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Synchrotron Based Techniques in
Soil Analysis: A Modern Approach

Surabhi Hota

Abstract

Soil is a highly heterogenous system where a number of physical, chemical and
blolnglcal processes are taking place The study of these processes requires analyti-
cal tech The elect gnetic radiations in the form spectroscopy, X-Ray
dxffracnun magnetic resonance etc. have been used in the field of soil analysis
since decades. The study of soil nutrients, mineralogy, organic matter and complex
compounds in soils use these techniques and are successful tools till date. But these
come with a limitation of lesser spatial and spectral resolution, time consuming
sample preparation and destructive methods of study which are mostly ex-situ. In
contrast to the conventional spectroscopic techniques, the synchrotron facility is of
high precision and enables non-destructive study of the samples to anano scale. The
technique uses the high intensity synchrotron radiation which is produced in a special
facility, where the electrons are ejected using very high voltage and accelerated in
changing magnetic field, at a speed of light resulting in a very bright radiation that
enables a very précised study of the subject. For example, in studying the dynamics
of Pand N in soils, SR aided XAS are used to study the K-edge spectra of these nutri-
ents, without any matrix interference, which used to be a problem in conventional
SEM, IR or NMR spectroscopy. These radiations provide high energy in GeV, which
imparts high sensitivity and nanoscale detection. Basically, the SR facility improves
the precision of the existing spectroscopic techniques. This chapter di: how the
Synchrotron radiations aid to improve precision in various field of soil analysis such
as, carbon chemistry, nutrient dynamics, heavy metal and contaminant speciation
and rt here study. Hi the technique also come with major limitations of
requirement of very high skill for preparation of samples, inadequate availability
of references for studies related to absorption spectrum and control of radiation
damage. Applications and limitations of the technique thoroughly reviewed in this
chapter with an aim to provide a brief idea of this new dimension of soil analysis.
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1. Introduction

Soil is a heterogenous system and habitat for numerous flora and fauna, where
umpteen chemical, physical and biological processes are operating to make it a living
system. These processes are, element mineralization and immobilization, redox reac-
tions, decomposition of organic matters by microbes, movement of nutrient elements
towards the plant roots and related soil water movements, the complex processes near
the rhizosphere, accumulation and distribution of elements and their chemical trans-
formations in to different complexes and valency, weathering of rocks and minerals
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to form soil and related soil forming processes. To understand these processes, several
techniques have been developed and experimented by the soil researchers from time
to time. And there are numerous remarkable techniques that have aided to the human
understanding of complex matters. Most of these techniques use source of energy and
illumination for quantification of the elements and studying the complex structure ofa
system. Such techniques are Diffraction/scattering for crystallography; Polarimetry for
measuring the shape of complex molecules and the properties of magnetic materials;
Imaging for highly detailed imaging of small animals, and ultimately humans, to the
substructure level of biological and physical material, using light from infrared to hard
X-rays; Spectroscopy for analysis of chemical compositions and speciation of elements
[1]. However, these techniques have several limitations in terms of their sensitivity,
spatial resolution, lengthy sample preparation procedures and most of them are depen-
dent upon destructive sampling and ex-situ analysis. With the development of syn-
chrotron facility around the world, the exploitation and study of these processcs‘h_a\'e
been made possible to the molecular level and in-situ because of the unique qualities
of asynchrotron radiation viz; high brightness, wide energy spectrum, highly polar-
ized radiation and time structured emission. This gives the SR an advantage of durT’ to
high proton flux, possibility of beam tunability and weak scattering, high sensitivity
resulted from acceleration of heavy ion beams to high energy.

