement for producing
hydrogen [61].

Quick preparation of novel composite electrodes can be done by inte-
grating graphene through room temperature electrodeposition into the
Fe-Ni/Co-Ni matrix. The dynamic coatings obtained have been verified as
electrodes for hydrogen evolution reactions in 6.0 M KOH by cyclic vol-
tammetry and chronopotentiometry methods for their quality and per-
formance. In the case of Fe-Ni-G, which has a maximum current density
of -800 mA/cm?* which is right around three times higher than that of the
binary Fe-Ni alon, and in the case of Co-Ni-G, which has a maximum
current density of -850 mA/cm?, is right around four times higher than
that of the binary Co-Ni alloy, implying an advanced hydrogen production
activity. The inclusion of graphene in the electrolyte bath contributes to
robust 3D projections of Fe-Ni nanoscales on graphene’s surface. In con-
trast, in the event of Co-Ni-G, it meritoriously increases the electrochem-
ically active surface area of an epitomized bundle of alloy nano-particles
inside the graphene network [62, 63].
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4.3.3 Current Trends in Electrocatalytic Applications

A brief overview of the recent development of nanomaterials for electro-

catalytic applications, as illustrated in Table 4.2.

Table 4.2 Current trends in electrocatalytic applications.

Synthesis
Electrocatalysis method Observations | Achievements | References
Ni-Se-Cu Potentiostatic | Electrolyte: 1.0 | Overpotential: | [64]
Electro- M KOH; 136 mV at
Deposition | Catalyst: 0.19 10 mA/cm?;
Method mg/cm?; Tafel slopes:
Linear sweep 117.5mV/
voltametry: dec;
Scan rate at 2 | Volmer-
mV/s Heyrovsky
mechanism
Ni,,Co, Pt,/ Co-Reduction | Electrolyte: 0.5 | Overpotential: | [65]
G-dot Method MHSO,; 45.54 mV at
Catalyst: 0.2 10 mA/cm?
mg/cm?; Tafel slopes:
Linear sweep 33.90 mV/
voltametry: dec;
Scanrateat | Volmer-Tafel
10 mV/s mechanism
CoS,/CoSe@C | Hydrothermal | Electrolyte: 0.5 | Overpotential: | [66]
Process MHSO,; 164 mV at
Catalyst: 0.2 10 mA/cm?
mg/cm?; Tafel slopes: 42
Linear sweep mV/dec;
voltametry: | Volmer-
Scan rate at 5 Heyrovsky
mV/s mechanism

(Continued)
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Table 4.2 Current trends in electrocatalytic applications. (Continued)
Synthesis
Electrocatalysis method Observations | Achievements | References
Mo,C/C Carburization | Electrolyte: 0.5 | Overpotential: | [67]
MH,$0,; 0.4V at
Catalyst: 5 uL 19.04 mA/
in 3 mm cm?;
diameter, Tafel slopes: 69
glassy mV/dec;
carbon; Volmer-
Linear sweep Heyrovsky
voltametry: mechanism
Scan rate at 2
mV/s
Co-Mo-S Hydrothermal | Electrolyte: 1.0 | Overpotential: | [68]
Method M phosphate 213 mV at
buffer saline; 10 mA/cm?
Catalyst: 0.56 Tafel slopes: 94
mg/cm? mV/dec;
LSV: Scan rate | Volmer-
at 5mV/s Heyrovsky
mechanism
Pd/MOF Solvothermal | Electrolyte: 0.5 | Overpotential: | [69]
Process MH,SSO, 105 mV at
Catalyst: 0.19 10 mA/cm?;
mg/cm? Tafel slopes: 85
Linear sweep mV/dec;
voltametry: | Volmer-
Scan rate at 5 Heyrovsky
mV/s mechanism
ZnSP/NC Chemical Electrolyte: 1.0 | Overpotential: | [70]
Method M KOH; 171 mV at
Catalyst: 30 10 mA/cm?;
puLin5mm | Tafel slopes:
diameter, 54.78 mV/
glassy deg;
carbon; Volmer-
Linear sweep Heyrovsky
voltametry: mechanism

Scan rate at 5
mV/s

(Continued)
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Table 4.2 Current trends in electrocatalytic applications. (Continued)

mechanism

Synthesis
Electrocatalysis method Observations | Achievements | References
Co, Electro- Electrolyte: 1.0 | Overpotential: | [71]
Mo,C-CNF Spinning M KOH; 128 mV at
Method Catalyst: 1 mg/ 10 mA/cm?
cm?; Tafel slopes: 60
Linear sweep mV/dec;
voltametry: | Volmer-
scan rate at 5 Heyrovsky
mV/s; mechanism;
Electrolyte: 1.0 | Overpotential:
M phosphate 206 mV at
buffer saline 10 mA/cm?;
Tafel slopes:
92.8 mV/dec;
Volmer-
Heyrovsky
mechanism
MoP@PC Carbonization | Electrolyte: 0.5 | Overpotential: | [72]
MHSO,; 69 mV at 10
Catalyst: 15 mA/cm?;
puLin5mm | Tafel slopes: 55
diameter, 30 mV/dec;
puLin5mm | Volmer-
diameter, Heyrovsky
glassy mechanism
carbon;
Linear sweep
voltametry:
Scan rate at 5
mV/s
FeNiP-S/NF-5 | Hydrothermal | Electrolyte: 1.0 | Overpotential: | [73]
Process M KOH; 183 mV at
Catalyst: 0.19 20 mA/cm?;
mg/cm?; Tafel slopes:
Linear sweep 104.5 mV/
voltametry: deg;
scan rate at 5 | Volmer-
mV/s Heyrovsky
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4.4 Supercapacitors

The critical reasons for fossil fuel depletion, emissions, and global warming
that require the production of sustainable and green energy are the rapid
economic growth and rising world populations [74]. Modern research
work is intense in producing new energy storage and conversion technol-
ogies/devices [75]. Supercapacitors have a cell construction like standard
capacitors with the exception of metal electrodes that are supplanted by
permeable electrodes but hold much more energy density than typical
conventional dielectric capacitors [76]. Consequently, the supercapacitors
are expected to be talented candidates for substitute energy storage instru-
ments because of high rate capacitance, long cycle life, pulse power supply,
high charging dynamism, and low maintenance cost [77]. To achieve this,
a customized structure, composition, and morphology should apply to the
electrode material [78]. Nanomaterials have recently emerged as effective
materials for energy-related applications with desired nanostructures and
higher surface areas [79].

Graphene can be used as the most robust electrode substrate in super-
capacitor applications with its special structural features [80]. Graphene,
a single atomic carbon layer in a narrow-packed two-dimensional hon-
eycomb structure, has been significantly influential in current centuries
because of its unusual characteristics [81]. Owing to the advantageous
combination of outstanding electrical, mechanical, and large surface area
properties, the use of graphene as an electrode material for supercapacitors
has been the subject of significant study in the field of renewable-friendly
power frameworks [82].

4.4.1 Mechanism of Supercapacitors

The theory of supercapacitor action is constructed on energy storage
and the spreading of ions from the electrolyte onto the electrode shal-
low [83-85]. Supercapacitors can be considered as electrochemical
double-layer capacitors, pseudocapacitors, and hybrid supercapacitors
dependent on their energy-storage mechanism, as seen in Figures 4.3,
4.4, and 4.5.

Electrochemical Double-Layer Capacitors

Electrochemical double-layer capacitors are assembled with two carbon-
based materials as electrodes, one electrolyte, and one separator. This may
be either electrostatic or non-faradic charging, and it requires no charge
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move between the electrolyte and the electrode. The dual-layer electro-
chemical storage device is the concept of energy storage used by elec-
trochemical double-layer capacitors. As voltage is applied, the charges
on the electrode surfaces are collected, which results in ions in electro-
lytes diffusing through the separator and pores of the electrode charged
opposite, regardless of the difference in potential. A double charge layer
is created to prevent the recombination of ions in electrodes. The elec-
trochemical double-layer capacitors achieve higher energy density com-
bined with the increase in a particular region and the distance between
electrodes [83].

It makes for speedy power usage, distribution, and improved efficiency
with the electrochemical double-layer capacitors storage mechanism; this
is not a chemical reaction due to the non-faradic phase. It avoids swell-
ing inert material that batteries show during the charging and discharg-
ing process. However, electrochemical double-layer capacitors are subject
to a small energy density due to their electrostatic surface charging sys-
tem, which is why electrochemical double-layer capacitors are currently
researching increasing energy efficiency or enhancing temperature ranges
where batteries are unable to function. Electrochemical double-layer
capacitors may be modified in compliance with the type of electrolyte used
[83]. Figure 4.3 shows the supercapacitor mechanism of electrical double-
layer capacitors.

Ve . Current _ +ve \
; collector

%q ________ [ % ............ Electrolyte
o e
HoRl =
o ch o

® &
=4 CoB Electrodes

\Sepaf‘ator /

Figure 4.3 Schematic illustration of electrical double-layer capacitors.
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Figure 4.4 Schematic illustration of pseudocapacitors.

Pseudocapacitors

Figure 4.4 shows the supercapacitor mechanism of pseudocapacitors.
Relative to electrochemical double-layer capacitors, pseudocapacitors store
charges electrostatically via Faradic processes, including charging between
the electrolyte and the electrode. As a potential is added to the oxida-
tion and reduction of a pseudocapacitor on the electrode material, which
requires the charge transfer through the double layer, the ensuing faradic
current flows through the cell of the supercapacitor. The faradic pseudo-
capacitors method enables them to attain higher capacities and energy
densities than electrochemical double-layer capacitors. Pseudocapacitors
are composed of conducting polymers and metal oxides. This adds to the
curiosity of these compounds, but it is a faradic nature that they have a
reduction-oxidation reaction, just like batteries, therefore, they lack stabil-
ity and a low density during cycling [84].

Hybrid Supercapacitors

As we saw, electrochemical double-layer capacitors provide good cyclic
stability and good strength, while offering a greater specific capacity in the
case of pseudocapacitance. For the hybrid device, the combination of both
battery-like electrodes provides a power supply for the condenser-like elec-
trode in the same cell. The cell voltage, which results in a boost in energy
and power densities, can be improved using the proper electrode combina-
tion. In the past, numerous variations were tested in aqueous electrolytes
with both negative and positive electrodes. Generally speaking, the faradic
electrode outcomes in an improvement in energy efficiency at the expense
of cyclic reliability, which is the key downside of hybrid systems relative to
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Electrodes

Separator /

Figure 4.5 Schematic illustration of hybrid supercapacitors.

electrochemical double-layer capacitors. It is vital to prevent conversion
of a strong supercapacitor into a regular battery [85]. Figure 4.5 shows the
mechanism of hybrid supercapacitors.

4.4.2 Applications of Supercapacitors

The microwave synthesis of graphene nanosheets from graphite utiliz-
ing 2,2,6,6,6-tetramethylpiperidine 1-oxyl and hydrogen peroxide, with
a high surface area of 937.6 m?*/g and a high carbon-oxygen ratio of 9.2
was carried out. Also, graphene nanosheets have brilliant electrochemical
efficiency with a high specific capacitance (197 F/g), magnificent rates, a
long life cycle (1000 cycles), high energy density of 76.03 Wh/kg, and high
power density of 1.12 kW/kg [86].

The one-pot microwave-assisted synthesis of few-layer graphene
nanosheets from graphite utilized sodium tungstate as catalysts. The
technique achieves high performance (58 wt. %) bilayered graphene
nanosheets with a narrower space size of 3.9 nm, accountable for a high
surface area of 1103.62 m*/g. The few-layer graphene nanosheets also
display a high carbon-oxygen ratio of 9.6, better developed from green
chemicals among the graphenes. It exhibits high energy density (83.56
Wh/kg), high capacitance (219 F/g), and excellent stability (3000 cycles)
of these few layer graphene nanosheets, rendering it a perfect candidate
for supercapacitor material [87].
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Table 4.3 Current trends in supercapacitor applications.

Supercapacitors

Synthesis
method

Achievements

References

Co(OH) /fCNT

Chemical
Reflux
Method

Two electrode setup;

Electrolyte: 6.0 M KOH;

Cyclic voltammetry:
Specific capacitance of
1006.5 F/g at scan rate of
0.5 mV/s;

Charge-Discharge: Specific
capacitance of 432.7 F/g
at current density of 0.4
Alg;

Energy density: 17 Wh/kg;

Power density: 7000 W/kg;

Asymmetrical
supercapacitor;

Charge-Discharge: Specific
capacitance of 62.7 F/g at
a current density of 0.6
Alg;

Retention: 84 % after 5000
charge-discharge cycles
at a current density of
0.6 A/g.

[91]

(MoS,)/
graphene

Ball Milling
Process

Sandwiched electrodes;

Electrolyte: 1.0 M H.SO;

Cyclic voltammetry:
Specific capacitance of
392 F/g at a scan rate of
5mV/s;

2D printed electrodes;

Cyclic voltammetry:
Specific capacitance of
76 F/g at a scan rate of 5
mV/s;

High areal capacitance of
58.5 mF/cm? at 0.77 mg/

cm?.

[92]

(Continued)
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Table 4.3 Current trends in supercapacitor applications. (Continued)

Supercapacitors

Synthesis
method

Achievements

References

Ni-NiWO @
NiS/NS-C

Hydrothermal
Process

Three electrode setup;

Electrolyte: 3.0 M KOH;

Charge-Discharge: Specific
capacitance of 517 C/g
at a current density of 1
Alg;

Two electrode setup;
Charge-Discharge: Specific
capacitance of 184 C/g
at a current density of 2

Alg;
Energy density: 43.68 Wh/kg;
Power density: 0.85 kW/kg;
Retention: 34 % after 20000
charge-discharge cycles
at a current density of
15A/g.

(93]

MnO,@N-PC

Friedel Crafts
Reaction

Three electrode setup;

Electrolyte: 1.0 M Na,SO,;

Charge-Discharge: Specific
capacitance of 269 F/g at
a current density of 0.5
Alg;

Retention: 93.7 % after
4500 charge-discharge
cycles at a current
density of 1 A/g;

Two electrode setup;

Charge-Discharge: Specific
capacitance of 134.5 F/g
at a current density of
0.5 A/g;

Energy density: 42.1 Wh/kg;

Power density: 4500 W/kg;

Retention: 76 % after 40000
charge-discharge cycles
at a current density of 3
Alg.

[94]

(Continued)



Table 4.3 Current trends in supercapacitor applications. (Continued)

NANOMATERIALS FOR SUSTAINABLE DEVELOPMENT 121

Supercapacitors

Synthesis
method

Achievements

References

Ni,/ZIF_/1GO,,

Simple One-
Pot Stirring
Approach

Electrolyte: 1.0 M H SO ;

Cyclic voltammetry:
Specific capacitance of
317.6 F/g at a scan rate of
1 mV/s;

Charge-Discharge: Specific
capacitance of 304.2 F/g
at a current density of 1
Alg;

Retention: 99 % after 1000
charge-discharge cycles
at a current density of 10
Alg;

Electrolyte: PVP/H SO ;

Specific capacitance of 155
F/g at a current density
of 1 A/g;

Energy density: 21.5 Wh/kg;

Power density: 1 kW/kg;

Retention: 87 % after 4500
charge-discharge cycles.

[95]

MnO,@carbon

Hydrothermal
Deposition
Method

Electrolyte: 1.0 M Na,SO,;

Charge-Discharge: Specific
capacitance of 137 F/g at
a current density of 0.5
Alg;

Energy density: 9.2 Wh/kg;

Power density: 1283.7 W/
kg;

Retention: 82 % after 5000
charge-discharge cycles
at a current density of
0.5A/g.

[96]

(Continued)
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Table 4.3 Current trends in supercapacitor applications. (Continued)

Supercapacitors

Synthesis
method

Achievements

References

La,CoMnO .

Template
Impreg-
nation
Method

Electrolyte: 1.0 M Na SO ;

Cyclic voltammetry:
Specific capacitance of
487 F/g at a scan rate of
1 mV/s;

Charge-Discharge: Specific
capacitance of 376 F/g
at a current density of 1
Alg;

Energy density: 65.8 Wh/
kg;

Power density: 1000 W/kg;

Retention: 89.2 % after
3000 charge-discharge
cycles at a current
density of 3 A/g.

(971

Cu Se,-Cu Co,
Se

2

Self-Template
Method

Electrolyte: 3.0 KOH;

Charge-Discharge: Specific
capacitance of 349.1 F/g
at a current density of 1
Alg;

Energy density: 26.84 Wh/
kg;

Power density: 700 W/kg;

Retention: 94.1 % after
5000 charge-discharge
cycles at a current
density of 20 A/g.

(98]

2H-MoS,

Electrolyte: 1.0 M Na SO ;
Charge-Discharge: Specific
capacitance of 382 F/gata
current density of 1 A/g;
Energy density: 16.4 Wh/kg;
Retention: 97.5 % after
4000 charge-discharge
cycles at a current
density of 0.2 A/g.

[99]

(Continued)
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Table 4.3 Current trends in supercapacitor applications. (Continued)

Synthesis
Supercapacitors method Achievements References
CuO/ Ultrasonically | Electrolyte: 5.0 M KOH; [100]
NiO/N-rGO Assisted Charge Discharge: Specific
Hydro- capacitance of 220 F/g at
thermal a current density of 0.5
Technique Alg;

Retention: 97 % after 5000
charge-discharge cycles

at a current density of
0.5A/g.

A useful synthesis of porous graphene from a convenient solvent-
mediated chemical pathway can be utilized as a supercapacitor electrode
material. The manufactured symmetrical supercapacitor showed a capac-
itance of 248 F/g from an applied current density of 1 A/g at a scan rate
of 5 mV/s. At the same time, it achieves a power density of 6405 W/kg
and an energy density of 7.3 Wh/kg from an applied current density of 8
A/g. In addition to these values, the supercapacitors can withstand up to
5000 charge-discharge cycles with a higher current density of 8 A/g, with a
reasonable rate profile showing 96% of the original capacitance retention.
Therefore, provided the above facts, this material can be indicated for high
practical use in the supercapacitor application [88].