Synchrotron Radiation (SR) is basically an electromagnetic radiation which is
emitted when the charged particles are radially accelerated. Natural synchrotron
radiation (SR) isas old as the stars produced due to charged particles spiraling around
magnetic field lines in space [2], while short-wavelength synchrotron radiation
generated artificially by in circular acceleration of relativistic electrons only ways
back to early nineties [3, 4]. The synchrotron principle was invented by Viadimir
Veksler in 1944 [5]. Edwin McMillan constructed the first electron synchrotron in
1945 [6]. The first ever synchrotron was successfully made in 1947 under the direc-
tion of Herbert Pollock at General Electric Research Laboratory, NY. And the first
synchrotron radiation was observed by Floyd Haber on 24th April, 1947. This was
aremarkable achievement in the field of physics which today has led to large, full-
fledged synchrotron facilities around the world. The first-generation synchrotron
facilities were only being used to study the fundamental properties of matter and was
more of a particle accelerator [2]. Presently, the synchrotron facilities have upgraded
to third generation, which enable the use of low energy or soft and high energy or
hard X-rays, UV and longer wavelengths. The first ever third-generation hard X-ray
source was European Synchrotron Radiation Facility (ESRF) in Grenoble followed by
the Advanced Photon Source (APS) at Argonne National Laboratory with an energy
of 7GeV. The synchrotron is one of the first accelerator concepts to operate as large-
scale facilities, where bending, beam focusing and acceleration could be separated
into different comp and where the magnetic field is guided in a time dependent
manner, to synchronize with a particle beam of increasing kinetic energy.

Thereare more than 50 facilities in operation worldwide (http://www.light-
sources.org) and are being used by more than 15,000 researchers. Some large
facilities are listed in Table 1. There are a few large synchrotron facilities that have
been operating with high electron energies, as high as 8 GeV (SPring-8 in Harima
Science Garden City in Japan). PETRA 111, which took up operation in 2009, is the
most brilliant storage-ring-based X-ray radiation source in the world. As the most
powerful light source of its kind (https:/petra3 desy.de/ index _enghtml). These
machines are physically large (850 to 1,440 m in circumference) with a capability

for _40 or more beamlines, There is are also many smaller facilities (120 to 280 m
in circumference) which have come in to existence in recent past, having lower
electron energies (from 1.3 to 3 GeV). There are also some fourth-generation
synchrotron facilities which have been conceptualized by few countries recently.
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SNo. Name of facility Country  Energy(GeV)  Circumference (m) Year of
Operation
Indus Il India 25 173 2005
1 National us 3 792 2015
Synchrotron Light
Source (NSLS-11)
2 PETRA 11l Genmany 6 204 2009
4 SPring-§ Japan 8 1436 1997
5 Advanced Photon us 7 1104 1995
Source (APS)
6 Progetto Italy 15 335 1980
Utlizzazione
Lucedi Sincrotrone
(PULS) -
7 Canadian light Canada 29 147 2004
source R
8 Australian Australia 3 26 2006
Synchrotron
9 Shanghai China 35 432 2007
Synchrotron
Radiation Facility
10 ALBA Spain 3 270 2010
1 Sirius Brazil 3 5182 2018
12 Pohang Light South Korea 3 28182 2011
Source Il
13 Swiss Light Source  Switzerland 24 288 2001
14 European France 6 844 1992
Synchrotron
Radiation Facility
15 Kurchatav Russia 25 124 1999
Synchrotron

Table 1.
Synckrotron faciltties around the world.

Synchrotron facilities can generate frequencies over entire range of the electro-
magnetic spectrum. In addition to having a high intensity, the synchrotron light
has other properties useful to researchers. Wavelengths produced by SR, may range
from 10 to 11 m hard X-rays) to 106 m (infrared light), emitted in short pulses
(~100 ps wide spaced at 2 ns), partially coherent and arrives in parallel rays, highly
polarized, isolation of specific wavelengths are possible with the use of diffraction
or crystal gratings. And most importantly, light is released as a very narrow cone
[7] which is then focused to provide a very narrow beam at the work station.

There are a number of techniques that have been used by the rcsearchcxs
for study of soils, they are: STXM- ing T ission X-ray Mi PY>
NEXAFS- Near Edge X-ray Absorption Fine Structure Spectroscopy, FTIR Fourier
‘Transform InfraRed Spectroscopy, pXRD- Micro X-ray Diffraction, EELS- Electron
Energy Loss Structure spectroscopy, EXAFS- Extended Absorption Fine Structure
Spectroscopy, XANES- X-Ray Absorption Near Edge Structure Spectroscopy [8],
HRTEM-High Resolution Transmission Electron Microscopy, SXRF- Synchrotron
Based X-ray Radiation Fluorescence, XFS- X-ray fluorescence spectroscopy, X-ray
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p-computed tomography [9-11], SEM- Scanning Electron Microscopy, TEM-
Transmission Electron Microscopy.

These synchrotron-based techniques have proved to increase the p
mination of many soil parameters such as carbon chemistry of soil [12,
sphere nutrient transport and other mechanisms [14, 15], heavy metal
and remediation, microbe-metal interaction mineral transformation, stu
parameters of soil, soil fertility study.

Methodology: This chapter reviews the works done in the
physical, chemical and biological parameters, using SR facility,
and how it has aided to the improvement in precision and accuracy of tl

recision of deter-
13], rhizo-
quandﬁcation
dy afphysical

field of soil analysis for
all over the world
he study.

2. Components and working of a synchrotron facility
A synchrotron facility in general, consists of:

1. Electron gun: It consists of  transformer which feeds a very high voltage
(in hundred thousand Volts, approximately, 200000 V of DC) of EIeCtr‘C'l:h
ity through a cathode which causes the electrons to jump off the surface. ('.CI >
cathode is made of tungsten-oxide disk, otherwise called a button. As clccmr .f)
flows through the disk, the disk gets heated to about 1000° C, th temperature
atwhich the electrons are released. A screen near the button is given 2 short:
strong positive charge 125 times per second, which pulls the negative charge
particles, the electrons, away from the disk.

2 Linear Accelerator (LINAC): The electron ejected from the electron gu.
are fed into the LINAC. The energy of acceleration is provided by the M'Cm-
wave radio frequency fields to accelerate the electrons to the speed of l‘gl“'c
The speed of the electrons reaches approximately to 3 x 108 m/s. The LINAS 5
produces electron pulsesin a duration of approximately up to 132 nano secon!
(ns). The electrons which become the photos now, must travel in a vacuum to
avoid hinderance and reduction in velocity by colliding with other atoms and
molecules. The vacuum chamber pressure is kept around 10-11 torr.
3.Booster Ring: The electrons circulate in the booster ring, to get a boost in ener-
gy from approximately 250 MeV (Mega electron volt) to approximately 2.9 to
6 GeV by the radio frequency cavity generated microwaves. The Booster Ring
increases the speed of the electrons close to the speed of light (approximately
99.9999985 percent of the speed of light). There are two types of electro mag-
nets in the booster ring. These magnets create the magnetic field, which is used
by the synchrotron to guide the electrons around the booster ring. The mag-
netic field of the quadruple magnets are used to force the bunches of electrons
into a fine beam within the vacuum chamber.

4.§turagc Ring: After the electrons have gained sufficient energy to produce

ll_ghl. the injection system transfers them from the booster ring to the storage
ring. The process of transferring electrons from booster to storage ring occurs
approximately once per second up to 600 cycles which may take about 10 min-
utes. Once entered the storage ring, the electrons keep circulating for four to
twelve hours and cvery time the dipole magnets/bending magnets bend the
p:nh of electron flow, photons are released. The bending magnets are aimed to
circulate the electrons in a circular path [16]. After each turn of the bending
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magnets, there is a photon port to allow the light to travel down the beam lines
to the research stations.

5.Beam line: Each beam line consists of an optics cabin, experimental cabin,
and control cabin. The optics cabin has optical instruments used to extract the
type of radiation required for the experiment. The experimental cabin is for
support hanism, and provides envi for the sample study. Instru-
ments called detectors record the information generated from the sample are
recorded by the detectors, The control cabin, as the name suggest, allows the
researchers to control the experiments and collect the data

6.End Station: The final result is obtained at the end station. The components
of end station are experiment specific. There is an optic hutch, consisting of
mirrors by which the selected wavelengths of synchrotron light are focused
onto the sample in an end station. The samples are placed in the experimental
hutch, which consists of a sample holder and a detection system, specific to the
technique adopted by the her. Also, includ: puters through which
the experiment is controlled by the researcher.