A simple and environmentally safe approach for generating porous
graphene using a solvothermal low-temperature method was used. A few
layers of porous graphene (~ 4-6 layers) with a 420 m?/g surface area were
made up of hierarchical pores on top of the sheets. The most noteworthy
explicit capacitance of 666 F/g was accomplished at a scan rate of 5 mV/s,
with a retention of 87% after 10000 cycles. The created supercapacitor’s
power density was 6120 W/kg, and energy density was 26.3 Wh/kg. The
calculations of density functions theory was also performed to provide
theoretical insight into porous graphene states” electronic structure and
density to facilitate increased ability qualitatively. These findings open up a
new path for greener porous graphene synthesis with the aid of high-qual-
ity, high-performance porous graphene without using toxic chemicals [89].
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Reduced graphene oxide was synthesized from graphite precursors
extracted from the primary cell used via a simple microwave irradiation
method. The manufactured environmentally safe, industrial, and renew-
able supercapacitor demonstrated a remarkable capacitance of 201 F/g,
with a retention of 97% over 2000 cycles [90].

4.4.3 Current Trends in Supercapacitor Applications

A brief overview of the recent development of nanomaterials for superca-
pacitor applications is illustrated in Table 4.3.

4.5 Conclusions

This chapter brings you updates on the most critical nanomaterial in pho-
tocatalysis, electrocatalysis, and supercapacitors with their incredible abil-
ity to achieve sustainable growth in energy and environmental protection
applications. It is well known that the nanomaterials that will be used in
this chapter can potentially be used as a possible method to degrade harm-
ful contaminants and build new electrode materials for energy storage
systems. Ideally, the outcome will be a useful synthesis of fundamentals
for future research into nanomaterials, such as sustainability, recyclability,
and environmentally sound approaches for highly advanced and applied
materials.
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Abstract

With the increasing global population and technological and industrial revolution
of the 21* century, the demand of energy is also increasing rapidly around the
world. Over the past few decades, quantum dot sensitized solar cells (QDSSCs)
have attracted significant interests due to their interesting electrical and optical
properties. With tuneable band-gap and particle size, quantum dots can absorb
a wide range of solar spectrum with high efficiency. The multiple exciton gener-
ation (MEG) phenomenon could overcome the theoretical single junction power
conversion efficiency limitations. In a recent report, QDSSCs showed power con-
version efficiencies up to 16.6%, very close to the dye-sensitized solar cells. In
this chapter, we discuss the historical background, working principle, and other
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5.1 Introduction

The sun is a large source of energy if we can use it efficiently. Solar energy
on a single square meter on earth’s surface has enough energy to run a mid-
size computer if we can convert all its energy to electricity. On an average,
Earth is receiving 3x10* J/year energy from the sun and 1/10000" part of
this energy is sufficient to fulfil the energy demands of our planet [1, 2].
Solar cells provide an alternative way to harness this enormous energy and
convert it to electrical energy. In the last decade, solar cells were used com-
mercially worldwide for energy production. However, there is still a long
way to go in terms of achieving higher efficiency and playing a significant
role to the global energy market.

A solar cell is an optoelectronic device that converts the energy of light
directly into electrical energy through the photovoltaic effect [3] which is a
physical and chemical phenomenon [4, 5]. Solar cells are classified in three
generations, first, second, and third generation, which are shown in Figure
5.1. The first generation cells are based on mono-crystalline and poly-
crystalline silicon which occupies approximately 90% of the photovoltaic
industry today [6]. The efficiency of these first generation solar cells are

Light
Glass
Electrode
il = o Si(n-type)
> Si (p-type)
Back Contact
Power

First Gen

(Mono and poly-Crystalline Silicon)

Y 2

Solar Cell

t+ 1

(Thin-film Semiconductors e.g. CdTe, CIGS) Light

(QDSCs, DSSCs, PSCs)

Figure 5.1 Different generations of solar cells with examples.
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limited to a maximum of 33% according to the Shockley-Queisser Limit
[7] and the production cost is also very high, which makes them unsuitable
for wide adoption globally. Second generation solar cells are based on thin
film technology that reduces the manufacturing cost in terms of materials
saving and low ambient temperature processing [8-15]. The efficiency of
the second generation solar cell has reached up to 22.6%, reported recently
in 2017 [16]. Although second generation cells overcome some of the dis-
advantages of the Si based solar cells, they hold a market share of only 15%
due to the limitations of the module technology and their stability.

The third generation solar cells are based on new emerging technol-
ogies with emphasis on reducing the material cost by the development
of new materials such as quantum dots, carbon nanotubes, organic and
chemical dyes, organic polymers, etc., increasing photon conversion effi-
ciency (PCE) by the phenomenon of MEG, solar spectral modification,
plasmonic enhancement, etc.. The first dye synthesized solar cell (DSSCs)
was proposed in 1991 by O’'Regan and Gratzel [17]. They proposed natu-
ral or synthetic dye as light absorbing material, a liquid electrolyte (I/I*)
redox couple and counter electrode. In the past few decades, DSSCs has
attracted considerable attention due to its low cost and simple manufac-
turing processes, light weight and flexible design, low toxicity, and good
performance in diverse light conditions [18-23]. DSSCs achieved efficien-
cies up to 14%-15% till now. A recent study claimed that they have devel-
oped a new organic DSSC with efficiencies ranging from 31.4% to 34%
[24]. To enhance the PCE and promote photovoltaics as significant energy
device, quantum dots are used instead of dye to fabricate quantum dot
sensitized solar cells (QDSSCs) [25-27]. The unique optoelectronic prop-
erties of quantum dots, such as tunable band-gap [28], high extinction co-
efficient [29], MEG [30], large intrinsic dipole moments [31], and easy fab-
rication process [32], make it a suitable candidate to fabricate low cost and
highly efficient solar cells. The theoretical PCE of QDSSCs can reach up to
a maximum of 65% based on the MEG phenomena of quantum dots. With
constant improvements since the first reported QDSSC’s efficiency of 2.7%
in 2010, a PCE of 16.6% is reported by Hao et al. in 2020 [33]. Although
the growth of QDSSCs slowed down after 2015 due to low photovoltaic
efficiency and cell stability issues along with the compatibility of the tech-
nology with the commercial markets, extensive research is still going on to
increase the performance and stability of these devices with optimization
in device structure, quantum dots (QDs) sensitizer, electrolyte, electron
and hole transport layers, and counter electrodes (CEs).
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5.2 Solar Cell Operation (Photovoltaic Effect)

Let us consider a pn junction with zero bias applied to the junction, as
shown in Figure 5.2a. Electron-hole pairs are generated by the incident
photon illumination in the depletion region, which produces a photocur-
rent (I,) as shown below. As a result, a voltage drop developed across the pn
junction and forward biases it. The forward bias current I created by this
forward bias voltage is shown in Figure 5.2a.

Therefore, we can write net current (I)-

I:IL_IF:IL_IS|:6XP(I§—‘;-,)_1:| (51)
B

As the diode becomes forward biased, the magnitude of the electric field
in the depletion region decreases, but does not go zero or change direction.
The photocurrent is always in the reverse bias direction and the net current
is always in the reverse bias direction.

Case I: For R = 0, we have V=0. The current in this case is referred to as

short circuit current or [ =1 =1, from equation (5.1) putting V = 0.

(@ (b)

\%

0 Vi Voc

Figure 5.2 (a) pn Junction under illumination with resistive load; (b) I-V characteristics
of pn junction (solar cell) under illumination with no applied bias.
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Case II: For R—a, we have I=0. The voltage produced in this case is the
open circuit voltage (V_ ). Now, from Equation 5.1, we have:

eVoc IL
or exp =1+-=
KT Is
or %=ln 1+I—L
KBT IS
_ KT I
[Therefore symbol]  V,. = . ln[1+ Isj (5.2)

A plot of the diode current I as a function of the diode voltage V is given
in Figure 5.2b. The power delivered to the load is

eV
P=IV=V|I, —I{ex -1
[L S{ pKBT H

=1,V -1 {exp ;VT —1}V (5.3)
B

We may find current (I) and voltage (V) which will deliver the maxi-

mum power to the load by taking j‘lj =0.

d Vm m
W o1, — 1| exp Y 1| = 1,V exp <Y )
v KT KT ) KT

d

where V_ is the voltage which produces the maximum power.
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or IL—Isexp(eVm ){1+ eV }+IS=O

KT KT
or I +1Is=I5exp eV 1+eVm
KT KT
ev, eV, I,
or 1+ exp =1+ (5.4)
KT KT I

In Figure 5.2b, the dashed area represents the maximum power rectan-
glewherel isthe current when V=V _.Thus, without applying any external
bias, we can get a voltage V__(or V) at the output by photon illumination
of the pn junction. This effect is called the photovoltaic effect. V__is called
photovoltaic potential (or emf as resultant current is zero).

5.2.1 Physical Explanation of Photovoltaic Effect

The I-V characteristics (enlarged near V=0 volt) of a pn junction under
photon illumination is shown below in Figure 5.3.

An almost constant reverse current due to photo-generated e-h is
obtained for large reverse bias voltages. If the applied reverse bias is reduced
in magnitude, the barrier at the junction gets reduced. This decrease in
potential barrier does not affect the minority current (since these parti-
cles fall down the barrier), but when the hill is reduced sufficiently, some
majority carriers can also cross the junction. These carriers correspond to
a forward current and such a flow will reduce the net (reverse) current. It
is this increase in majority carrier flow which accounts for the drop in the
reverse current near the zero-voltage axis.

h

Figure 5.3 IV characteristics of pn junction solar cell.
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5.3 Quantum Dot Based Solar Cells

Solar cells can be constructed with colloidal QDs using different configu-
rations such as Schottky cell, depleted heterojunction cell, and hybrid bulk
heterojunction cell. The Schottky cell is a simple design with a thin layer of
QDs is sandwiched between a transparent electrode such as ITO and a low
work function metal (Al). Typically, p-type QDs are used on the top of ITO
which extracts the photogenerated electrons whereas the metal electrode
collects the holes. The charge transfer between the QDs and the metal elec-
trode creates a Schottky barrier which makes the contact selective. The cell
offers impressive photocurrents with low open circuit voltage due to fermi
level pinning at the metal/QDs interface [34].

In a depletion heterojunction cell, a wide band-gap nanostructured
oxide material (TiO,/ZnO) is deposited on the conducting glass and the
QD layer is deposited over it. The other electrode is obtained by depositing
a metal layer over the QD layer. The wide band-gap oxide material works
as an electron transport layer which helps in selective extraction of charge
carriers from the QD layer. This configuration offers improved open circuit
voltages compared to the Schottky cell; however, it produces low photo-
currents [35]. Another configuration which has been investigated for more
than 15 years is the bulk heterojunction solar cell [36]. These are similar to
organic cells except the fact that the electron accepting material is replaced
by QDs in this case which will also act as the light absorber with the poly-
mer. A schematic of different solar cell configurations based on QDs except
QDSSCs is shown in Figure 5.4.

The QDSSC’s operating principle is different from the above mentioned
devices as in this case the QDs do not act as the electron transport material.
The construction of QDSSCs is very similar to DSSCs. The main compo-
nents of QDSSCs is a transparent conducting electrode (usually ITO/FTO),
a nanostructured wide band-gap oxide material (TiO,, ZnO, SnO, etc.)

Schottky Cell Depleted Heterojunction Cell Hybrid Polymer Cell
Au/Pt Al

..........

Y Y Yy Yy yryYy yry

Polymer

A A A 4 A4 A A k4 A

ITO/FTO ITO/FTO ITO/FTO

Figure 5.4 Different configurations of solar cells based on colloidal quantum dots except
QDSSCs.
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® Quantum dot

U Titanium dioxide (TiO,)

Figure 5.5 (a) Schematic structure of QDSSCs; (b) Charge transfer process in QDSSCs [37].

such as photoanode, a QD layer as a light absorber (sensitizer), an elec-
trolyte containing a redox couple, and an efficient counter electrode as
shown in Figure 5.5 [37]. A large wide band-gap transparent oxide layer
is used as an electron transport layer (ETL) over which the QD layer is
absorbed. When the solar cell is exposed to light, the photon energy excites
the valance electrons of the QD and generates electron-hole pairs termed
as excitons. The electrons are injected to the TiO, layer and collected at
the fluoride-doped tin oxide (FTO) electrode. Holes on the other hand
concomitantly oxidize the polysulfide electrolyte through the following
reaction:

Hole (QDs)+S*” — QDs+S2~

The CE is connected to FTO through an external circuit so that the elec-
trons can move to the cathode through the hole transportation of the redox
couple of the polysulphide electrolyte. Alternatively, a hole transporting
material (HTM) can be used to transport the holes by connecting a metal
such as gold as CE which can form an ohmic contact with the hole con-
ducting phase [38]. The performance of a QDSSCs is defined by the short
circuit current (I_), open circuit voltage (V_ ), field factor (FF), and series
resistance (R ). Field factor (FF) determines the maximum power that can
be obtained from a solar cell in conjunction with V__and I_.

_ Valn
VOCISC

FF

(5.5)
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The efficiency of a solar cell can be given by the following equation:

Tsc X Voc X FF

Efficiency (n %) = x100% (5.6)

in

where P_is input power of the incident light. With a higher number of
e-h pair generation, the efficiency of solar cell also increases. For QDSSCs,
MEG phenomena enhances the e-h pair generation significantly com-
pared to its bulk counterparts. MEG allows it to utilize the extra energy
(for incident photon energy > 2 band-gap) of the excited carriers to pro-
mote another electron across the band-gap rather than thermalizing. MEG
occurs in bulk semiconductors and is also called impact ionization (LI).
However, the threshold energy required for bulk is much higher than in
QDs. For example, in bulk PbSe the required threshold energy is 6.5 E,
but for PbSe, quantum dots it is around 3.4 E_ (here E_is the band-gap of
g 8
PbSe). In bulk semiconductors it is observed that impact ionization pro-
duces extra carriers only when the photon energy reaches the ultraviolet
region of the solar specters, which is highly unlikely. The increased possibil-
ity of MEG in quantum dots was first reported by Nozik et al. in 2001 with
the original concept as shown in Figure 5.6 [39]. In bulk semiconductors
due to the presence of several atoms in total volume, the excited carriers
relaxed rapidly with low phonon energy. Quantum dots on the other hand

Enhanced Photovoltiac Efficiency on Quantum Dot Solar
Cells by Multiple Exciton Generation (MEG)

MEG is an inverse Auger e

process; Auger processes o
are enhanced in QDs: g
<2PIV(ry,r)[15.15.15p>

(conversation of crystal
momentum relaxed (not a
good quantum number))

YaVe
—

One photon yields
two e——e* pairs

Carrier thermalization can
be (moderately) suppressed
due to phonon bottleneck  hv

impact ionization (now called Multiple
Exciton Generation (MEG)

e Bl Y 7\l TV
e —f

1P,
hw =20 meV | o (MEG can compete successfully
100 meV h+ . S
with phonon emission)
! 1Se
This allows MEG to +
become competitive with Quantum Dot

exciton cooling

Figure 5.6 Multiple exciton generate on (MEG) phenomena in quantum dots [39].
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contain only 10-10,000 atoms in total volume. Due to the quantized energy
levels in the QDs, several phonons need to be emitted through electron-
phonon scattering to satisfy the energy conservation needs during the
relaxation process. This in turn could slow down the relaxation of excited
electron via phonon scattering and allows processes like MEG to become
competitive or even dominating in QDs. MEG could be a very import-
ant process in QDs and it can enhance the efficiency of QDSSCs if har-
nessed [40], however, it faces an uphill challenge as the excitation for MEG
requires relatively high energy photons and a pump light with high power
density [41].

5.4 Materials for QDSSCs

The performance and efficiency of QDSSCs largely depends on the various
materials used. From photoanode to electrolyte, everything has its own
role in the making of the solar cell and its performance. A photoanode is
constructed by depositing a wide band-gap semiconducting metal oxide
(TiO,, ZnO, SnO, etc.) on a transparent glass electrode (ITO or FTO).
When light falls on the quantum dot and photo excited electrons are gen-
erated, the ETL transfers the electrons to the conducting electrode (FTO).
The large band-gap ETL should have a high surface area so that it can
ensure sufficient QDs for efficient light harvesting [42].

5.4.1 Photoanodes for QDSCs

Literature suggests that TiO, and ZnO films are used extensively in
QDSSCs as ETL compared to other oxide materials [43-47]. TiO, is a wide
band-gap material (Eg = 3.2 eV) most widely used as ETL in QDSSCs due
to its low cost, low toxicity, market abundance, and biocompatibility. In
addition to TiO,, ZnO is another wide band-gap (E, = 3.94 eV) semicon-
ductor which has a large excitation binding energy (60 meV). To reduce
the recombination rate, inclusion of an insulating oxide buried layer with
TiO, was reported by Kim et al. [46]. They have used Al,O,, MgO, and
BaTiO, coated TiO, films to fabricate a double coated buried layer to use
as ETL. A significant increase in V__and FF was observed for double coat-
ing TiO, layers and an efficiency increase of around 51.5% was reported.
TiO, compact layers of different thickness are another option to suppress
recombination at the FTO/electrolyte interface by preventing direct con-
tact between them. Kim et al. reported that efficiency of QDSSCs increases
with inclusion of TiO, compact layer with FTO substrate [49]. In another
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study, Basit et al. reported that addition of SiO_/TiO, NPs as light scatter-
ing centers in a mesoporous TiO, photoanode that enhances the PCE of
PbS QDSSCs [50]. Hossain et al. reported CdSe QDs sensitized TiO, solar
cells, incorporating light-scattering layers for achieving efficiencies up to
~5.21% [51]. Mn-doped CdS/CdSe QDSSCs with TiO, film as ETL was
used by Kamat et al. to achieve a power conversion efficiency of 5.42% [26].
Lee et al. and his group [52] developed a PbS-Hg QDs sensitized TiO, solar
cell with an unprecedentedly high power conversion efficiency of 5.6%. A
recent study by Du et al. reported solar cells based on Zn:CulnSe, QDs and
TiO, photoanode with a very high PCE of ~9-10% despite a large abun-
dance of native defects [53].

ZnO is a good alternative to TiO, as it has ~4 times higher electronic
mobility than TiO, [54] and it is easy to form anisotropic structures with
ZnO, such as nanotubes, nanowires, or nanorods. Liu et al. reported use
of a hierarchical array of ZnO nanocones covered with ZnO nanospikes
as photoanode for CdS quantum dot sensitized solar cells [55]. In another
work, Alvarado et al. [56] used vacuum evaporated nanostructured ZnO
thin films as photoanodes for CdS/CdSe QD sensitized solar cells with
a maximum PCE of 1.25%. Similar studies were also reported by other
researchers on ZnO nanostructured photoelectrodes for QDSSCs over the
last several years [57-60]. However, it can be seen from these findings that
the light harvesting efficiency of ZnO based QDSSCs is less compared to
that of a TiO, based solar cells. The literature also suggested that ZnO has
high surface charge recombinations due to the presence of defects on its
surface, which limits the efficiency of the cell [61]. Tian et al. developed a
facile passivation strategy for ZnO mesoporous photoelectrodes to improve
the distribution of QDs in the photoelectrodes, increase the specific sur-
face area, and reduce the surface defects of the ZnO photoelectrodes to
accommodate more QDs. It also suppressed the charge recombination and
prolonged the electron lifetime by introducing a barrier layer [62]. Apart
from TiO, and ZnO, SnO, was also investigated as ETL [63, 64], however,
their PCE is much lower compared to the other two oxides.