3. Organic carbon chemistry in soils observed by synchrotron based
spectroscopy

Soil is believed to be the largest pool of terrestrial organic carbon containing,
about 1500 Pg C which is higher than the atmospheric and biotic pools combined
[17, 18]. Organic C is crucial in maintaining the balance of inorganic form, specially,
CO; in the atmosphere, which in turn, controls the global climate scenario [19]. The
entire carbon cycle revolves around the organic C fraction. The decomposition of
organic matter, from animal and plant residues and subsequent humification, leads
to the formation of complex organic compound leading to significant structural
and composition changes [20]. Organic compounds released from animals, plants,
microbial cells, have a range of size and complexity from monomers to mixtures
of biopolymers. This complexity makes chemistry of soil organic matters difficult
to study. Organic C shows very high chemical and spatial complexity, creating
significant analytical problems in the existing methods [21-24]. Soils characteristi-
cally have low amounts of C as compared to pure biological samples. They require
relatively higher energy to substantially improve the detection limits and data that
allow better quantification of C chemistry. The existing techniques are mostly
destructive, or the samples are processed ex-situ, for analysis. This sometimes
causes the loss of delicate structure of the complex organic matter. SR based
spectroscopic techniques have proven to be an advanced tool to study the organic C
chemistry of soils, asit enables the non- destructive micro and nano-scale analysis
and enables keen study of reactivity, composition, heterogeneity, physical site of
organic materials, and mineral-organic matter interactions. The high energy of SR
pmv]dﬂ vcry hl&h spun] and spcc[r\l resolution.

Fourier transform infrared (FTIR) spec-
troscopy, X ray micre usLupy (STXM) and C (1 s) near-edge X-ray absorption fine
structure (NEXAFS), have proven to be unique and non-invasive in studying the
complex processes of C chemistry in soils, in the recent past. These techniques have
been used to reveal the Spatial organization of C forms in microstructures, func-
tional group chemistry of C, interaction of C with soil matrix, surface Interactions
of organic C and minerals,
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The identification of the compound structure of the SOC and DOC "_“"’l"“s
basically, identifying the type of chemical bonds and functional groupsina m_°l'
ecule, And because of complex nature of the spectrum produced by the orgamc
compounds, the identification and differentiation of the bond become difficult s
withlow energy, ¢ ional spectroscopic techniques. At low spectral ms_ulu“un'
the peaks seem to be overlapping and the fingerprinting becomes only partially
useful. This limitation has been overcome by the incorporation of SR m‘m_lht' 3
spectroscopic techniques, The identification of the structural characteristics with
high precision has become possible and even the study of impact of nf.mngemcnt ;
onSOC cycle and composition could be successfully carried out by aid of SR base
techniques in various studies [13, 23, 25-32).

The aided advantage of SR is its brightness, which can be defined as the P‘“““’“
flux or power emitted per source area and solid angle, is 1001000 times greater
than the brightness obtained from a conventional source [33, 34]. FTIR spectros-
copy has been considered the most powerful technique for identifying types of b
chemical bonds and functional groups in a molecule which produces IR absorption
spectrum, in the form similar to fingerprint. FTIR combined with microscopy !
allows probing of small areas in shorter time intervals and with an optimum signa "
to-noise ratios. However, SR-FTIR spectroscopy could reveal the quantity, ELEnctire
composition, and distribution of chemical constituents in humus fractions [13, 23).
In some studies, it hasalso been used to identify stable soil aggregates and black C
particles chemistry [27, 35] and these studies show that, the SR-FTIR spectra has
stronger band width compared to conventional FTIR. Studies revealed (l_ul. FTIR
spectra below 1450 cm-1 normally leads to overlapping bands of indefinite quan-
tity. SR-FTIR hasa spectrum ranging from 4000 to 400 cm ™ and could measure
the molecular level vibration of organicand inorganic functional groups 36, ?7]‘
SR-FTIR canalso identify the changes in intensities and vibrational characteristics
of bands, shifts in frequencies and shapes of a particular band [38]. These proper-
tieshave been exploited to study the molecular level changes in SOM composition
d!u: to management practices [13, 23, 39]. it was also made possible by this tech-
nique to study organo-mineral assemblages [27, 35].