5.4.2 Sensitizer for QDSSCs

Quantum dots are used as sensitizers in QDSSCs to harvest photon energy
from sunlight. The band-gap of the QDs should be appropriate for obtain-
ing maximum efficiency and the absorption coeflicient should be high. The
LUMO of the QD should lie above the conduction band of the electron
acceptor layer (TiO,) so that the energy of the photogenerated electron is
higher and efficient charge injection occurs. Similarly, HOMO levels of the
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QD should be below the hole transport material for efficient regeneration
of the electrolyte.

As far as we know, extensive research has been done on enhancing
the light harvesting efficiency of QDSSCs using different quantum dots
[65-72]. Among these sensitizers, Cd based QDs such as CdSe [73], CdS
[74], and CdTe [75], have been most preferred ones due to their stability
and suitable band-gap. CdSe QDs are most widely investigated as solar
cells due to their favorable band-gap (1.74 eV), easy synthesis process,
and good performance results. Apart from Cd chalcogenide QDs, a few
works also reported on InAs [76] and InP [77] QD based solar cells.
An earlier study done by Diguna et al. in 2007 shows CdSe quantum
dot sensitized TiO, solar cells modified with ZnS/fluorine ions with an
efficiency of about 2.7% [78]. Chen et al. reported the use of folic acid
capped CdSe QDs for solar cell application to achieve a photon to current
conversion efficiency of 17.5%. They reported a PCE of about 1% with
the proposed method [79]. Fuke and his group demonstrated the use of
4-butylamine (BA) as a capping material for CdSe QDs sensitized solar
cells to achieve internal quantum efficiency up to 100% [80]. In 2012,
Zang et al. [81] reported a record 5.42% PCE for CdSe QDs/TiO, solar
cells prepared by a post synthesis assembly approach which they termed
as ex situ route. The size effect of CdSe QDs on photovoltaic performance
was investigated and found that PEC for such devices first increases and
then decreases with increasing CdSe particle size [82]. Similar to CdSe
QD solar cells, significant works are reporting on the potential application
of CdS QDs for solar cell devices due to their good transmittance, high
photochemical stability, and higher conduction band edge than TiO,,
which makes them suitable for efficient electron transport from CdS to
the TiO, layer. It was also observed in different studies that suitable metal
doping in CdS QDs enhances the PCE compared to undoped CdS. Liu
et al. [83] reported Mn-doped CdS QDs based photovoltaic devices with
SnO, photoelectrodes with efficiencies of ~ 2.80% which is 53% higher
compared to an undoped CdS QDs based cell efficiency of ~ 1.83%. This
enhancement in the PCE is attributed to increased light adsorption by the
Mn:CdS QDs and the enhancement in electron diffusion lifetime of the
cell. Enhancement in photocurrent efficiency due to Cu doping in ZnO
photoanode in CdS quantum dot solar cells is also reported. It was found
that Cu doping favors the faster charge transfer rates and also reduces
the recombination of photogenerated electrons resulting in an increase in
solar cell efficiency [84]. Cu doped CdS QDs sensitized solar cells with a
TiO, electron transport layer with impressing ~ 3% PCE was reported by
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Muthalif et al. in 2016 [85]. In another study, lead (Pb) doped CdS QDs
sensitized solar cells were developed by Veerathangam and his group with
an efficiency around ~ 1.19% [86]. In a recent study, Mn-doped CdS QDs
based photovoltaic cells with a 2.09% efficiency were reported by Ganguly
et al. [87].

In addition to single QD sensitizers, core/shell nanoparticles are also
used effectively as active materials in QDSSCs to increase the wavelength
length of light harvesting and/or improve cell performance [48, 49, 56-58].
One of the major challenges of QD synthesized solar cells is the nonradiative
carrier recombination at the QD-ETL or QD-electrolyte interface resulting
from the large number of trap and defect states at the quantum dot surface
which affects the PCE of the cell. Passivating the QD surface with another
shell material is proved to be effective in reducing the undesirable carrier
recombination [88, 89]. Dissanayake et al. reported plasmonic silver (Ag)
nanoparticle incorporated TiO, photoanode to enhance the efficiency of
PbS/CdS QDs synthesized solar cell [90]. Use of plasmonic nanoparticles
to increase solar cell efficiency was also reported in other studies such as
Ag nanoparticle deposited InGaAs/GaAs QD solar cells [91], gold (Au)
QDs based organic solar cells [92], etc. A bio-inspired CdS/CdSe core-shell
nanoparticle synthesized solar cell was reported by Aenishanslins et al.
where they used bacterial cells for synthesis of the nanoparticles. A PCE of
2% was reported for such devices [93]. The recent designs of QDSSCs offers
a tunable material band-gap, high surface to volume ratio of the quan-
tum dot sensitizers, suitable surface chemistry, energetic positions of the
electronic states, and effective multiple exciton generation. For example,
CsPbl, quantum dots with a tunable band-gap between 1.75-2.13 eV was
used to fabricate multijunction solar cells with a certified PCE of 13.43%
[94]. This remarkable result was obtained with surface modification of the
QDs based on A-sitecation halide salt (AX) treatments which produces a
small V. deficit, double the film mobility, improved charge transfer, and
enhanced photocurrent. Another study showed that Cu content in Zn-Cu-
In-Se (ZCISe) quantum dots remarkably influences the photovoltaic per-
formance of the cell. Cu-deficient ZCISe QDs as sensitizers were used to
achieve a PCE of about 12.57% using a Cu/In molar ratio of 0.7 under
AM 1.5 G one full sun illumination [95]. In a recent study, mixed caesium
and formamidinium lead triiodide QDs (Cs, FA Pbl,) based perovskite
solar cells registered a certified record PCE of 16.6% under continuous
1-sun illumination for 600 h [33]. Considerable works are done by many
researchers to improve the efficiency and performance of QDSSCs, which
can be summarized in Table 5.1.
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5.4.3 Electrolytes and CE for QDSCs

Electrolytes are substances that conduct electricity via the movement of
electrons. For DSSCs, the most commonly used electrolyte is the I /I3

redox couple. However, it is not suitable in the case of QDSSCs as the [~ /I;

compound is corrosive to its photoanode and it degrades solar cell perfor-
mance. Basically, three types of electrolytes are used: liquid, solid, and quasi-
solid, among which liquid polysulfide electrolyte is the most widely used
for QDSSCs due to its better compatibility and efficient hole extraction
from the valance band (VB) of the sensitizers. The main disadvantage of
polysulfide electrolytes is the high carrier regeneration rate of oxidized
QDs which causes low V. and poor FE. Lee et al. [96] first proposed use of
§*7/82” polysulfide electrolytes for efficient CdS QD solar cells. A modified
polysulfide electrolyte using [(CH,), N],S/[(CH,),N].S in an organic sol-
vent (3-methoxypropionitrile) was used for a CdS-functionalized solar cell
to enhance its efficiency up to 3.2% with a V_ of 1.2V [97]. The enhanced
efficiency and higher open circuit voltage was attributed to the positive
oxidation potential of the redox couple and more negative CB potential of
the TiO, photoanode. In the redox couple (S*7/S8%7), oxidation occurs at
the photoanode (TiO,/QDs)-electrolyte interface with the following reac-
tion [98].

S +2h" =S
S+8..7 =87 (x=2-5)

During the regeneration process of the electrolyte, the oxidized S} is
reduced back to §~ on the counter electrode as shown below.

T o S Y

In this way, the circuit is completed by an electron transport to the QDs
from the redox couple by oxidation and then reduction by accepting an
electron through external load. Similar works using sulfide/polysulfide
electrolyte with different QDs sensitizer could be found in other studies
[99-106]. It is important that the oxidation potential of the QDs layer
should be positive with respect to the redox potential of the electrolyte
and is highly conductive. An effective electrolyte of QDSSCs should have
high solubility, high ionic mobility, good thermal and electrical stability,
and rapid electron-transfer kinetics. However, the liquid electrolyte suffers
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from leakage and volatilization and desorption and photodegradation of
the attached QDs which is highly undesirable and limits the long-term
performance of devices. Other electrolytes such as solid state electro-
lytes [107, 108] and quasi-solid state [109] electrolytes could be a good
alternative to overcome these limitations. Researchers are also focusing
on optimizing the performance of polysulfide electrolytes by controlling
the redox mediator concentration, introducing different additives and
modifying the solvent. Liao et al. reported enhancing the performance of
QDSSCs by controlling the S, Na,S, and KCL molar ratio of the polysulfide
electrolyte in a water-methanol solvent [110]. They found that the optimal
performance is obtained with composition of the polysulfide electrolyte
containing 5 M of S, 2 M of Na,$, and 0.2M of KCl. Feng et al. reported use
of a polyelectrolyte gel electrolyte to fabricate quasi-solid-state QDSSCs
by mixing sodium polyacrylate (PAAS) and polysulfide electrolytes. They
observed that the PAAS gel electrolyte has better conductivity compared to
the liquid electrolytes [111]. Due to the high ionic conductivity and perfect
contact with TiO, surface, the PAAS gel electrolyte based quasi-solid-state
QDSSCs solar cells exhibit an impressive PCE of 8.54%, comparable with
liquid-junction QDSSCs.

The CE is a vital part of QDSSCs because it supplies the free electrons
to the redox electrolytes from an external circuit to initiate the reduction
reaction at the electrolyte/CE interface. The CE should have excellent elec-
trochemical conductivity with good electrochemical stability at the CE/
electrolyte interface. Pt is the most preferred CE for DSSCs due to its excel-
lent catalytic activity towards triiodide (I*) reduction. However, in the case
of QDSSCs its performance is poor with polysulfide electrolytes. The sulfur
produces a large charge transfer resistance at the CE/electrolyte interface
which results from chemisorption of sulfur on the Pt surface. To address
this limitation, researchers are continuously searching for effective alter-
nate counter electrode for QDSSCs.

CuS is a p-type compound semiconductor with a band gap of 1.1-1.4
eV which is used as one of the popular alternatives of Pt as a counter elec-
trode for QDSSCs. Varma et al. reported CuS counter electrodes deposited
on FTO using HCl via CBD to achieve significant enhancement in photo-
voltaic performance compared to Pt electrodes [115]. They observed that
the CuS deposition time largely affects the photovoltaic performance with
CuS 60 min results showing better performance compared to CuS 50 min
and CuS 70 min. In another study, Liu et al. [116] used CuS/FTO counter
electrodes for CdS/CdSe QDSSCs based on zinc titanium mixed metal
oxides (MMOs). They reported a higher PEC with CuS CEs for QDSSCs
based on ZnTi MMOs compared to conventional Pt CEs. They achieved
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a maximum efficiency of 3.95% with CuS CEs, which is almost twice Pt.
PbS is a low band gap material which is also used by researchers as efficient
CEs for QDSSCs. A photoactive p-type PbS film was used for CulnS,/CdS/
ZnS QDSSCs to achieve a PCE of about 4.7%. It was observed that p-type
PbS outperforms the Pt and CuS as a counter electrode for CulnS,/CdS/
ZnS cell despite the fact that CuS has better catalytic activity in the poly-
sulfide electrolyte compared to PbS [118]. Other materials are also used by
researchers as counter electrodes, including FeS, [119], MoS, [120], NiS,
[121], NiCo,S, [122], etc. to replace Pt as CEs and also enhance the perfor-
mance of the QDSSCs. In Table 5.2 we can see the performance of QDSSCs
based on different electrolytes and CEs.

Table 5.2 Solar cell parameters with different sensitizer, electrolyte, and CEs.

QDs Photoanode | Electrolyte CE PC(I'i) Ref.
Mn: CdS/ TiO, NN Cu,S/GO | 540 | [26]
CdSe
Cds TiO, S /SE Pt 1.15 [96]
Cds TiO, S /SE Pt/FTO 3.20 [97]
Cds/CdSe | TiO, SISy Cu,S 547 | [99]
CdS/CdSe | TiO, MSs SISy Pt 4.81 | [100]
CdS/CdSe TiO, S /SE Au/FTO 3.06 [101]
CdS/CdSe ZnTi MMO | S$*7/S;” CuS/FTO | 2.85 [102]
Cds/CdSe | TiO, SISy CuS 6.80 | [103]
CdSe/ZnS TiO, NPs S /SE Cu,S 3.84 [104]
CulnSe S,/ | TiO,NPs NN Cu,$ 551 | [105]
ZnS
PbS/CdS/ TiO, NPs SISy Cu,S 7.19 | [106]
7ZnS
CdS/CdSe TiO, [DHexBIm] PbSe 4.26 [108]
[SCN]

(Continued)
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Table 5.2 Solar cell parameters with different sensitizer, electrolyte, and CEs.

(Continued)
PCE
QDs Photoanode | Electrolyte CE (%) | Ref.
CdseTe TiO, (PAAS) gel Cu,S 8.54 [111]
PbS-Cu$ TiO, P HT Au 8.07 [112]
CdS-CdSe- | TiO, SIS CuS/FTO [ 4.06 | [115]
7nS
CdS/CdSe ZnTi MMO | $*7 /8 CuS/FTO | 3.95 [116]
Cds TiO, S /S CuS- 1.04 [117]
PEDOT:
PSS
CulnS,/ TiO, SISy p-type PbS | 470 | [118]
CdS/ZnS
ZnSe/CdSe | TiO, S /SE FeS, 3.90 [119]
CdS/CdSe | TiO, NN MoS, 4.14 | [120]
CdS/CdSe | TiO, NN NiS, 225 | [121]
Cds/CdSe/ | TiO, S /S NiCo,S, 3.67 [122]
7nS
CdSeTe TiO, [S* /ST IPVP | Cu,_ S/ 9.68 [126]
CdSe TiO, [S* /ST IPEG FTO 6.74 [127]
Cu, S/

FTO
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Apart from trying to enhance the photovoltaic performances of the
QDSSCs with different sensitizers, electrolytes, photoanodes, and CEs,
it is also very important to discuss the stability of these emerging solar
cells. The following factors can be considered to determine the stability
of QDSSCs: (i) chemical stability of QDs in the electrolyte, (ii) chemical
stability of the CEs, (iii) redox couple stability, and (iv) counter measures
taken to avoid leakage and volatilization of the liquid electrolyte. It is being
observed by researchers that various QDs such as PbS, SbZSS, and CdTe
show weak performance in traditional polysulfide electrolytes. Pan et al.
and his group used alloyed CdSe Te, QDs for improving the stability of
QDSSCs with polysulfide electrolytes [123]. It is also observed that doping
the QD sensitizer also helps to improve the stability. In a study, Gopi et al.
and his group investigated the effect of Mn-doping on the performance
of CdS QDSSCs and found that they show better stability compared to
undoped ones [124]. Another way to improve stability is by coating the
photoanode with a wide band gap semiconductor which will prevent the
QDs from having a direct contact with the electrolyte, reducing photocor-
rosion. It will also enhance the chemical stability of the QDs by preventing
them from coming in contact with oxygen molecules. Zhao et al. used an
inorganic Zn$/SiO, double layer coating on a QD photoanode to reduce
the interfacial recombination process and enhance the stability of the QDs.
They observed that the back recombination rate at the TiO, oxide surface is
reduced effectively by the ZnS/SiO, coating. Their reported cell efficiency
was 8.21%, which was enhanced by 20% with this technique to an ear-
lier 6.8% [125]. Apart from the above mentioned methods, stability of the
QDSSCs can be improved by modification of the electrolyte used. Some
studies showed that addition of polymers such as poly (vinyl pyrrolidone)
(PVP) and poly (ethylene glycol) (PEG) to polysulfide electrolytes can sig-
nificantly enhance cell stability [126, 127].

5.5 Conclusion and Future Prospects

In the past few years, researchers all over the globe have continuously
worked on QDSSCs to improve their photovoltaic efficiencies and make
them comparable to DSSCs. However, it is observed that, despite the
continuous improvement of stability and photovoltaic performance of
QDSSCs, they are still far from competing with the other emerging solar
cells in practical and commercial applications. It is remarkable to see that
the efficiency of QDSSCs has reached an impressive 16.6% to date, but
long term stability is still one of the main issues regarding their industrial
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applications. Although works are going on to improve the stability, they
lack the standard stability measurement conditions defined by the IEC
61646 protocol for commercial photovoltaic panels. Other efficiency lim-
iting factors such as limited absorption of incident light by the QD sensi-
tizer and recombination loss at the QD/electrolyte interface needs to be
addressed with further improvement and research. It is also important to
explore new and eflicient non-volatile electrolytes, QDs sensitizers, photo-
anodes, and cheaper and effective CEs to make QDSSCs more compatible
to the solar cell market and gain more market shares in the near future. For
further development of QDSSCs, we should also focus on development of
completely green QDSSCs for practical applications to make them more
environmentally friendly as QDs containing Pb or Cd and polysulfide
redox materials are highly toxic and a concern for the environment. Recent
works on green QDSSCs without Pb or other toxic elements show remark-
able performance, which will open new research prospects in this area.

The fascinating advantages along with the rapid performance advance-
ment of QDSSCs make them a strong and promising candidate for the
next generation of solar cells. With the extensive work in this field, break-
throughs in different materials exploration and continuous optimization
in device structure, it is the author’s belief that QDSSCs will soon break
the 20% efficiency barrier and emerge as a major part of the photovoltaic
market.
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Abstract

The price of one liter of potable water generated from the desalination system
is justified when it is coupled with renewable energy and proper brine disposal
practices. Contemplating the abundance of solar energy across the globe, desalina-
tion through solar energy is preferred for desalinating the available saline/brackish
water. Solar desalination systems are more advantageous than other desalination
processes where the desalination system can be installed at a required place to
decrease the cost of potable water transportation. Among the various solar
energy-driven desalination processes, the solar still is flexible for installation at
any place and is also affordable for desalinating the available seawater/brackish
water. However, the freshwater yield of solar stills is comparatively low and many
approaches are under research to substantiate the productivity of solar stills. In this
chapter, the various procedures of improving the yield of solar stills are elaborately
discussed with their respective enhancements in the efficiencies. Also, the authors
conferred some recommendations for future research on solar stills. This chapter
paves the path for the researchers working in solar still to choose an appropriate
method for enhancement of the productivity that makes the desalination process
more viable and sustainable than the conventional solar stills.
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6.1 Introduction

Water is a significant need in all our daily activities. The existence of liv-
ing beings without water is indescribable. The pure water accessible on the
earth is around 3% and the remaining 97% is seawater. Among those avail-
able, 3% is freshwater, around 69% is available as ice caps and glaciers, and
almost a share of 30% is available as groundwater which is also unavailable
for utilization. Only a meagre percentage (0.25%) is in human reach as
freshwater that is used for several purposes, as shown in Figure 6.1 [1-3].
The demand for pure and safe drinking water has been continuously
increased due to rapid socio-economic development across the globe. By
2050, the demand for drinking water will reach a peak and almost half of
the population will be under water stress. It is also evident that the cli-
mate of the earth is being continuously changed for various reasons. The
regional weather changes of a country will alter the availability and quality
of water for human needs. The disturbance in the water cycle will cause
severe effects on health, energy production, food security, poverty reduc-
tion, and socio-economic development, which impedes the sustainable
growth of a country [4, 5]. In this regard, the transformation of accessi-
ble seawater into pure drinking water is considered as the better way to
overcome the aforementioned glitches. Nevertheless, there are various
desalination techniques such as Multi-Stage Flash Distillation (MSF),

Surface/other Atmosphere Living things
Freshwater 2.5% freshwater ~ 1.2% 3.0% . 0.26%
[~ _ A Rivers
0.49%
Swamps
marshes
2.6%

Soil
moisture
3.8%

Total global Freshwater Surface water and
water other freshwater

Figure 6.1 Water distribution on the Earth {Source & Credits: [2, 3]}.
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Electrodialysis (ED), Multi-Effect Distillation (MED), Forward Osmosis
(FO), Freeze Desalination (FD), Reverse Osmosis (RO), Natural Vacuum
Desalination (NVD), and Vapour Compression (VC). These desalination
approaches consume an enormous amount of energy for their operation
to convert seawater into pure water. The energy from the conventional
sources for operating these desalination approaches will be a burden for
developing and underdeveloped countries in view of economic develop-
ment. Also, environmental issues such as greenhouse gas emissions are
greater when using conventional energy sources [6, 7]. Hence, the desali-
nation approaches will be integrated with non-conventional energy sources
for recovery, reuse, and recycling (3R) of both water and energy which
drives sustainable development of a country that meets the water-energy
demands [8-10]. Commonly used renewable energy sources for desalinat-
ing sea/brackish water are solar, wind, geothermal, wave, and tidal [10-12].
Among these sustainable energy sources, solar energy is abundant and
viable for the desalination process [13]. After extensive research in solar
desalination, solar energy powered desalination has been turned into an
energy-efficient and economically feasible way to address water demands
across the globe.

6.2 Need for Desalination in India & Other Parts
of World

India is the second-most populous nation on earth, with almost 16% of
the global population and the freshwater resources in India are just 4%
of the global freshwater reserves. Also, the population rise in India raises
the demand for freshwater day by day. According to population forecast-
ing, India is will surpass China in population within the next decade.
According to the United Nations, India will have added 41.6 crores of
urban population by 2050 [14, 15]. Due to less rainfall and temperature
rise in the country, the groundwater levels are also decreasing and almost
2/3™ of the reservoirs in India are operating underneath the normal water
levels according to the Central Water Commission. Because of the factors
mentioned above, 21 cities are predicted to run out of groundwater by the
end of 2020, so almost all those cities are facing groundwater problems in
India [16]. In this regard, the available seawater is to be desalinated into
pure drinking water to overcome the water stress in India. India adopted
desalination approaches like reverse osmosis and flash evaporation for
desalinating the seawater at a huge capacity.
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However, desalination is widely adopted not only in India but also in
regions like Asia, Africa, Europe, Australia, and parts of America [13]. The
Jubail desalination plant produces 370,1045 US gal of drinking water daily
and it mainly works on basis of the Reverse Osmosis (RO) technique pow-
ered by fossil fuel. This desalination plant is identified as the world’s largest
desalination plant and the other largest desalination plants in UAE, Saudi
Arabia, and Israel also work on the basis of the Reverse Osmosis (RO)
technique, which consumes more energy [17]. However, these desalina-
tion plants are powered with conventional energy sources which are not
economical or environmentally recommended due to higher carbon emis-
sions. Hence, desalination using solar energy is viable and recommended
in the current scenario when compared to desalination powered by other
renewable energy sources [18].

6.3 Significance of Solar Energy - Indian Scenario

Power generation by solar energy is an emerging industry in India. The
installed solar capacity of India has reached 35.12 GW as of 30 June 2020.
In this decade (ending by 31 March 2020), India has achieved a solar power
capacity of 37,627 MW, which is 233 folds higher than the solar power

Energy Utilization

B Solar Energy ® Wind Power ® Small Hydro Power I Bio Mass Power B Co generation - Baggasse M Waste to energy

Figure 6.2 Estimated renewable power in India.
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capacity at the beginning of the decade. The government of India achieved
its target of 20 GW of solar capacity by 2018, which the government ini-
tially planned to achieve that by 2022, raising the target to 100GW by 2022.
Due to the emerging modern technologies, demand is increasing day by
day. The available incident solar energy on Indian land is almost 5000 tril-
lion kWh/year which is higher than the possible energy output of all of
the fossil fuel energy reserves in India. The following Figure 6.2 from the
Energy Statistics Report 2020 by NSO, MoSPI, India [19] shows that the
potential of solar energy consumption is high when compared to other
renewable energy source consumption. In this regard, solar energy can be
converted into useful applications with the help of solar thermal collectors
and photovoltaics. With the increasing demand for thermal energy in dif-
ferent sectors, solar thermal energy can be utilized in applications like solar
drying of food materials and crops, the solar parabolic dish for steam and
process heat generation, solar seawater desalination for potable water, solar
water heating, solar power generation, etc. [20-24].

6.4 Desalination Process Powered by Solar Energy

In general, the process of desalination is categorized as (i) Thermal
Desalination and (ii) Membrane Desalination, as shown in Figure 6.3
[9]. In the thermal process, seawater is heated and evaporated to produce
vapors in closed distillation chambers under ambient or reduced pressures.
The vapors formed are then condensed and the final distillate is used for
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Figure 6.3 Water desalination processes.
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various potable water applications. In the membrane process, seawater
is passed through semi-permeable membranes at certain pressures with
required electrical energy [25].

All these desalination approaches are coupled with renewable energy
sources for socio-economic development and reduction in environmen-
tal pollution. Qiblawey et al. and Shatat et al. given a brief description of
the desalination systems driven by renewable energy sources with a dis-
tinct emphasis on solar energy-driven systems and their benefits [26, 27].
However, the dominance and abundance of solar energy over other renew-
able energy sources made the solar energy powered desalination process
viable when compared to others. In this scenario, Zhang et al. and Kalita
et al. discussed various desalination methods driven by solar energy and
the difficulties allied with them [28, 29]. Shekarchi et al. discussed the var-
ious solar-driven desalination systems for off-grid greenhouses [30]. The
desalination approaches powered by solar energy are as shown in Figure
6.4. From Figure 6.4, it is inferred that solar desalination is categorized as
direct and in-direct solar desalination. In direct desalination, solar stills
and the humidification and dehumidification processes are identified
for producing potable water. Indirect solar desalination is a process of a

[ Solar Distillation System J

J\
Direct Distillation System ] [ In-Direct Distillation System ]
Solar Still { *
r—[ Membrane Based l [ Non-Membrane Based ]—
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Figure 6.4 Solar desalination processes.
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desalination system equipped with a solar thermal/PV collector to gen-
erate heat or electricity for its operation. The primary focus of the current
chapter is to discuss the process of solar thermal desalination.

6.4.1 Solar Thermal Desalination

Thermal desalination is a process that works on the principle identical to
the natural hydrological cycle. The representation of the hydrological cycle
is shown in Figure 6.5. It is observed from Figure 6.5, that the water from
the Earth’s surface evaporates by the action of heat energy from the sun.
The generated vapors rise to the cloud and then condense as tiny drop-
lets in clouds. These clouds start precipitation when they come in contact
with cold winds and send the water to the earth’s surface as rain [31-33].
In solar thermal desalination, the evaporator absorbs the incoming solar
radiation from the sun and heats the seawater, thereby water vapors are
formed. The water vapors then rise towards the condenser due to den-
sity differences. These vapors on the condenser slightly condense and the
condensed water is collected as distillate (potable water). The desalination
systems that follow the principle of solar thermal desalination are mainly
direct solar desalination systems and indirect solar desalination systems
(non — membrane processes) such as MSE, MED, VC, FD, AD, and NVC.

Condensation “\i/.
i

i

Precipitation Evaporation

Sun Rays

Figure 6.5 Schematic representation of the hydrological cycle.
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6.5 Solar Still

The solar still is one of the basic thermal desalination approaches with a
lesser number of components that are easy to design, assemble, and oper-
ate with low investment and maintenance. Also, the environmental effects
are very low in the solar still compared to other desalination systems.
However, the productivity of drinking water from solar stills is very low at
about only 2 to 3 L/d/m?. The yield of a solar still is the primary interest for
researchers working on solar stills and many approaches, such as geometry
modification of solar still, the inclusion of energy storage, integrating the
fins to the absorber basin, attaching reflectors, using wicks, and other nat-
ural fibers in the absorber, are evolving for augmenting the potable water
generation of solar stills. The schematic and principle of working of the
solar still are shown in Figure 6.6.

It is observed that from Figure 6.6. that the irradiance falls on the glass
cover and the maximum thermal energy is transmitted into the solar still.
The transmitted energy then gets absorbed by the absorber basin consist-
ing of saline water. The heat energy gained by the absorber increases the
saline water temperature in the basin. The upper surface of the heated water
tends to evaporate as vapors due to density difference. The vapors reach the
inner surface of the glass cover and release the heat at the condensing sur-
face. Thus, the vapors on the inner glass surface are condensed at the inner
glass cover due to temperature difference and the condensed distillate slide
over the inclined glass surface to the potable water collector [34].

Condensate
\} \
5=
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Evaporation of Water =3
Absorbent B Distillate

= output

Basin

Figure 6.6 Schematic of solar still with working principle.
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6.5.1 Categorization of Solar Stills

The yield of solar stills is comparatively low and it is further improved by
extra inclusions to the system and modifications to the design of the solar
still. There are many modifications in solar stills, but they are mainly clas-
sified into two types: (a) Passive Solar Stills and (b) Active Solar Stills. The
complete classification is shown in Figure 6.7.
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6.5.1.1 Passive Solar Still

It is the basic type of solar still with no extra equipment for heating the
feedwater, e.g., solar still with energy storage, fins, etc.

6.5.1.2  Active Solar Still

It is the type of solar still with integrated equipment for heating the feedwa-
ter before sending the water into the solar still, e.g., solar still with heaters
or with flat plate collectors, etc.

6.5.2 Pros and Cons of Solar Still

The benefits of passive solar stills are:

1. Low capital cost
2. Easy to design, develop, operate
3. Maintenance is less

The limitations of passive solar stills are:

1. Low efficiency
2. Not suitable for mass production

The benefits of active solar stills are:

1. Low-cost production of water
2. Suitable for huge yield of drinking water
3. Maintenance is less

The limitations of active solar still are:

1. High investment
2. Additional power is required for operation

In the context of productivity enhancement in passive solar still,
Vishwanath Kumar et al. studied the different types of designs developed
for solar stills with their pros and cons to select an appropriate design for
better productivity. Also given are recommendations for the economic sus-
tainability of the solar desalination process [35]. Abujazar et al. and Selvaraj
et al. discussed the environmental, operational, and design parameters and
their impact on the yield of solar desalination [36, 37]. Manchanda et al.
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and Manokar et al. conferred several developments and factors affect-
ing the productivity of passive and active solar desalination systems [34,
38, 39]. Kabeel et al. reviewed various heat exchange materials and their
influence on the productivity of the desalination process and suggested
future developments with some limitations [40]. Manokar et al. reviewed
the hybrid solar photovoltaic and thermal powered desalination systems
for better productivity. They also discussed several parameters influencing
the yield and condensation rate of active solar stills [41, 42]. Shukla et al.
discussed the various latent heat storage mechanisms that tend to the eco-
nomic sustainability of the system to produce potable water [43]. Kabeel
et al. reviewed the developments in inclined solar desalination system
design that lead to an enhancement of solar still yield and suggested a few
recommendations for future developments in solar stills [44]. Abdulateef
et al. [45] reviewed various geometries and designs of fins associated with
desalination processes to enhance the energy storage that tends to the effi-
cacy of the respective desalination unit. Harris Samuel et al. discussed the
enhancement of solar still enhancement with respect to increasing surface
area of water [46]. The above literature survey conveys that there is no
combined review on the geometric modifications, thermal energy storage
materials, fins, and wick materials, for extensive heat transfer that leads
to productivity enhancement in desalination. In this aspect, the current
chapter discusses the various methods for ameliorating the productivity of
passive solar stills. Also, the authors elucidated some suggestions for future
research on solar stills.

6.6 Methods to Augment the Potable Water Yield
in Passive Solar Still

The freshwater yield of the passive solar still is increased by various
approaches such as:

a) Incorporating Thermal Energy Storage
b) Integrating fins to the absorber

¢) Inclusion of wicks and natural fibres
d) Moditying the geometry of solar still

6.6.1 Incorporating Thermal Energy Storage

The distillate yield of a solar still is augmented by making the system work
for more operating hours. This can be accomplished by incorporating
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the energy storage materials that contribute to the system to work in the
absence or less availability of solar radiation. Thermal energy storage is of
two types:

1. Sensible Heat
2. Latent Heat

6.6.1.1 Sensible Heat Energy Storage (SHES)

The heat stored in an object due to its temperature without causing a state
change is called Sensible Heat and the entire system is called Sensible Heat
Energy Storage.

In the research of solar stills with SHES, Tabrizi and Sharak investigated
the performance of a solar desalination system with sand. The investigation
reported that there was a productivity of 12% after sunset due to energy
storage. Also, the heat reservoir addition in the solar desalination system
alters the economy by 10% compared to CSS [47]. Murugavel et al. studied
the two-slope solar desalination system with energy storage systems such
as quartzite rock, iron scrap, red brick pieces, washed stones, and cement
concrete pieces with various dimensions for enhancing productivity. The
results of the investigation reported that %-inch quartzite rock had better
productivity relative to other materials [48]. Patel and Kumar examined
the performance of three solar stills such as CSS, solar still with thermic oil,
and solar still with augmented frontal height. It was reported that the rise
in water - glass temperature lead to enhancement in productivity. The pro-
ductivity at 2 cm water depth was increased by 11.24% and 23% for a solar
still containing thermic oil and with increased frontal height, respectively,
relative to CSS [49]. Arjunan et al. examined the influence of pebbles as
energy storage. It was stated that there was an enhancement of 9.5% in yield
relative to CSS [50]. Riahi et al. studied the triangular type solar desalina-
tion systems with translucent polythene film as a cover and trough made
of stainless steel as a basin, as shown in Figure 6.8. One solar still was filled
with black soil inside the basin and the other was coated with normal black
paint on the basin for analyzing the performance of each solar still. It was
perceived that the black-coated basin was more efficient when compared
to other configurations. The yield of the solar still with a black coated basin
was about 101% and 20% higher than the CSS and solar desalination sys-
tem with black soil in the basin, respectively [51]. Sellami et al. studied the
effect of Portland cement in powder and layer forms on the productivity of
solar stills. It was noted that 150 gm of powdered cement increased pro-
ductivity by about 51.14% in comparison with CSS. However, the layered
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Procuced portable water

Figure 6.8 Triangular solar still with energy storage [51].

cement had a good quality of distillate when compared to powder cement
[52]. Sreekanth and Rajesh studied the effect of aluminum and galvanized
iron (GI) sheets with sponges as storage materials. The results reported
that the productivity increased by 33% with Al sheets and productivity
increased by 30% with the GI sheet [53]. Deshmukh and Thombre assessed
the influence of Servotherm oil and sand as energy storage components on
the productivity of solar stills. It was seen that the stills with energy stor-
age gave higher productivity during nights. The productivity is augmented
with the rise in energy storage material and water mass [54].

Kabeel et al. examined the productivity enhancement of a solar still
comprising of sand knitted in jute cloth. The results reported that the mass
of sand and basin water depth influenced productivity. Also, the yield
of potable water at 0.02 m basin water depth was about 5.9 kg/m? for a
modified desalination system, whereas the yield was only 5.5 kg/m?* for
CSS [55]. Dumka et al. assessed the impact of jute covered plastic balls
on the freshwater generation of solar stills. The outcomes of the investiga-
tion conferred that the jute covered plastic balls enhanced productivity by
64% [56]. Dhivagar and Sundararaj investigated the solar still with coarse
aggregate for enhanced productivity. The results stated that the solar still
with coarse aggregate achieved productivity of 6.23 kg/m? and the CSS
attained productivity of 2.41 kg/m?* [57]. The experimental investigation
by Sathyamurthy et al. found that the solar still with the Fresnel lens and
SHES increased freshwater production when compared to CSS. There was
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a significant increase in productivity of 27% for a still with lenses and about
35% for a still with lenses and black stones as thermal energy storage [58].
Sakthivel and Arjunan investigated the working of a solar still with a cotton
cloth for improved yield. It was reported that productivity was enhanced
by 24.1% with cotton cloth [59]. Mohamed et al. assessed the impact of
basalt stones as porous absorbers on freshwater productivity. It was noticed
that the yield was enhanced by 19.81%, 27.86%, and 33.37% for a stone size
of 1 cm, 1.5 cm, and 2 cm, respectively [60]. Balachandran et al. analyzed
the working of a solar still with Gallus gallus domesticus cascara (Ggdc) for
enhancing productivity. It was found that the solar still with Ggdc attained
2.46 L/m?* distillate yield, whereas the CSS achieved only 2.07 L/m? yield
[61]. Panchal et al. inspected the effect of evacuated tubes and calcium
stones on the freshwater yield. The results of the investigation stated that
the yield of a solar still with evacuated tubes alone and a solar still with
evacuated tubes as well as calcium stones were increased by 113.52 % and
104.68% when compared with CSS [62].

6.6.1.2 Latent Heat Energy Storage (LHES)

The heat released or absorbed by a system during the constant temperature
process and heat recovery with a small temperature drop is called Latent
Heat and the entire energy storage system is called Latent Heat Energy
Storage.