NEXAFS 15 also such a technique which is being used by many researchers for
similar studies in recent past. Itis highly element-specific as the different elements
show X-ray absorption peaks at different energies [40]. NEXAFS when com-
bined to STXM, information as précised as 30-50 nm spatial resolution could !)c
obtained. This technique is termed as NEXAFS spectromicroscopy. This technique
has been used in study of humic fractions mined from highly complex soil matrices
13,23, 24,29, 41, 47], study nanostructures of polymers [43] and fingerprinting
of Cin biological materials [44, 45).

The results obtained from the SR-based techniques are basically an improve-
ment over the pre-existing sp pic techniques, where the bond stretch (eg.

C-0 or O-H), nand ¢ transitions [23] are taken as the reference for speciation of
the C containing species. However, the spectral signatures, or fingerprints of pure
biological materials obtained from SR based spectroscopy can serve asa reference
for interpretation of the results obtained from conventional spectroscopy. The
results can then be quantified using chemometrical methods, multivariate analysts,
Icg! eling, principal comp analysis or predictive modeling [27, 46].
In laboratory analysis of samples, chemical analysis of C samples can only provide
the total OC, or different pools of C or fractions of humus, which are mostly
quantitative. But the SR based techniques can reveal what is the actual composition
of the TOC fraction or humus fraction. These revelations can be related to the stage
of weathering of a soil, its pedogenesisand can also correlate the data to predict

the responsible chemical, physical and biological processes. Information related to
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fingerprints of organic compounds such as proteins, nucleic acids, carbohydrates
and lipids, predictive models and algorithms can be developed, which can be used
by researchers with basic facilities, to predict the organic C chemistry and related
processes. However, the data from fingerprints of standard substances is still
madequate to fully identify functional group chemistry for soil organic Cand a
strenuous effort is required to fill that breach.

4. Synchrotron based techniques in elemental speciation in soils

Soil is a very heterogenous system and the chemical and biological processes
happening inside it are even more complex. The important processes, as mentioned
in the introductory section, are dependent upon the concentration of different
elements involved in process, their distribution and their chemical behavior, which
makes their speciation very much crucial. Also, the speciation of environmental
contaminants such as heavy metals are important as they lead to degradation of soils
[47, 48]. XAS is a powerful technique to provide answer to questions related to the
chemistry of an element present in ant system starting from minerals, to biological
specimens and solutions [49-52]. The XAS technique basically scans the object of
study using a range of X-ray energies. Hence, with the advent of synchrotron, the
energy of X-ray could be increased. XANES and EXAFS are the two techniques
XAS techniques which have been used in many studies for studying the elements
in heterogenous environments, by selecting appropriate energies of the incoming
X-ray photon with the aid of SR facilities and thereby generating chemical maps
of an element in relation to its oxidation state and chemical bonding [53]. K-edge
XANES has been used to test the speciation of Al on the thin surface coatings of
quartz and feldspar grains in a loess soil [54], and studying the coordination of Al in
imogolite and allophones [55].