In the investigations of LHES integrated solar stills, Radhwan observed
the operation of a five-stepped solar still with a coating of paraffin wax.
The outcomes conferred that the efficiency of a new solar still was 61%,
whereas the CSS had 57% efficacy. At the same time, the productivity
obtained was about 4.9 L/m* where the CSS had a freshwater yield of 4.6 L/
m?* [63]. The numerical studies by El-Sebaii et al. [64] on the single basin
solar desalination system with stearic acid (PCM) as thermal energy stor-
age depicted that the increased mass of stearic acid leads to a decrease in
performance during hours of daylight as well as an increase in the hours
of nocturnal performance. On a particular summer day, the yield obtained
from the solar desalination system with 3.3 cm stearic acid as PCM is 9.005
kg/m?* day, whereas the yield obtained from the CSS is of 4.998 kg/m? day
[64]. Dasthban et al. evaluated the cascade solar desalination system with
paraffin wax (PCM) as an energy storage system for its better productiv-
ity. The investigation showed that the desalination system with PCM had
31% greater productivity compared to the desalination system without
PCM. The overall efficacy of the desalination system with phase change
material was 61%, whereas the overall efficacy of the desalination system
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Figure 6.9 Hemispherical basin solar still with PCM loaded balls [66].

without phase change material was 47% [65]. The experimental analysis
by Arun Kumar ef al. [66] on the hemispherical basin solar still (as shown
in Figure 6.9) integrated with paraffin wax enclosed in the specially made
28 mm diameter and 1.2 mm thickness black coated copper balls, resulted
in potable water productivity of 4460 ml/m?*/day, whereas the CSS had a
productivity of 3520 ml/m?/day. The experimental analysis by Gugulothu
et al. examined a solar still with several LHES materials and the outcomes
reported that the solar still with Sodium Sulphate and Magnesium Sulphate
Heptahydrate had better productivity compared to other materials [67,
68]. The experimental investigation by Sathyamurthy et al. [69] on the
modified solar desalination system with integrated PCM that separates the
evaporation chamber and condensation chamber gave a 52% greater yield
than the CSS. Shalaby et al. experimented and investigated the impact of
a V-Shaped corrugated absorber plate (as shown in Figure 6.10) on a solar
desalination system with and without PCM and a combination of PCM
with a wick. The potable water productivity of a solar desalination system
with PCM was 12% and 11.7% greater than that of the CSS and desalina-
tion system having phase change material and a wick [70].

The experimental analysis by Kabeel et al. on the improved pyramid
solar desalination system with a V-type corrugated absorber and PCM
showed that the potable water yielded from the modified desalination
system was 6.6 L/m* per day, whereas the productivity of CSS was 3.5
L/m?day. The efficacy of a modified solar desalination system increased
by 87.4% [71]. The comparative study between nanoparticles integrated
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Figure 6.10 Solar desalination system with V-shaped corrugated absorber plate and
energy storage [70].

PCM and normal PCM in the solar desalination system inferred that the
desalination system with CuO nanoparticles integrated into PCM had a
better productivity of about 35% compared to the desalination system
with PCM. The yield obtained from the former desalination system is 2.64
kg/0.5 m? whereas the yield from the latter desalination system is 1.96
kg/0.5 m? [72]. The experimental investigation on the CSS modified with
the incorporation of flake graphite nanoparticles (FGN), paraffin wax,
and film cooling resulted that the solar desalination system with FGN,
paraffin wax, and film cooling had the better efficacy. The increase in the
productivity of the desalination system with FGN, desalination system
with paraffin wax and FGN, desalination system with film cooling and
FGN, and desalination system with FGN, paraffin wax, and film cooling
were about 50.28%, 65%, 56.15%, 73.8%, respectively, when compared to
CSS. The higher productivity rates are due to higher water temperatures,
high saturated vapour pressure, and maximum water-glass temperatures
caused by the action of FGN and paraffin wax, FGN, and film cooling,
respectively [73]. The theoretical research by Kabeel et al. on the different
phase change materials on CSS resulted that the organic phase change
material A48 with a melting temperature of 48°C had the highest pro-
ductivity with a 92% increase compared to CSS with less environmental
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impact. Also, it was found that the thickness of PCM does not impact the
yield of a solar still [74]. The experimental study by Kabeel et al. on the
modified solar desalination system integrated with hybrid PCM (paraffin
wax and graphite nanoparticles) resulted in productivity improvement.
The productivity of a modified solar desalination system was about 7.123
1/m? for 0%, 7.475 1/m? for 5%, 7.937 1/m?* for 10%, 8.249 1/m* for 15%, and
8.52 1/m*day for 20% graphite nanoparticles mass composition in PCM,
whereas the CSS had only 4.38 I/m?* The efficacy of a new solar still was
about 51.41% for 0%, 54.94% for 5%, 59.2% for 10%, 62.38% for 15%,
and 65.13% for 20% graphite nanoparticles mass compositions, whereas
the CSS had only 32.257% efficacy [75]. Satish et al. examined the influ-
ence of fins and phase change material (PCM) on the yield. It was noted
that the efficacy of solar stills with fins and PCM was 44%. Besides, the
efficiency of CSS and a finned solar still were 23% and 36%, respectively.
The productivity of the system relies upon the basin water level, hence,
the productivity of the finned desalination system is 68%, 58%, and 54%
with 2cm, 3cm, and 4cm basin water levels, respectively [76]. Cheng et al.
explored the impact of shape stabilized PCM on the performance of a
solar still. It was observed that productivity was augmented by 43.3% rela-
tive to CSS. The simulated results for the same setup showed an increase of
42% - 53% when compared with CSS [77]. Yousef and Hassen studied the
complete working of a solar still with PCM, pin fins (PF), and steel wool
fibers (SWF) for improved yield. It was noticed that the energy efficacy of
a solar still with PCM, PCM-PE, PCM-SWE, SWE, and PF was enhanced
by 5%, 7%, 9%, 28%, and 15%, respectively [78]. Kabeel et al. evaluated
the impact of composite PCM on the productivity of a desalination sys-
tem. It was noticed that the solar still with black gravel PCM composure
achieved a 37.55% rise in yield relative to a solar still with only PCM [79].
Ghadamgahi et al. observed the influence of PCM in several thicknesses
such as 0 cm, 2.5 cm, and 5 cm on productivity. The results inferred that
the solar still with 2.5 cm thickness of PCM had an efliciency of 53%,
whereas the system with 0 cm and 5 cm PCM thickness had efficiencies of
38% and 32%, respectively [80]. Dumka and Mishra inspected the work-
ing of solar stills with wax-filled metallic finned cups. It was observed
that the efficacy of a solar still with PCM was augmented by 24.64% [81].
Malik et al. evaluated the impact of paraffin with multi-objective opti-
mization for better performance of a weir type solar still. It was found
that the optimum mass of PCM was about 1kg and the annual water yield
increases by 4.35% when compared with the non-optimized system [82].
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6.6.2 Integrating Fins to the Absorber

The productivity of the desalination increased through a rise in the heat
transfer rate, which was achieved by integrating the fins under the absorb-
ing plate. The following literature on recent research gives an overview of
the shape, size, configuration, and material of fins used.

Velmurugan and Deenadayalan investigated the process of desali-
nating industrial effluent by using a solar still with fins at the basin, as
shown in Figure 6.11. It was noted that the yield of finned solar still was
improved. Initially, a chamber consisting of pebbles, sand, and coal was
arranged that settles the effluent and removes the microbes from the efflu-
ent before sending it to the solar still. Sand, black rubber, sponges, and
pebbles were also employed in the basin to augment the potable water
yield. The analysis showed that the finned solar still with the sand sponge,
sand, pebbles, sponge, and black rubber improved the distillate yield by
74%, 66%, 67% 68%, and 56%, respectively, whereas the solar still with
only fins increased the distillate yield by 52% when compared with CSS
[83]. Experimental analysis on the solar still with various modifications
such as a sponge, wick, and fins proved that the freshwater production
in the desalination system with fins was greater than the other configu-
rations of solar stills. The enhancement in the yield of the solar still with
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Figure 6.11 Solar still with fins [83].
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fins was about 45.5%, which was greater when compared with the solar
still with a sponge, wick, and CSS [84].

Srivastava and Agarwal investigated the modified solar desalination
system with porous fins for better productivity. The porous fins were
made of a black cotton cloth that partially dipped in the water and the
rest are extended above the water’s surface. It was found that the modified
still increased productivity by 56% during day times and increased 48%
of overall yield when compared with the productivity of CSS in February.
Besides this, the modified still increased productivity by 23% during day
times and overall yield was enhanced by 15% when compared with the
CSS in May [85]. Omara et al. investigated the solar still by integrating
the fins and the corrugated plate depicted and determined that there was
an increase in productivity by 40% with fins and 21% with the corrugated
plate when compared with the productivity of CSS [86]. The experimen-
tal investigation of the modified solar desalination system with pin fins
adhered to the absorber plate reported that there was an increased pro-
ductivity of 12% compared to CSS without any pin fins [87]. An experi-
mental investigation by El-Sebaii on the influence of fin configuration in
an improved solar desalination system confers that there was an increase
in productivity due to fin integration. At an optimal condition with seven
fins of 0.04m height, 0.001m thickness, and mass of water of about 40kg
given, the productivity is 5.377kg/m* day, which is 13.7% greater than
CSS [88]. The exploratory study of the modified solar desalination system
with pin fins evidenced that there was a 23% increase in productivity and
a 55% increase in efficacy compared to CSS. Variations in insolation lim-
ited the enhancement of productivity to 11.53% while using wick surface
[89]. Rajasreenivasan et al. studied the solar still with round and square
fins for better yield. It showed that the increase in productivity was 26.3%
for round and 36.7% for square contoured fins. When the wick materials
wrapped over the fins, the productivity altered to 36% and 45.8% for round
and square contoured fins, respectively [90]. El-Sebaii et al. observed the
influence of finned absorber basins made of various materials such as iron,
aluminum, glass, copper, mica, and brass on the performance of solar stills.
It was reported that there was no influence from the fin material on pro-
ductivity. The modified solar still had an improvement in potable water
productivity by 24% and 19% in the summer and winter seasons, respec-
tively. The cost of water production was less with glass and mica fins when
compared to copper fins. As there was no significant impact of material on
productivity, the usage of glass and mica fins was recommended due to a
reduction in corrosion issues when used in salt water [91]. Jani and Modi
examined the influence of circular and square hollow fins on productivity.
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It was found that the solar still with circular fins achieved more yield than
the setup with square fins [92]. Suraparaju and Natarajan explored the
impact of a solid and hollow bottom finned absorber inserted PCM bed on
the yield of potable water. It was observed from the results that the hollow
finned absorber basin showed better performance when compared to CSS
and a solid finned absorber basin due to more heat transfer through hollow
structures [93-95].

6.6.3 Inclusion of Wicks & Natural Fibres

The potable water yield was augmented by increasing the surface area
for evaporation, which was achieved by the inclusion of fibers and
wick materials in the absorber basin. The following literature on recent
research gives an overview of various wicks and natural fibers used in the
absorber.

An experimental study by Murugavel and Srithar on various wicks such
as light cotton cloth, cotton pieces, sponge sheet, and coir mat in a basin
(as represented in Figure 6.12) with minimum water depth reported that
the light cotton cloth had better productivity compared to other mate-
rials. In further studies, it was noted that the solar still with aluminum
fins arranged lengthwise and enclosed by black cotton cloth gave much
better productivity than light cotton cloth [96]. An experimental study by
Hansen et al. with various wick materials with water coral fleece depicted
that the modified solar still had better productivity. Further, the water coral
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fleece fabric with three absorber plates (flat plate, wire mesh, and stepped
absorber) resulted in a 71.2% and 48.9% increase in productivity in a solar
still comprising of a stepped wire mesh absorber with a flat absorber and
stepped absorber compared to CSS. The maximum productivity obtained
was 4.28 1/day by using a weir mesh-stepped absorber plate with water
coral fleece [97]. An innovative vertical rotating wick design modifica-
tion for CSS by Haddad et al. increased the productivity of distillate up
to 14.72% during summer and 51% during winter. Besides, the average
efficiency of the altered solar still was enhanced by about 19% compared
to CSS [98]. Sharon et al. observed the influence of wick on the tilted solar
still for enhancing yield. It was clear that the pure water productivity of a
tilted solar still with the wick was augmented by 19.76% when compared
with a normal tilted solar still [99].

Rashidi et al. explored the impact of reticular porous media on freshwa-
ter productivity in a solar desalination system. The results showed that the
new solar still had a 17.35% improvement in productivity [100]. Modi and
Modi analyzed the impact of wick materials on the effectiveness of solar
stills. It was observed that the productivity of a modified solar still was aug-
mented by 18.03% and 21.46% for 1 cm water depth and 2 cm water depth
relative to CSS [101]. Modi and Modi explored the impact of jute cloth on
the output of a solar still. It was seen that there was increased output in the
modified solar still by 1.93%, 21.12%, and 23.71% on 3 respective testing
days [102]. Suraparaju and Natarajan studied the influence of ridge gourd
natural fiber on the effective working of the solar still. The outcomes of the
investigation reported that productivity was decreased due to the inclusion
of more fibers in the absorber basin [103].

6.6.4 Modifying the Geometry of Solar Still

A different variety of geometric modifications were used for the enhance-
ment of distillate water. The various geometry modifications adopted by
researchers for enhancing the productivity were as follows:

i.  Weir Type Cascade Solar Still [104]
ii.  Solar Still with Baffles [105]

iii. Shallow Basin [106]

iv. Inverted Absorber Still [107]

v.  Hemispherical Solar Still [108]

vi. Stepped Solar Still [109]

vii. Tubular Solar Still [110]
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viii. Pyramid Solar Still [111, 112]

ix. Conical Solar Still [113]

X. Multiple Effect Diffusion Solar Still [114]
xi. Solar Still with Mechanical Tracker [115]
xii. Multi-Stage Solar Stills [116]

xiii. Bubble Basin Solar Still [117]

xiv. Vertical Solar Still [118]

6.7 Factors Affecting the Rate of Productivity

The main factors influencing the productivity of the desalination system
are categorized into three types:

1. Environmental Factors
2. Design Factors
3. Operational Factors

6.7.1 Environmental Factors

Several environmental factors influencing the productivity of desalination
were insolation, ambient temperature, and wind speed. Higher solar radi-
ation causes a raise in system temperatures that lead to higher evaporation
rates. Increased evaporation leads to improved productivity from the solar
still. The yield rate was adversely affected by an increase in wind speed.
The solar still performance was decreased by 13% when wind velocity was
raised from 1 to 9 m/s. The impact of ambient temperature on the perfor-
mance of solar stills was up to 8% [119].

6.7.2 Design Factors

Several design factors impacting the productivity of desalination include
solar desalination system type and materials in the construction of the
desalination system, glass cover, the material used for absorber plate and
its coating, thermal energy storage materials, fins materials, and design
used to augment the heat transfer rate and insulation thickness and mate-
rial used for insulation. The cover material, thickness, and inclination play
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a big role in distillate enhancement in the solar still. The cover material
should be either plastic or glass. However, glass is preferred due to high
transmittance and the thickness should be a minimum to achieve high
transmittance. The absorber materials should be highly thermally conduc-
tive and the coating for the absorber should be carefully chosen so that it
does not mix with water during the process of desalination. Besides this,
the selection of insulation was also a significant factor. The performance of
a solar still was increased up to 80% when a proper insulation material was
selected. Also, design modifications of a solar still, the inclusion of energy
storage, and use of nanoparticles, wicks, and natural fibers in the system
would lead to enhanced productivity [119].

6.7.3 Operational Factors

The operational factors influencing the distillate of a solar still were basin
water depth, water and glass temperatures, glass—atmospheric tempera-
ture difference, and glass-water temperature difference. The surge in the
water-glass temperature difference leads to improved yield from the solar
still due to enhanced air mass circulation inside the still. The water mass
in the basin adversely influences productivity. It was noticed that higher
water depths lead to decreased yield from a solar still. Nevertheless, it was
advised to maintain constant and minimum water depth throughout the
investigation for better results [119].