X-ray techniques such as low-energy XRF (LEXRF) has been used to quantify
Al in plant tissues to determine the toxicity levels. A study was carried out to
determine Al accumulation in tea plants, in the soils with high acidity, resulted to
high concentration of Al it revealed that Al accumulated mainly within the cell
walls of the leaf epidermal cells, also confirming that the apoplast are the tolerance
mechanism of toxicity in tea plants because of results showing Al accumulation in
apoplast and traces in symplast. Similar study in soybean showed higher accumula-
tion of Al in roots [S6] using LEXRF. Cr speciation has been done by using EXAFS
in soils contaminated by leather tanning, reporting the dominant form as Cr (111)
with low levels of Cr (VI) [57]. Different industrially contaminated soils have been
studied for determination of and speciation of Cr using this technique [58, 59].
XANES has been used to identify associations of metals in contaminated environ-
ments. Fandeur et al. [60] reported that Cr (VI) was found in closed association
with Mn-oxides concluding the role of M ides in oxidation of Cr (III) to Cr
(VI). Jacobson et al. [61] reported Cu to be present in hotspots that are associated
with organic matter within the soil matrix using in-situ XANES. Similarly, a study
by [62], revealed the Cu hotspots not to be associated with calcium (Ca) carbonates,
Fe oxides, or Cu sulfates. EXAFS has been used for speciation of As, based on the
absorption spectra of As-O distances. Grafe et al. [63] used m-XRF and m-XAS to
study the speciation of As in a chromated copper-arsenate (CCA) contaminated
s0il to determine the effects of co-contaminating metal cations (Cu, Zn, Cr) on As
speciation. X-ray computed p-tomography (SR-pCT) is also a powerful technique
that enables study of internal structure and composition of sample without section-
ing it physically. Other advantage over conventional technique is enables a 3D study
of the subject. 2D study of the samples limit the projection of metals present in the
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sample, only in the direction of beam, SR-pCT has higher sensitivity, r€501_\“i“""a“d
speed. SR-XRF is also a powerful technique devised to study the elements in envi-
ronment. It has a very précised detection limit for many elements (<0.01 ppm)-

5. Synchrotron based techniques in study of mineral structure, their
occurrence and abundance in soils

Itis known that X-ray diffraction (XRD) isa basic technique which has bec_n used
widely for the characterization and identification of crystalline structure of miner-
als. But it comes with some imitations like it cannot be used to study aﬂj“’rPh"“s
minerals, the slide preparation procedures are very much time consuming, requires
invasive sampling. Also, the low energy and low flux make the diffractometer
geometry very limited. The use of diffracted X-rays, instead of transmitted X-rays ;
restricts the analysis of hydrated and oxygen samples. Compared to the conventiona
technique, the SR-XRD provides very high sensitivity due to energy tunable nature
and high flux. It enables the non-invasive study of trace matters, amorphous miner-
als, hydrated and oxygen samples, thin films and solution phase. The study of areas
assmallas1 mm? can be done with abeam spatial resolutions of <5mm.

synchrotron-based techniques of XRD and XAFS, have greatly improved ‘,hc
understanding about the structural and chemical properties of amorphous miner-
als, such as iron oxide minerals like lepidocrocite, goethite and hematite. Their
transformations of metastable phases to stable phases of iron oxides [64]and
chemical reactions occurring on their surfaces have also been possible to study with
theaid of these techniques., and chemical reactions occurring on their surfaces.
[65] used XANES spectroscopy for identification and quantification of iron com=
pounds in soils. Massive improvements have been achieved in understanding d_“‘
structure of poorly crystalline and nanosized iron oxides species like ferrihydrite,
by synchrotron XRD, EXAFS, and total X-ray scattering data. Studies also have used
laboratory XRD to determine changes in the structural properties of goethite and
hrmngilc due to substitution by A" than Fe** in mineral structure (up to 33 mol.%).
Atomistic and long-range scales data regarding substitution of trace to low amounts
of other elements n the structure of iron oxides on the basis of indirect, dissolution
data have been predicted using synchrotron XRD and EXAFS [66-70]. The valence
state of substituent elements, coordination states and their effects on clement
substitution in iron oxides nave been revealed by XANES spectroscopy [66].

6. Synchrotron based tech iques in study of microbial i tions with
contaminants/pollutants in the soil

SR-FTIR spectromicroscopy is a powerful technique which has come in touse1n
recent years for study of microbial activities with high spatial resolution to pm scale
and temporal resolution to seconds scale, enabling keen study of processes at cel-
lularlevel [71]., Tt combines three techniques viz.; microscopy, mid IR spectroscopy
and SR based light source, which makes it possible to precisely locate the target,
obtain l'lS vibrational spectra and obtain very high signal to noise ratio.

Earlier FTIR spectromicroscopy technique used an aperture to take reading
f)f smﬂ.llcr areas within the sample, because to take reading, one had to adjust the
incoming light to cither eliminate some part of it or to distribute it among, detec-

tors, uniformly. This resulted to reduction in signal strength. The thermal emission
sources are limited to focus an area of 75-100 mm in diameter only. In contrast to
these conventional sources, a synchrotron infrared source can obtain spectra from
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smaller target areas without using aperture [72]. In SR-FTIR Spectro microscopy,
one can use the infrared beam to visualize a spot as small as the diameter of its
wavelength resulting to 0.7 times of spatial resolution [73-75].

The study of action of microbes over a geological surface (here, soil) is based on
the fact that, the changes carried out by microbial action (mineralization, immobi-
lization, biodegradation) is monitored by the study of the vibrational spectra of the
substrate (heavy metal or pollutant). Many studies have been carried out to find out
the reference spectra of several i such as, Ck ium and molybd
hexacarbonyls [76], Pentacyanonitrosyl pl of ct ium and molybd;
num [77], Aromatic chromium tricarbonyls [78], Explosive molecule vapors [79],
polycyclic aromatic hydrocarbons (PAH) [80-83], Fluoranthene and benzofluor-
anthenes [84], Organo-arsenic (I11), —antimony (I1I) and -bismuth (I11) thiolates
[85], PAHs incorporating the peropyrene structure [86], Nonregular PAHs (871,
large PAHs [88] Naphthalene and anthracene [89], 1-nitropyrene [72] Toluene-.

3,4-dithiolatoantimony (I11) derivatives [90], Trimethylarsine oxide [91] phos-
phorus tricyanide [92] Oil spill [93] Quinoline and Phenanthridine in Solid Argon
and H20 [94] 6-nitrochrysene [95, 96] Arsenate on Fe-Ce bimeral oxide [97].

A general step-by-step scheme of studying the microbe interaction is given as
follows:

Visual examination of the specimen surface under stereoscope to study the
overall morology and topography.

Application of sterile liquid to keep the surface microbes alive during study.
v

Removal of uneven fragments over the surface to prevent hinderance in scatter-
ing using mini hammer.

Cleaning of specimen surface by sonification and UV-radiation sterilization.

Specimen placed inside the sterile chamber of microscope and identification of
surface to be studied.

Microscopic volume of sample collected from field or microbial culture on to the
specimen surface selected.
v
Coupling FTIR-spectroscopic system to SR light source.

Recording of vibrational spectrum of target sample.

Apart from the above-mentioned organic ct i metal
speciation and bioavailability has also been widely determined using SR techniques.
Inastudy [98] XAS was used to explore the short-term aging profile and the
long-term speciation of dissolved Cu, CuO, and CuS nanoparticles, concluding
that the short-term reactions with nanoparticles are dependent on the Cu form and
soil chemistry, while the long-term reaction are independent of the form of Cuand
transformed into iron oxyhydroxide or natural organic matter bound Cu. Similarly,
Colzato et al. [99] used Cadmium L-edge XANES to study short-term temporal
changes in Cd speciation and long-term changes in Cd extractability to conclude
that highly weathered Oxisols and less weathered Entisols and Mollisols contain Cd
bound to organic matter and Fe and Al oxides. Mariet et al. [100] used EXAFS to
study a century old Pb leftover from metallurgical activities and reported the pres-
ence of Pb mainly as sorbed to Fe oxy(hydr)oxides, which was a significant finding
of great consequence to environment. SR based techniques have also been used
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recently to study real time biodegradation of organic chemicals [101]'- where it was
predicted that humic acid accelerates the degradation of polyaromatic hyz:!rocar?ons
(PAHs) by enhancing the solubility of the PAH, thereby increasing PAH bmav(all. = £
ability to microorganisms. SR-FTIR was used to study the effect of HA on the degr
dation kinetics of pyrene by Mycob ium sp.ona surface [101].