6.8 Corollary on Productivity Enhancement Methods

The utilization of thermal energy storage (TES), fins, wicks, and other
geometry to augment the yield in solar stills became predominant in the
early 2000s. The incorporation of TES with fins had greater productivity
compared to the productivity of individual integration of thermal energy
storage and/or fins. Also, the inclusion of natural fibers and wicks made
the solar still economical with better enhancement in yield. The geometric
modifications also significantly augment the distillate production in solar
stills. A summary of the various approaches that are being employed for
augmenting the distillate yield in solar stills was tabulated in Table 6.1.
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6.9 Conclusions and Future Recommendations

Desalination is the primary necessity in the current scenario to meet fresh-
water demand and inhibit the forthcoming water scarcity jeopardy. The
researchers are striving hard to develop a novel, feasible, and viable desali-
nation system with low energy consumption. Nevertheless, the process of
desalination with solar stills is an economic and low energy consuming
approach among the various thermal desalination processes available. The
only concern with the solar still is its low efficiency and less yield, which
was not suitable for large-scale requirements. The technology of solar stills
is well advanced and many endeavors are being made to make the solar still
sustainable and efficient. In this chapter, the basics and types of desalina-
tion, the concept of a solar still, and various methods of ameliorating pro-
ductivity have been elucidated elaborately with proper schematic diagrams.
The concept of solar stills with the incorporation of thermal energy stor-
age, fins, wicks, natural fibers, and several design modifications has been
the trending research in the past two decades. The main aim of deploying
the energy storage into the solar still is to increase the operating hours by
harnessing more energy, which also helps to maintain the system operate
in cloudy and non-sunshine hours. In the context of energy storage materi-
als, the phase change materials are more capable of energy depositing than
the sensible heat storage materials. The combination of paraffin wax with
nanoparticles is the current trend to increase energy storage capabilities,
which helps in augmenting the productivity of solar stills. Besides energy
storage, the incorporation of fins to the absorber basin and a combination
of energy storage and fins could support the enhancement of productivity
in the solar still. In the research of fins, it has been proven that the hollow
fins are more effective than the solid fins with more heat transfer capa-
bilities. The mixture of PCM with nanoparticles and incorporation of the
mixture into hollow fins could take energy harnessing to the next level
where the productivity will be augmented enormously. The selection of
materials should be economical and environmentally friendly and should
not alter the purity of the distillate when the material is mixed in the basin
water. The design of the desalination system should be in such a way that
it gives maximum productivity by reducing the effect of all influencing
parameters. The exclusive research on TES materials could help in achiev-
ing greater efliciencies and more working hours of desalination systems.
The extensive research on the geometry of fins could help in increasing
the heat transfer rate that leads to an increase in productivity. The research
on the wick materials could be the topic of interest in upcoming research.
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Also, the inclusion of natural fibers in the absorber basin for better evap-
oration could be a better choice for solar stills, which makes the process
more viable as the natural fibers are available at a very low cost and are
reusable. The insights of this chapter will give the researchers a thorough
cognition of passive solar still technologies and enable the readers to do
detailed and profound research in the field of solar desalination approaches
which would be helpful for people across the world to access pure drinking
water at ease.
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Abstract

To sustain the enhanced power flow through the transmission network due to
grid integrated large wind farms, series capacitors are incorporated with the long
transmission line, which can introduce power oscillation in the system due to
Subsynchronous Resonance (SSR). This SSR can largely affect the stability of the
system, which may result in shaft failure, hence an analysis is required to study the
development of these unstable oscillations. The main focus of this chapter is to ana-
lyze the power oscillations due to SSR on grid connected Wind Energy Conversion
Systems (WECS) with Doubly Fed Induction Generator (DFIG) machines due to
the series compensation of the line. The chapter discusses the mathematical mod-
eling of the grid connected DFIG based WECS and the SSR analysis under vary-
ing conditions of wind speed and capacitor compensation levels. The analysis of
SSR on the proposed model is carried out in three different methods: Eigenvalue,
analysis in time domain using MATLAB/SIMULINK, and by implementing a pro-
totype model of WECs in the laboratory. For this purpose, the complete system is
modeled in state space. To damp the SSR Oscillations (SSRO) and active-reactive
power control for grid synchronization, a dual purpose converter controller for
the Rotor side converter (RSC) of DFIG is explained in detail in this chapter.
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line, subsynchronous resonance, torsional interactions, double fed induction
generator, wind energy conversion systems, rotor side converter
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7.1 Introduction

The power transmission between the grid and large wind farms (WF) is
one of the essential factors in the increasing energy demand. The intercon-
nection between the grid and WF faces a lot of stability issues [1]. As the
WFs are established at distant places from the grid, it is more important to
install a longer high-powered transmission network for grid connection.
Erection of a new long transmission line is not advisable for increasing the
power flow capacity. Hence, the enhancement of an already installed trans-
mission network is a well-known alternative. One of the positive solutions
for the high transmission capacity is to incorporate series capacitors in the
line. The addition of series capacitors decreases the inductive reactance
(X,,.) of the lengthier line. Hence, the power in the line that is inversely
proportional to X, _increases and this supports the system reactive power
requirement. However, this added capacitor reactance can resonate with
the line reactance. This results in the occurrence of oscillations in the
power system, known as SSR fluctuations [2-4]. The resonance frequency
of the system displayed in Figure 7.1 is given by Equation (7.1).

X

er = Jsil <~ . 7.1
Jor=1 X, + X, + Xy, 7.1)

where fe B fs are electrical resonance and system frequency, X, X_are trans-
mission line inductive and series capacitive reactance, respectively, X, Xsys
are transformer inductive reactance and the system reactance, respectively,
and R is resistance of the line.

The natural frequency or Subsynchronous frequency due to the SSR
phenomenon is given in Equation (7.2).

f;ub =f; _f:er (72)

Generator Xr
R XL Xc sys

Figure 7.1 Grid connected electrical network.
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This SSR phenomenon of resonance may lead to various power sys-
tem issues, such as electrical torque oscillations, power oscillations, sys-
tem instability, turbine-generator shaft fatigue, etc. This is categorized as
Torsional Interactions (TI) , Induction Generator Effect (IGE), and Torque
Amplification (TA) [5]. IGE is initiated by the self-excitation of the elec-
trical network of the generator. TT includes both electrical and mechanical
system dynamics, where the mechanical frequency (f ) given in Equation
(7.3) coincides with the SSR frequency (f,).

1 [K
=— [—= 7.3
fn e\ feub (7.3)

where m is the mass and K is the spring constant of the mechanical system.
Severe oscillations due to SSR can cause shaft failure, hence this study is
very important for grid integrated WECs.

Among many WECs topologies, the DFIG based WECs are preferred.
The advantages of the DFIG include reduced converter size with the use
of partial rated converter and injection of surplus power under high wind
speed conditions. This chapter focuses on the analysis of SSR in series com-
pensated DFIG based WECs for varying wind speed and compensation
levels. The complete system is represented by linear differential equations
emphasizing on the construction of the precise model of the system along
with the Rotor Side Converter (RSC) and Grid Side Converter (GSC)
model for the dynamic analysis. After developing the system model, the
analysis is carried out in three different methods:

 Eigenvalue Analysis
« Time Domain Analysis
« Deploying Hardware Prototype

Various torsional oscillation modes can be identified by conducting
modal analysis in the mathematical model of the system and their stability
can be analyzed using the Eigenvalue method [6]. Under different operat-
ing conditions, some of the oscillating modes become unstable and have to
be damped out. In conventional control methods, separate SSRO damping
controllers are implemented along with the already existing controller in
the WECs. In the case of DFIG based systems, the DFIG is already embed-
ded with their own RSC-GSC controller, which is unavoidable for grid syn-
chronization. In order to accommodate all the system requirements and
maintain stability, an efficient single controller can be developed for the
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normal system operations, as well as SSR damping. This chapter explains
a method to damp the SSRO due to capacitor compensated long trans-
mission lines commonly required in windfarm integration, using the
existing back to back converters of DFIG. The proposed control method
eliminates the usage of an additional SSR Damping Controller (SSRDC).
Conventionally, linear controllers like PI controllers are employed for the
effective converter control of DFIG. As the operating conditions are chang-
ing drastically, the conventional linear controllers are to be retuned for bet-
ter damping. Therefore, a real time control is essential.

The converter control design on the rotor side is made by using fuzzy
logic technique, which is capable of damping out the oscillations effectively
without the use of a separate SSRDC. Also, this control reduces the num-
ber of PI controllers used in RSC control. The chapter explains a laboratory
hardware prototype model to explore the SSR phenomenon due to series
compensation in DFIG based windfarms. The prototype model developed
in the laboratory can demonstrate the stability of SSRO with changes in
wind speed and line compensation.

7.2 Literature Survey

A brief literature review on various issues in integrating large WFs to the
grid and their analysis is discussed here. Grid integration of large WFs using
capacitive compensated long line can cause SSRO in the system. The prob-
lems of SSR are first noticed after the incident at the Mohave Generating
Station and this initiated the studies on SSR [7]. Basic problems due to SSR
are reported by a committee deputed by IEEE [8, 9] and found that SSR is
mainly due to line capacitive compensation. Numerous studies are con-
ducted to analyze the SSR occurrence in grid integrated WECs [10-13].
SSR can cause different effects on the system like TI, IGE, and TA. These
effects are thoroughly studied and reported in [14, 15]. In WECs, the main
component is a Wind Turbine Generator (WTG) which transforms wind
energy into electrical energy. Among various wind generators, DFIG is the
most efficient and effective type because of the requirement of low power
rated converters, injection of surplus power under high wind speed condi-
tions, etc. [16]. System modelling for SSR analysis was reported in several
papers [17-19], but they fail to address DFIG’s converter dynamics. The
converters are kept as a constant voltage source model and ideal assuming
constant DC link voltage.

The individual components modellings in state space are explained in
detail in [20]. Different approaches are used to analyze stabilty such as the
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Eigenvalue method, Frequency Scanning Method (FSM), etc. [21]. The
FSM is generally adopted for transient SSR [22, 23]. Among all the meth-
ods, the Eigenvalue method is a common approach for the stability study.
In [20, 24], the stability of different oscillating modes is analyzed by the
Eigenvalue approach. As the operating conditions changes, some modes of
frequencies can go to unstable conditions which can cause a shaft failure.

There are different control tactics that are implemented for hindering
the functions. The various FACTS controllers with advanced control strate-
gies are used for damping out the SSRO [25-27]. These FACTS devices can
lead to internal resonance in the electrical system and aggregate the SSRO
[27-29]. The series FACTS controllers require an additional control signal
to limit the resonant conditions when the percentage of series compensa-
tion level varies. Hence, in [30] a supplementary controller is developed
for a series FACTS controller for limiting SSRO along with the DFIG’s own
controllers. This can cause controller interactions, which can cause increas-
ing SSRO due to negative damping. This can be avoided by using a single
controller to meet both requirements. Commonly used controllers for this
application are linear controllers [31]. Under drastic changes, the operating
conditions and the performance of these controllers is poor. The adaptive
controllers are also suggested for these dynamic changes in the operating
conditions [32]. In [33, 34], RSC itself is utilized for damping SSRO. The
damping of SSRO is achieved by introducing a supplementary control
loop by controlling the capacitor voltage (V__. ). The signal V____is found
to be a faraway signal at the RSC side and introduces a delayed response.
Converters of DFIG itself can be utilized for SSRDC [35].

The main focus of this chapter is to explain a suitable mathematical
model for the SSR analysis in the grid connected large WFs. The effect of
variation in wind velocity and the changes in the level of capacitor com-
pensation given to the transmission line on instability of SSR oscillations
is studied in this chapter. The chapter also explains the novel design of
an effective controller for SSR damping and the development of a scaled
down hardware prototype setup of the proposed scheme for the SSR anal-
ysis [36, 37].

7.3 DFIG Based Grid Integrated WECs

The schematic of a grid integrated wind generation scheme using DFIG
is presented in Figure 7.2. The system consists of a 2MW, 690V DFIG
based WTG with the long transmission line having a line reactance (X,)
of 0.5 p.u. The specifications of 2MW WTG are given in Appendix Al.
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Figure 7.2 Configuration of DFIG based WECs.

Table 7.1 2MW WTG operating conditions for given wind speed.

Wind speed Rotor speed in e ref in pu
m/s pu (u)g) Power in pu (P) (P/wg)

6 0.7 0.2 0.285

7 0.75 0.32 0.426

8 0.85 0.5 0.588

9 0.96 0.7 0.73

10 1.1 0.9 0.82

11 1.17 1.25 1.07

12 1.25 1.75 1.4

The subsystems of the proposed scheme under consideration are two mass
models of WT, DFIG, a grid connected compensated line, and RSC-GSC
with the controller. The controllers of RSC-GSC are tuned for grid syn-
chronization. Table 7.1 denotes the variations of maximum electric power
with respect to wind speed [20]. T, is the electromechanical torque devel-
oped in the WTG.

7.4 Modeling of System Components

All the components of the grid integrated wind farm are represented
by linear differential equations. State space equations are formulated by
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linearizing the equations about the operating conditions of wind speed and
line compensation. The detailed modelling of individual components are
given in the following sections.

7.4.1 Mechanical System

The mechanical system equations are linearized and represented in
state space form. The development of the mathematical model is briefly
explained in the following sections. The state space equation of the two
mass models of WT is given in Equation (7.4).

[th] = [Awt] [th] + [Bwt] [Umt] (7.4)

where X _, U _, A, and B represent the matrix of state variables, control
variables, system matrix, and control matrix, respectively, as given below:

(Xotl=[ o 5tg (O ]T&[th]=[ Ty Tom ]T

-D tg _th -D tg L 0 0
2], 2] 2], 2]
Ay = 1 0 -1 By = 0 0 0
Dy Ky Dy -
2], 2], 2], 2],

where w and w_ are the turbine and rotor speed, respectively. Wind torque
is represented by T_and generator torque is represented as T . The inertia
of the WT and generator is represented by J, ] . The damping coefficient of
the shaft section connecting between WT and the generator is represented
by D, . k and §,_are the torsional angle and stiffness coefficient between
the WT and generator.

7.4.2 DFIG
The state space equation of DFIG is given by Equation (7.5).

[XDFIG] =[Apric ] [Xprc ]+ [Borc] [Upkc] (7.5)
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The state and control matrices are specified by:

X 1 I, 1]°

DEIG _ Lids qs dr qr

U w V, Vqs vV, Vqr]T

DFIG — [ g

The DFIG's system and control matrix A and B are:

-R,mX, 0. X, X — X 0 + X Oy
—Xn+ X, X, X+ X, X
0, X, X — X 0 + X 0y -R®,X,
- X2+ X, X, —X,2+ X, X,
[ADFIG] =
—R.® X, OgoXmX,
X2 - X, X, X2 -X, X,
0, X, X —-R0.X,,
X2 XX, X2 — X, X,
R,0.X, W X X,
X’ =X, X, X+ X, X
00X m X, R,0,X,
X, 2+ XX, X2+ XX,
R, X X 05 — 0. X, X + g0 X, X
X2 =X, X, X =X, X
X 05 — 0,X, X, + 0 X, X, R0 X,
B X, - X, X, X, 2 - XX,
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XmZIqSO +XmIqr0 (Der
X + X, X, X + XX,
_ (DerXs - sz — + XmZIdSO 0
X +X,X,
[Borcl=
)(m>(quSO+XrXSIqm _ (DsXm
X — X, X, X’ =X, X,
XmeIdSO+XrXSIqro
— > 0
X, 2 - XX,
0, X,
0 S_tm 0
X2+ XX,
X 0 0Ky
— X + X X, X + X X,
0X,
0 e 0
X — X X,
B OX, 0 0O X
X2 = X, X, X + X, X,

where V,, V., V,, V. 1,11, 1, are dq voltage, current of stator, and

rotor, R, R, X, X are parameters of stator and rotor, X _ is stator-rotor
mutual inductive reactance, and w_ is the synchronous speed.

7.4.3 Transmission Network

State representation of the line is given by Equation (7.6).
[Xu]=[Ag][X4]+[Ba][Uy] (7.6)
State variables X, and control variables U, are given by

X, =M, I, V, VJ' & U;=[V, V_ V,, VI

Iq
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and system and control matrices are represented by:

R 1
R (Ds —_ 0 — 1 1 -
L L S0 —— 0
R 1 L L
o - 0 -7 1 1
[Atl] = [Btl] =0 T 0 S
; 0 0 0 L L
Cseries ) 0 0 0
0 1 —o, 0 | 0 0 0 0 |
L Cseries -
where , Ilq, Ve Vbq Ve ch are line current, grid voltage, and series capaci-

tor voltage in dq. C__ and L series are capacitor value and line inductance.

7.4.4 RSC - GSC Converter

The converters are connected to the remaining subsystems by the variables
(V:ze )V;S, V,»and V_.The correspo nding state equation is given in Equation
7.7).

[XBBC] = [ABBC] [XBBC] + [BBC] [UBBC]

—Rpgc o, Mg, 0 0
LRSC 2LRSC
- -M
_(Ds RRSC qr 0 0
Lgsc 2Lgsc
3M,, -1 —3M,,
[ABBC] =| =—& 0 0 —
2C4c CacRpc 2Cqc
0 0 Mdi RGSC _(0)5 _ th )
2LGSC LGSC
M. _
0 0 et —(0, - Xy) “Rase
L LGSC LGSC



SUBSYNCHRONOUS RESONANCE ISSUES IN WIND FARMS 227

LRlsc 0 0 0
0 LRISC 0 0
& [Basc]=| 0 0 0 0 (7.7)
]
0 0 Lesc |
_ 0 0 0 T |

where A, and B, . are the system and control matrix of RSC-GSC.

State and control variables of RSC-GSC are as follows:

X =[1 1 V. 1

dr qr dc dg qu

]T & UBBC = [Vdr Vqr 0 Vdg ng]T

where Vdg, ng 1 0 I , are AC terminals of GSC voltage and current. M w
Mqr, M, Mqi are moéulation indices of converters, C w1saDC link capaci-
tor, and Ry Rigor Liger L are resistance and inductance at AC terminals

GSC’> TRSC’ TGSC
of converters.

7.4.5 Integration of the Complete System

After building all individual linearized state space models of the subsys-
tems, they are interconnected together to formulate the entire system
model. The state model of the entire system is given in Equation (7.8).

[Xgye]=[Ags ] [Xgye ]+ [Beys 1 [Usye] (7.8)

where [X_]=[X X .X X

] T
ys shaft “ "DFIG “"tl “ "BBC

The complete system state variables are given in Equation (7.9).

= T
[XSYS] N [wt 6tg wg Ids Iqs Idr Iqr Ild Ilq \[cd ch Vdc Idg Iqq]
(7.9)
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Figure 7.3 Integrated system.

The control variables of the complete model are specified in Equation
(7.10).

[U ] = [Tw Vds Vqs Vdr Vqr Vbd Vbq Vdg ng]T (7 10)

sys

The complete system integration is given in Figure 7.3.
The complete system matrix is given by Equation (7.11).

A 0 0 0
0 A 0 0
[Ays]= pre (7.11)
0 0 Ay O
0 0 0 Agpe

The SSR effect of an entire model is analyzed in the next sections.

7.5 Analysis of Subsynchronous Resonance

The SSR is investigated by a) Eigenvalue approach and b) Time Domain
Simulation.

7.5.1 Analysis by Eigenvalue Method

This analysis outcomes a set of Eigenvalues through which the stability
of the system in small signal is analyzed. The system matrix explained in
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this chapter (A_ ) has a size of 14 x 14, as specified in Equation (7.11),
which results in 7 pairs of Eigenvalues. Eigenvalues are computed for vary-
ing wind speeds, series capacitor values of the transmission line, and stiff-
ness coefficient (K ) of the turbine-generator. By observing the sign of the
real part of the eigenvalues, the system stability can be analysed. Table 7.2a
shows the computed Eigenvalues for the varying wind velocities and K.
The capacitive compensation level is kept constant at 70%.

Table 7.2a indicates that the Eigenvalues A_, are not stable with low fre-
quency of operations and are known as tors1onal modes. The system moves
to more unstable conditions with the increase in wind speeds from 7 m/s to
9 m/s. From Table 2b, it is observed that the percentage compensation level
increases from 50% to 70%. Torsional modes with low frequency oscilla-
tions such as A |, ., are affected with varying compensation levels. A, ,
and A,  are considered to be electromechanical modes and non-oscillatory
modes, respectively. A , belongs to super-synchronous modes, which are
stable.

7.5.2 Time Domain Analysis

The individual subsystem models in state space format with RSC-GSC
controllers are combined together, as indicated in Figure 7.3, using
SIMULINK. The exhaustive SSR study on the entire system and its damp-
ing through RSC Fuzzy controller for different operating conditions are
analyzed.

7.5.2.1 DFIG Control Scheme

The main objective of utilizing DFIG’s own RSC-GSC converter controls is
that it provides active - reactive power compensation and grid synchroni-
zation along with the damping of SSR oscillations. Here, the SSR damping
is done through the converter control scheme of DFIG. In this chapter,
the design of two types of controllers is explained such as conventional
PI based RSC-GSC control and Fuzzy Logic based dynamic controllers
(FLC) for RSC. Since the system performance is largely dependent on the
dynamics of the system state variables, the adaptive nature of control is
required for the system. Hence, fuzzy based control is most suitable under
fast dynamic operating conditions. Detailed performance analysis with
these two types of controllers is carried out in the system for damping of
SSRO. The fuzzy based controller can damp SSR oscillations along with the
active-reactive power control of DFIG. In addition to that, it is employed
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for damping the torque fluctuations caused due to the addition of series
compensation.

7.5.2.2  Control Technique

Conventional controllers employed for RSC and GSC are linear controllers
like PI. The control using PI is found to be inefficient when the operating
conditions change quickly in the system because it requires retuning of the
controller gains. Hence, an FLC for RSC is proposed for effective control
which can adapt to the variations in the working conditions. The control
of GSC has a minimum effect on the electromagnetic torque, hence the
controller explained in this chapter focuses on the control of RSC alone,
which in turn reduces the conventional usage of more PI controllers. The
following section explains briefly the design of a controller suitable for SSR
damping.

7.5.2.3  Design of Dynamic Controller

Four independent PI controllers are employed for the control of RSC -
GSC. Figure 7.4 shows the basic control loops in which the torque oscil-
lations (T, ) and reactive power (Q,) are controlled by injecting V,, Vqr
into the rotor terminals of the DFIG. The regulation of torque and reactive
power is done as shown in Figure 7.4. The RSC controller processes the

Tem,act I Tdract
—_— — Pl |— —| P2 =
T
em,ref ld Vd/
r,ref
Iqr,ref
QSc,ref + PR3 [+ —|  plg =
v
qr
QSc/act [ —
| Loop 2, lqr,act
[T

Figure 7.4 RSC controller.
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error signals (between reference and actual values) suchas [T . -T I,
(Lrer = Liracd> [Qurer = Quuaedd kand [1 vt~ Lorac .J- Similarly, Figure 7.5 shows
the first and second loop of the GSC controller. PI controllers 5 to 8 at GSC
controls the DC link voltage (V, ) and stator voltage (V) by regulating the
GSC current (I I ) and Voltages (v, )

When the w1nd speed varies, the wmd reference torque (T ) also var-
ies as per the data of Table 7.1 and all the PI controllers are to ‘be retuned
manually for the effective damping of torque oscillations.

For the better dynamic control for PI, the fuzzy based controllers FLC B
and D are implemented instead of conventional controllers 2 and 4, respec-
tively, as in Figure 7.6. Later, the membership function of both FLCs are
combined and result in a single FLC (SFLC), as shown in Figure 7.7. The
membership signals of FLC B and D are given in Table 7.3. The input sig-
nals to FLC are the corrections required in rotor dq current. The two FLC
controllers are then changed to SFLC controllers, as shown in Figure 7.7.

Vidcact ‘Loop I
Igd,ref
—-@—- PI-5 |=+ — Pl-6 =
Vdc,ref Vv dg
Igd,actl
ng,ref
Vst ref _'©'_' PI-5 = \"_ )= P18 [ Vg
I ,[
VSl‘,act‘l gf],ac
Loop 2
Figure 7.5 GSC controller.
Loop 1
Temact Y1 Idrref FLC-
PI-1 —-O—- —
Temref 7 B Ve
R dract i
Y3 Iqrref
X4 FLc- | Y4
QSrref_'© PI3 ()— R
QSt,act ......._.,Iqr,acl‘lll —
Loop 2

Figure 7.6 RSC controller-PI (2 & 4 are replaced).
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Tem,acr l L ref
— —* PI-1|—
Tem,ref \
Idr,act ] = Var
FLC
lqr,ref
QSt,ref / — Vqr
—()— 56
OSt,act I lqEﬂCf ]

Figure 7.7 Fuzzy based RSC controller.

Table 7.3 Input and output signals of FLC B and D.

Input error signals to Output signals/
Replaced controllers/input membership
PI by FLC membership functions functions
PI_Z FLC_B 2 = Idr,ref - Idr,act YZ = ‘/:17
PI-4 FLC_D X4 = Iqr,ref B Iqr,act Y4 = ‘/qr

It is inferred from the analysis that the rest of the PI controllers, 1 and 3
gains are not sensitive to the wind speed variations and damping of torque
oscillations. Hence, they are not replaced with SFLC.

7.5.3 System Performance with the Proposed Technique

The analysis conducted for different wind velocities between 6 m/s to 12
m/s and the percentage level of capacitive compensation is varied between
0 and 90% and the results are discussed. Figure 7.8 illustrates the electro-
magnetic torque variations where the oscillations grow exponentially with-
out any control. With the RSC and GSC control, the torque oscillations
are reduced. The variation in torque for increasing compensation levels
at 7 m/s is described in Figure 7.9. It has been noticed that the amplitude
of torque oscillation rises with increasing capacitive compensation levels.
Due to the presence of the controller, the oscillations can be controlled.
The generating mode of DFIG indicates the negative torque.

Figure 7.10 indicates the comparison of system performance with SFLC
and PI controllers for a wind velocity change at 5 seconds. As per Table
7.1, the torque increases for an increase in wind speed. As the PI requires
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Figure 7.8 Variation of electromagnetic torque Oscillation (wind speed of 8 m/s, 50%
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Figure 7.9 Variation of electromagnetic torque (wind speed of 7 m/s).

retuning during the change in wind speed conditions, the response of PI
is not satisfactory at the initial portions. SFLC adapts the variations in the
wind velocities and offers a suitable result. Figure 7.11 describes the per-
formance of PI and SFLC controllers when the compensation is changed at
6 seconds. During fast dynamic conditions, the SFLC expresses improved
system performance more than the conventional PI controllers.
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Figure 7.10 Performance analysis-PI vs FLC (speed changes 7 m/s to 8m/s).
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Figure 7.11 Performance comparison FLC and PI_(change of compensation at
6 seconds).

7.6 Hardware Implementation

The development of a prototype of a 2 MW WECs with a set up to adjust
the compensation level and wind speed is discussed in this section. For
that, a 1.1 kW, 415V, 800 rpm DFIG coupled with a 3HP DC machine
setup is used. The specifications of 1.1kW DFIG are given in Appendix A2.
The DFIG and grid are interconnected through the scaled down model of
a long distance transmission line. A 100 MVA, 220 kV power transmission
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line is fabricated with its scaled down model of 400 V at a 5 kVA rated
line. A prototype model of the long transmission line is fabricated for the
interconnection between the grid and DFIG. The long distance transmis-
sion line is built by a sequence of 6 choke coils (2.5 mH each) to produce
4.71 Q line reactance. The hardware setup of the grid integrated DFIG with
the scaled down transmission line model is described in Figures 7.12a and
7.12b. The wind speed variation is emulated by making changes in the DC
motor speed.

The power oscillations are observed for different line capacitor com-
pensations. The series capacitor is connected to the line using an injection
transformer rated at 1 kVA, 400/15 V. The transformer is provided with the
tapings of 0V, 10V, 15V and 20V. The compensation adjustment is done by
adjusting the tappings of the transformer. For a change of compensation

Rotor Resistances

Figure 7.12 A laboratory setup of a DFIG system with a series capacitor (a) rotor circuit
with Resistances; (b) RSC.
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from 95% to 25%, the tapings of transformers are changed from 10V to
20V. Figure 7.13 shows the schematic of a DC machine coupled DFIG inte-
grated with the grid. For the analysis of the SSR effect due to SSR frequency,
a small voltage with the slip frequency is given though the RSC converter
to the rotor circuit as shown in Figure 7.14.

For the realization of super synchronous mode, a set of rotor resistances
are connected at the rotor circuit of the induction machine, which can be
varied and excess power can be absorbed in the rotor resistance as shown
in Figure 7.13. For the realization of sub-synchronous operation, the iden-
tified SSR frequencies are generated by the RSC controller and injected
into the rotor circuit. For the lab model, the variable DC source, as shown
in Figure 7.14, is connected instead of a GSC converter, assuming that the

Line Compensation
c E circuit

Figure 7.13 Schematic of grid integrated DFIG system with rotor resistance.

. Threephase
Series compensated Transmission line

DC
source =

Infection
of f,

ssr

. oc
RsG J Machine

RSG
Control
circuit

Figure 7.14 Slip power injection scheme.
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constant DC voltage is provided by the GSC controller. The variable DC
source is obtained from the setup comprised of a three phase AC source,
autotransformer, and rectifier setup. The control signals for RSC are gen-
erated with the help of DSPIC30F4011. The frequency and magnitude of
slip voltage can be changed by controlling PWM pulses generated from
DSPIC30F4011. A semikron inverter was used as RSC and six open loop
pulses are generated for the triggering of the inverter circuit.

Initially, the system is operated without compensation at the constant
wind speed (i.e., constant DC motor speed) and then the level of com-
pensation is varied. Table 7.4 indicates the active and reactive power flow
under different line compensations. In this, a compensation of 54% is set
for the line by connecting a 2uF capacitor through the injection trans-
former at 15V tapping. The variations in the line power with and without
54% compensation are shown in Figure 7.15. The line power variations
in Figure 7.15 are obtained by inserting a series capacitor at 2.3 min. and
disconnecting it at 3 min. The system is functioning with a 54% compensa-
tion level between 2.3 min. and 3 min. It has been observed that the power
flow increased approximately by 15 % of the actual value. It is noticed that
active power flow is enhanced through compensation. Similarly, parame-
ters such as kVA, power factor, line current, and kVAR are also observed.
During compensation, the power factor is enhanced and kVAR demand is
reduced. Simultaneously, the slip voltages at the rotor terminals for varying

o004k FRULL @ 00406 . RE KRS, R Phase

Power (kW)

3 |— BPhase

— Total
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Figure 7.15 Variation of real power for constant wind speed.
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rotor resistance are observed. The slip voltage of 19.3 V at 15.55 Hz (fre-
quency of slip) is shown in Figure 7.16.

The effect of different SSR frequencies (f, ) due to the series compensa-
tion levels are emulated in the developed model and the torque oscillations
are observed.

Figure 7.17 shows the power oscillations due to SSR in the R phase
under different wind speeds and line compensation.
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Figure 7.17 Power of R phase-slip power injection.
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7.7 Conclusion

The integration of renewables to the grid can produce lots of stability issues
in the system and the solution for that is very challenging. SSR is a phenom-
enon that can happen in grid integration through long transmission lines.
This chapter explained SSR, its effects on system stability, the state space
modelling, and the analysis techniques in detail. The RSC-GSC dynam-
ics are considered in the system model for accurate analysis. Torsional
modes of the system are identified and its stability are analysed. It has been
observed that the capacitor compensation of the lines can influence the
torsional mode stability under different operating conditions. The chapter
explained the modal analysis of the system in detail. Time domain analysis
using MATLAB/SIMULINK and damping analysis of different modes of
oscillations under various operating conditions are given in detail in this
chapter. An efficient fuzzy based RSC controller design is proposed in this
chapter. This controller is capable for the simultaneous control of power
and the damping of SSRO, hence it is an economical solution for the grid
integration of WECs. To understand more about the phenomenon of SSR
and the SSR oscillations due to wind farm, a very simple laboratory model
of grid synchronized WECS emulator is developed. The analysis has shown
that the damping of SSRO can be effectively done by the RSC controller
itself.
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Abstract

The increased demand for fossil fuels is a burden to the environment due to their
protracted emissions. Emerging trends in biomass and waste to energy (WtE) con-
version technologies present opportunities for reducing overreliance on fossil fuels
and greenhouse gases and improving energy security and access. This chapter pro-
vides a comprehensive review of biomass and WtE conversion technologies aus-
picious for sustainable environments. Biomass is a precious resource that cannot
only be transformed to energy, but to other valuable forms as well. Hydrothermal
and anaerobic digestion technologies for biomass processing have been predis-
posed to be conceivable for energy recovery. WtE conversion on the other hand
yields energy and fuels from the treatment of waste sources. Incineration and
anaerobic digestion have been identified as central in handling municipal solid
waste for heat and power generation. Up-and-coming technologies like microbial
fuel cells that generate electricity whilst treating wastewater are a promising inno-
vation in sustainable wastewater treatment. This work contributes to the knowl-
edge of biomass and waste utilization as having the potential to displace fossil
fuels. If such knowledge is disseminated, then unused energy potential in biomass
and waste resources can be tapped to reduce the carbon footprint in the world’s
energy systems, leading to greater opportunities for synergy.
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8.1 Introduction

8.1.1 Biomass Resources

Biomass is regarded as renewable organic matter that is derived from plant
and animal matter. Biomass resources can be divided into primary and sec-
ondary resources owing to their diversity. The primary group for biomass
resources is formed through the direct utilization of solar energy during
photosynthesis, e.g., agricultural and forestry products, energy crops, and
plant and crop residues. Secondary biomass resources on the other hand
are produced by conversion or decomposition of organic matter by animals
and other consumers and these may include food waste, phytomass and
zoomass, and excrements (e.g., slurry, solid manure, and sewage sludge).
Biomass resources are depicted in Figure 8.1.

The global energy contribution of biomass resources was noted to be
14% with 38% of the energy contribution coming from developing coun-
tries [1]. Biomass is pivotal in the sustainable supply of world energy; as
noted by [2], the world is switching over from fossil fuel-based energy to
bioenergy use with agricultural and forestry residues being used as the
main feedstock for biofuels. The utilization of biomass is comprehensively
acknowledged as a feasible sustainable development strategy [3].

Development, as well as utilization, of bioenergy is associated with
social, economic, and environmental benefits. This is associated with
improving the carbon balances, climate change mitigation, job creation,
and improved economic development through reduction in energy cost
and ensuring energy reliability and security.

8.1.2 Bio-Energy Technologies

Various bio-energy conversion technologies have been developed to
account for diversity in the biomass resources and end uses (heat, electric-
ity, or transport biofuels), as depicted in Figure 8.2.

Biomass
Resources

| l i i l |

Agricultural Crops Forestry Crops Municipal
and residues and Residues Solid Waste

Industrial Residue Animal waste

‘ Sewage ‘

Figure 8.1 Biomass resources.
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Figure 8.2 Biomass into energy technological conversion pathways.

The conversion routes vary in their degree of complexity. For example,
direct combustion of biomass for heat production can be extremely simple
and highly complex, exemplified by the production of transportation bio-
fuels where the biomass may require pretreatment, upgrading, and conver-
sion through a number of intermediate steps. In this chapter, hydrothermal
processing and biomethanation as emerging biomass conversion technolo-
gies are reviewed in detail.

8.2 Hydrothermal Processing

The thermochemical conversion process of biomass through hydrothermal
processing (HTP) is an up-and-coming technology for obtaining valuable
products and biofuel. The hydrothermal process usually involves the degra-
dation of biomass in aqueous solutions at temperature and pressure ranges
of 250-374°C and 4-22 Mpa, respectively [4]. The feedstock for the process
is characterized by high moisture and ash content and examples include
algae, food waste, municipal solid waste, manure and sewage sludge.

Depending on the severity of process and operating parameters, HTP
can be classified into three broad categories:

1. Hydrothermal Carbonization (HTC)
2. Hydrothermal Liquefaction (HTL)
3. Hydrothermal Gasification (HTG)
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The main advantage of HTP is its capability to treat wet biomass without
drying to obtain hydrochar, bio-crude oil, and combustible gases which
can be used as fossil substitutes [3].

8.2.1 Hydrothermal Liquefaction

HTL is also referred to as hydrous pyrolysis or direct liquefaction [5, 6].
HTL can be defined as the thermochemical decomposition and/or disinte-
gration of the solid bio-polymeric structure of biomass to produce liquid
fuels under pressurized aqueous conditions [7].

8.2.2 Operating Conditions for HTL

The reacting parameters that affect the process of HTL of biomass include
temperature, pressure, residence time, pH, solids content, and the oxygen
to carbon ratio [8, 15]. The typical operating conditions for HTL are high-
lighted in Table 8.1.

8.2.3 Types of Hydrothermal Liquefaction Systems

Batch and continuous flow reactors are normally used in HTL conversion
systems. Common HTL conversion systems continue to be at laboratory
scale and are usually used for research purposes [9].

Table 8.1 Operating conditions of HTL.

Control factors Typical range
Temperature (250-400) °C
Pressure (5-20 ) MPa
Residence Time 0.2-1.5 hours
pH 6.5-7.5

Total Solids Content | 20-30%

Source [9].
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(i) Batch Mode Reactors

A batch reactor is a closed system in which time is the only independent
variable. During the course of the reaction there is no continuous inflow
and outflow of the reactants and products respectively. Reactor design
parameters do not affect the reaction rate during HTL, in fact the reaction
rate is a function of the reacting biomass material and the operating condi-
tions employed during the HTL process. Most reactors operated in batch
mode are stirred tank reactors [10].

(ii) Continuous Flow Reactors

Continuous reactors are open systems and allow for the continuous flow
of reactants and exiting of products during HTL. The addition of pressure
pumps and distinct separation vessels can allow a batch reactor to operate
in continuous mode [9]. Continuous processing equipment is essential for
the upscale of HTL to commercial scale for economic feasibility. This type
of production system presents diverse glitches in the practical application,
the main factor being pressure. In this operational mode, feeding the mate-
rial into the reactor is done against pressure which increases reactor capital
costs due to safety aspects [11].

8.2.4 Hydrothermal Liquefaction Steps
The process of HTL typically involves the following steps:

Step 1: Feedstock Pre-Treatment

During pre-treatment, feedstock is mixed with a solvent, usually water,
and/or organic solvents in order to produce slurry. Slurring is important in
continuous reactor systems for ease of pumping the feedstock into the reac-
tor. At high temperature and pressure water simultaneously acts as both a
reactant and a catalyst for organic reactions. Under these conditions, water
becomes a good solvent for polar compounds [12]. Organic solvents have
lower critical points compared to water and comparative studies revealed
that the use of organic solvents increases yield of bio-crude oil with low
oxygen content [13].

Step 2: Addition of Catalyst

In this case, the process of hydrothermal liquefaction is referred to as
catalytic hydrothermal liquefaction. Addition of the catalyst, however,
can be omitted with a compromise in bio-oil yields to hydrochar. To
favour production of bio oil and alkali metal hydroxides, formates, car-
bonates, and bicarbonates, a catalyst, e.g. potassium hydroxide, can be
added to the slurry, i.e., biomass solvent mixture catalysts [14]. The
report by Chornet suggested that the catalyst essentially facilitates
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hydrolysis of macromolecules of biomass into smaller molecule frag-
ments [15].

Step 3: Pressurising the Headspace

Post feeding, the reactor is purged by means of applying appropriate gases
(e.g., N, Ar, etc.) to remove residual air from the reactor. The reactor is
closed air tight, ensuring complete sealing to do away with potential
pressure decays. The purging gas will essentially bring about a pressure
rise within the reactor following closure. Pressure building in the reactor
allows for the solvent to heat to high temperatures and deprived of altering
its phase, it remains a sub-critical liquid.

Step 4: Heating up the Slurry Mixture

The slurry mixture is heated up to desired temperatures (reaction tem-
perature). Like all other TCC processes, heat is used to decompose com-
plex organic polymers contained in the biomass into lighter fragments.
However, the major process difference that demarcates HTL from any other
TCC process is that it is applied on wet biomass and occurs at elevated
pressures [9]. The temperature rise also increases the pressures within the
reactor since water tends to expand when heated up. The excess pressure
can be released to minimise the costs associated with designing reactors
that can contain pressures above HTL permissible ranges.

Step 5: Maintaining the Reaction Parameters at Set Values

For the duration of this stage, the applied heat is kept within a predeter-
mined reaction temperature range for a known and specified residence/
retention time. It is during this particular stage that the chemistry of lig-
uefaction occurs.

Step 6: Reactor Quenching

To allow for the recovery of products, the reactor must be cooled for the
safety of users, literally avoiding exposure to high temperatures. Cooling
can be achieved through various mediums, including air, water, cooled
stainless steel, etc., since rapid cooling rates are not a prerequisite as in fast
pyrolysis [16].

Step 7: Product Recovery Solvent Extraction and Separation

During separation and product recovery, phase separation for fractional
yields occurs when organic solvent is added to the product mixture [17].

8.2.5 Chemistry of Liquefaction

Production of bio-oil from biomass through HTL involves complex phys-
ical and chemical reactions owing to the intricate structure of biomass
itself. These reactions are influenced by operating parameters such as pro-
cess conditions, biomass type, solvents, and catalyst. The mechanism of
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Figure 8.3 HTL pathway.

HTL is comprised of three major steps: depolymerization, decomposition,
and recombination (repolymerization), as illustrated in Figure 8.3.

i) Depolymerization

Depolymerization involves the breaking down of large biomass mole-
cules (macromolecules) to simple hydrocarbon molecules. Operating
parameters are critical for the manipulation of long chain polymer struc-
tures of the primary organic biomass feedstock to corresponding smaller
hydrocarbons.

ii) Decomposition

During HTL, sub-critical water provides the heat to decompose the hydro-
gen bonding in macromolecules to monomers. Monomers are made
through the removal of oxygen molecules from biomass macromolecules
through, amongst other reactions, deamination, decarboxylation, cleavage,



252 RENEWABLE ENERGY TECHNOLOGIES

and deamination [7]. Oxygen molecules are lost as water and carbon diox-
ide through dehydration and decarboxylation reactions.

iii) Rearrangement

Rearrangement includes a range of reactions including condensation,
repolymerization, and recombination. During rearrangement, lighter frag-
ments from other intermediate steps and reaction pathways will recom-
bine to produce oily compounds [18]. Rearrangement is, in essence, the
reversal of the initial stages of the chemistry of liquefaction. The oily com-
pound produced is a complex combination of alcohols, ketones, aldehydes,
aromatics, phenols, esters. and other acidic compounds [15].

iv) Cyclization

During Stage 4, as indicated in Figure 8.3, rearrangement reactions dom-
inate. Increasing the reaction temperature and retention time promotes
repolymerization, decomposition, and condensation reactions leading to
formation of a new product stream predominated by combustible gases.

8.2.6 Advantages of Hydrothermal Liquefaction

Hydrothermal liquefaction of biomass fundamentally imitates the nat-
urally existing geological processes for the formation of fossil fuels.
However, contrary to the geological life span for coalification, HTL occurs
in a shorter time span, typically minutes to hours [19].

The primary biomass feedstocks are often directly processed without
the necessity for the energy intensive drying step since water acts both
as solvent and catalyst [20]. In addition, the reaction of the biomass
material with water or other hydrogen donor solvents facilitates the
separation of the oily product stream from the more polar by-product
stream [16].

In a comparative study, it was observed that the bio-crude oil obtained
from the hydrothermal liquefaction process is less oxygenated than the
bio-crude oil from other thermochemical conversion technologies [21].
However, the oxygen content in bio oil from HTL is not within permis-
sible ranges and hydrodeoxygenation (HDO) is required to correct the
oxygen level to within the acceptable range for fuels. In this regard, good
performance of the HDO process in removing oxygen from HTL bio-oils
was reported [22]. The HTL process has been found to use up to 15% of
the primary energy inherent in the biomass feedstock, resulting in final
energy efficiency close to 90%, with over 70% of the feedstock carbon
being utilized in carbon capture procedures [7].
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8.2.7 Hydrothermal Carbonization (HTC)

Hydrothermal carbonization is also known as wet pyrolysis, wet torre-
faction, artificial coalification, or hot compressed water treatment [23]. It
mimics the natural coalification process, predominantly producing a car-
bon rich compound termed hydrochar, in a hot pressurized water environ-
ment from wet biomass. The major processing difference that demarcates
HTC from HTL is the rigorousness of the critical operation parameters,
which are temperature and pressure. Operations at high pressure and
lower temperatures were found to favor hydrochar production, contrary
to higher temperature/high pressure which gives rise to bio-oil production
[23]. The HTC process has successfully used temperatures in the range of
180°C-250°C and autogenous pressures in the range of 2-10 MPa in the
presence of water [24].

The HTC process optimizes the carbon-to-oxygen ratio to increase the
concentration of carbon in the hydrochar. The hydrochar can sustainably
be used as a carbon neutral complement to conventional coal, as soil nutri-
ent amendment, for synthesis of gas, and for application as an industrial
chemical [20]. It has been reported that hydrochar compares very well with
lignite coal (brown coal), showing a higher calorific value (approximately
32 MJ/kg), thus making it a suitable feed for TCC processes, i.e., combus-
tion, gasification, and pyrolysis [25]. Hydrothermal carbonization prog-
ress occurs with trivial loss of carbon in the solid stream, thus the process
operates with high carbon efficiency [26]. Moreover, HTC is an exothermic
reaction, thus the primary energy required for the initial conversion can be
attained or perchance surpassed [27].

The HTC process is capable of converting wet primary biomass mate-
rial into carbonaceous solids without the need for an energy-demanding
drying step. Wet manure, algae residues, sewage sludge, municipal solid
waste (MSW), human waste, and aquaculture are continuously produced
renewable residual streams that require pre-treatment before disposal as a
way to protect the environment and can all be processed via HTC without
pre-processing [28].

It is critical during HTC that the process water is adequate and the
whole biomass is immersed in water or it does not carbonize. The phys-
icochemical properties of the solvent (water) changes during the reaction
owing to temperature and pressure increase, which suppresses radical free
reactions and promotes ion chemistry [25]. Three main product streams
resembling the basic states of matter are attained during HTC, as repre-
sented by Figure 8.4 below, along with their prospective respective appli-
cations. The process water from the liquid stream is retained together with
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Figure 8.4 HTC of biomass product streams.

the dissolved organic and inorganic compounds of the decomposed bio-
mass. The ease with which the solid phase can be separated from the liquid
stream is one advantage of the HTC process [26].

8.2.8 Process Mechanism of HTC

The sequence of chemical reactions occurring during the HTC process
comprises of hydrolysis, dehydration, decarboxylation, polymerization,
and aromatization, as illustrated in Figure 8.5.

To initiate HTC, biomass decomposes from complex polymers to
small chain polymer molecules through hydrolysis. A drop in the pH of
the aqueous biomass slurry that is normally observed during the process
of carbonization is due to the formation of organic acids which promote
the hydrolysis and degradation of small chain polymers and monomers into
much smaller fragments [27].

The basis of HTC process is dehydration, i.e., the splitting of water mol-
ecules from sugars [11]. Since the process is exothermic, dehydration pro-
ceeds according to Equation 8.1:
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Figure 8.5 HTC reaction mechanism.

Sugars — — — — - — Hydrochar + Water + Heat (8.1)

In this particular reaction energy is released, but before it can be uti-
lized, a mound of activation energy must be stunned, making it necessary
to heat the reactor [26].

Decarboxylation and dehydration facilitates the removal of oxygen
through production of carbon dioxide and water, respectively, from bio-
mass monomers and shorter chain polymers [28]. Additional gas stream
can be produced by the elimination of carboxylic acid functionalities from
the biomass [29, 30]. The solid product is mainly formed during recon-
densation reactions owing to high reactivity properties by the decomposed
fragments. Confinement of the gases formed during HTC can upsurge
the chance of recondensation. Under subcritical conditions, most of the
decomposed fragments remain in liquid phase and, with low mobility,
their containment ultimately favors hydrochar production [11].
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8.2.9 Comparison of Pyrochar and Hydrochar Properties

Hydrochar is a friable solid product from HTC. It is hydrophobic with good
dewatering properties and possesses fuel characteristics analogous to that
coal [25, 31]. In general, the properties of the hydrochar are feedstock and
operating environments dependent and severe temperature that will result
in increased liquid and gas streams production. Studies by [26] on HTC
of dried sugar beet pulp and maize silage revealed that elemental analysis
and appearance of the product hydrochar was comparable to lignite and its
porous structure was only visible under high magnification [26].

Hydrochar is associated with spontaneous combustion and dust det-
onations, owing to its low-density post dewatering. Therefore, complete
drying can be done during combustion for safety purposes. Hydrochar
has a greater carbon to hydrogen and carbon to oxygen ratio compared to
pyrochar--this can be attributed to the higher rate of decarboxylation to
dehydration in HTC over in torrefaction [11]. Hydrochar is not character-
ized by condensed aromatic structure and it has poor biological stability
when compared to pyrochar [33]. Comparative studies by Shinogi demon-
strated that pyrochar from agro-residues is a good soil reformer compared
to hydrochar; this is due to its greater pH value, typically 9 compared to
approximately 5 in hydrochar [11]. The pyrochar structure consists of
conjugated aromatic carbon arranged in a turbo-static manner, whereas
hydrochar consists of carbon fields with an aromatic core of interconnected
furanic structure, having carboxyl and aldehydic functional groups [11].

Table 8.2 below makes a comparative analysis of HTP and AD with
other existing models.

8.3 Opportunities and Challenges in Hydrothermal
Processing (HTP)

Apart from energy production, HTC has a robust prospective to become
an environmentally friendly conversion technology. This emerging
energy technology ensures a reduction in greenhouse gas (GHG) emis-
sions through sequestration of carbon dioxide and the simultaneous
improvement of agricultural productivity due to the production and use
of hydrochar in the soil. HTC can be considered an emerging sustain-
able energy production and environmentally friendly biomass conversion
route. A carbon neutral environment can be achieved through absorbing
carbon dioxide in the troposphere introduced through anthropogenic
factors [5]. Biomass refuses are a nuisance to the environment and HTC
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offers sustainable waste management and hydrochar production, which
adds value to the waste. The decomposition of biomass in landfills gener-
ates methane which is released into the environment. Methane has more
Global Warming Potential (GWP) than most greenhouses gases, including
carbon dioxide [25].

Raw industrial and agricultural by-products have been used as good
adsorbents for heavy metals in the water industry, however, the disadvan-
tage is that they cause leaching of organic pollutants bestowing additional
environmental pollution [32]. However, it was noted that when hydrochar
was used for water treatment, the poisonous heavy metals were success-
fully adsorbed [32]. Upscaling the technology can benefit societies through
managing their waste resources and promoting economic growth in their
respective areas. Production of soil amendments through HTC will reduce
the need for chemical fertilizers and might ultimately improve agricultural
productivity. The opportunities presented by hydrothermal processing can
be viewed by assessing the three pillars of sustainability.

8.3.1 Environmental Opportunities

The combustion of renewable biofuels from HTP does not result in a net
increase in atmospheric greenhouse gas concentrations. Atmospheric
GHG emissions are associated with global warming and climate change.
Substitution of fossil fuels with renewable biofuels can reduce the carbon
foot print. HTP can be considered an alternate waste disposal route that
permits diversion of biodegradable biomass from landfills and/or incin-
erators. Therefore, the diversion of waste biomass to HTP plants can pre-
vent the production and release of harmful carcinogenic compounds and
hazardous GHG emissions that are produced through incineration and
landfilling.

The Aqueous Phase (AP) from HTP also provides valuable material and
resource recovery. The AP contains essential elements like nitrogen, potas-
sium, and phosphorus for crop fertilization. Applying AP as a natural fer-
tilizer on agricultural lands can enrich soils and improve crop productivity.

8.3.2 Social Opportunities

The development, construction, and operation of HTP plants can increase
employment opportunities and improve the local economy.
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8.3.3 Economic Opportunities

The production of sustainable and renewable HTP technologies can pro-
vide energy security, contributing to greater economic stability.

8.3.4 Challenges in HTP

The following section outlines some of the current challenges in the HTP
area.

i. HTLisa relatively new technology, therefore the exact per-
formance details of the process are unknown. The mech-
anism of HTL has not yet been clearly elucidated. Reactor
design and process optimization require development of
quantitative reaction models based on a network of gov-
erning reactions.

ii. The logistics systems for HTP can be both costly and time
consuming.

iii. The capital and operational expenditure for HTP is gener-
ally higher than most energy conversion technologies due
to the cost associated with operating the reactors at high
temperatures and pressure.

iv. The formation of coke, tar, and water soluble residues
causes corrosion, fouling, and plugging, of the reactor and
poisoning of the catalyst. Therefore, frequent regeneration
and recycling of the catalyst is required.

v. Deoxygenation and denitrogenation of the bio crude
obtained from HTP is required before use as a transpor-
tation fuel.

vi. Hydrothermal treatment is energy intensive because HTP
occurs at high temperatures and pressure.

vii. Modelling the degradation kinetics is complex and diffi-
cult because of feedstock diversity.

8.4 Bio-Methanation Process

Bio-methanation or Anaerobic Digestion (AD) technology has been used
in the production of biogas [34]. Anaerobic digestion is a process that
occurs in nature without artificial aid or it can be aided through artificial
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control in a biogas plant. Biodegradable materials such as sludge from sew-
age or municipal solid waste can be placed in the biogas digester plant.
The raw material placed in the biogas digester is acted upon by bacteria
to produce biogas [35]. The anaerobic digestion process provides a sus-
tainable solution to handling huge amounts of biomaterials, which results
in the value addition of waste [36]. Among the many biofuels it was noted
that anaerobic digestion is an environmentally and economically friendly
technology with a net gain of 28.8 MJ of energy when compared to other

biomass energy technologies [37, 38].

COMPLEX BIOPOLYMER
Carbohydrates/Fats/Proteins

1. Hydrolysis

—

Hydroytic Fermentative Bacteria

SOLUBLE ORGANIC MOLECULES
Sugars/Fatty acids/Amino acid

2. Acidogenesis

-

Acidogenic Fermentative Bacteria

3. Acetogenesis

4 . Methanogenesis

—

Carbonic Acid & Alcohols
Hydrogen/Carbondioxide/Ammonia

Hydrogen/Acetic acid/Carbon Dioxide

Methanogens

BIOGAS
Methane/Carbon dioxide/Water

Figure 8.6 HAAM stages in production of biogas.
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AD is the breakdown of macrobiotic materials by particular bacteria in
the absence of oxygen to produce biogas; it chiefly comprises of methane
mixed with carbon dioxide. The biodegradation of the organic material is
enhanced by microbes under anaerobic conditions and has been described
to follow four sequential (HAAM) stages: hydrolysis, acidogenesis, aceto-
genesis, and methanogenesis [39]. The HAAM stages leading to the pro-
duction of biogas are illustrated in Figure 8.6 above.

Step 1: Hydroylsis

The first step in the bio-methenation process is the conversion of organic
matter by bacteria to complex biopolymers of the substrate used. The fer-
menting bacteria Bifidobacterium, Bacteriocides, and Clostridia are largely
responsible for converting the complex biopolymers into matter, as shown
in Equation 8.2.

(CeH,405),, + nHZOhydrOIySis

n(CsH,,04) (8.2)

Step 2: Acidogenesis

Acidogenic fermentative bacteria degrades the soluble organic compounds
produced during hydrolysis to acids, alcohols, hydrogen, and carbon diox-
ide. Further digestion by acetogens is produced in the acetogenesis step, as
shown in Equation 8.3.

Acidogenesis/Acetogenesishydrolysis

(C6H1206)

n(CH;COOH) (8.3)

Step 3: Methanogenesis

The methane forming bacteria convert the intermediary products from aci-
dogenesis into methane, carbon dioxide, and water as shown in Equations
8.4 and 8.5.

Methaneformingbacteria

(CH;COOH) CH, +CO, (8.4)

CO, +4H, Redudion cH. +2H,0 (8.5)

In HAAM stages, the hydrolysis phase is the determining step for the
formation of complex substrates, whilst methanogenesis is important for
substrates ready for degradation [40, 41].
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Table 8.3 Common composition of biogas.

Gas CH coO H N (0] HO | NH, | HS

4 2 2 2 2 2 3 2

Comp % | 50-75 | 25-50 [ 0-1 | 0-5 | 0-2 | 0-10 | O-1 0-1

Source: [43-45].

The process yields biogas and its composition varies and depends on the
characteristics of substrate [42]. Table 8.3 shows the common composition
of biogas.

Biogas predominantly contains a higher fraction of methane. Methane
is a combustible gas and the average calorific value was found to be 30 MJ/
kg [46]. This implies that the composition of the biogas has influence on
it calorific value [47]. The presence of carbon dioxide was found to reduce
the calorific value and increase compression and transportation costs [48].
In order to overcome this negative impact, it is important to remove it from
the mixture. Some technologies which have been developed to-date for the
removal of CO, include cryogenic separation, water scrubbing, chemical
scrubbing, membrane technology, and CO, adsorption [48-50].

8.4.1 Factors that Influence AD

The process is influenced by some critical parameters: pH, hydraulic reten-
tion time (HRT), volumetric organic load (VOL), temperature, and the
carbon-to-nitrogen (C/N) ratio.

(i) pH

One parameter which has a considerable influence on the anaerobic diges-
tion process is pH [51, 52]. Survival of microorganisms depends on the
alkalinity and acidity of the medium; there is a range of pH for which
hydrogen, methane, or other by-products in the