5

7.Synchrotron based techniques in studying soil nutrient (nitrogen and
phosphorus) dynamics

Phosphorus isa major essential nutrient to plants and directly involved in the
metabohic activities of plants, maintain structural integrity and directly aff fe“'4
ing the economic yield of crops due toits crucial role in fruit setting and flower 54
development. P found in many forms in soil, organic or inorganic. The farr_n of Pin
asoil decides its fate of mineralization, fixation, and availability as well as m(erncl-
tion with other compounds in soil. This makes the study of P speciation very “_mc.;
important. But low concentrations of P in chemical and organic species malke it dif-
ficult to specify the form of occurrence of P due to matrix interferences [102, 103]
using conventional techniques like SEM, IR spectroscopy and NMR spectroscopy-

But due to the aided advantages of SR-XAS, a matrix interference free datahas
been made possible. The technique uses XAS spectra for identification of the species. I
However, it represents the average of spectra of all the P species present, hence, mEik
analogues of P species are used as reference to extract the individual spectra ﬁtom
the overall spectra. The conventional techniques involve the chemical processing of
sample followed by colorimetric analysis, or other extractant methods, which mostly
involves the removal of P from its natural environment (soil matrix or colloid) and
resulting to possible alteration of original form of occurrence. However, use of SR
techniques such as XANES and EXAFS have proved to be promising in soil P specia-
tion. These techniques involve the study of spectrum produced by only one element

(ie., K-edge spectrum of P) of target irrespective of other elements present. Brandes et
L. [104] have studied the phosphorus K-edge XANES spectra of potassium phosphate
.}nd Various organic P species. The K-edge spectrum of P species in XANES can be
identified by characteristic line feature, for example, a pre-white line feature indicated
l.he PO, tetrahedra in coordi witha ition metal, Similarly, a weak pre-white
h’nc showing absorption peak at2-5 eV indicated Fe (111) phosphate and adsorbed
l‘hosPhnte onit [16]. Such features arevery prominent for P minerals like phosphor-
sideriteand strengite [105]. Simlar studies have been carried out by few researchers till
date, which uses XANES for speciation of Soil P [106-113]. XANES has been used to
study adsorbed species of P on Fe and Al oxides [110].
. Nis alsoa major essential plant nutrient involved in structural integrity to meta-
olic activities of plants. The inorganic forms of N have been well explored and its anal-
Ysis procedure in soil system is well established. But the nature of soil organic nitrogen
(SON) hasstill remained relatively unexplored given its importance in the N cycle
[114].‘as half of the SON have been termed as the unknown N [115]. The dissolved
organic N (DON) also has the same fate as SON in terms of its characterization [116].
'rh:rc are several methods that have been devised to characterize the SON fraction as
hydrolysable N, NH3.N and unidentified N, such as, acid hydrolysis [117], pyrolysis,
nass SPC‘E"DTEHY and NMR spectroscopy [118, 119]. The use of X-ray spectroscopic
mctllﬂd; in this field has come into existence in recent pastonly [25,120-124], which
come with their obvious | of low energy, sensitivity and incapability to
determine w.:ry sm.:dl fraction of samples and limited number of reference spectra.

As mentioned in the previous regarding P determination, XANES K-edge N

spectra has been used in few recent studies for speciation of SON and DON, which
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are present in very low concentrations, due to their highly sensitive beamline
characteristics. And these works have been focusses in the direction of develop-

ing appropriate N reference standards [125). The N K-edge XANES requires very
high flux beamline critical of the study subject, and it occurs at photon energy of
around 400 eV. An N-XANES represents the average of spectra of all the N species
present, hence, reference spectrum of N species is used to extract the individual
spectra from the overall spectra. This is almost like a fingerprinting technique
where reference spectra and resultant K-edge spectra are compared to conclude the
speciation. The peak spectra of ium comp Is were found to
be around 401 eV [126], for KNO3 and Ca (NO3)2 it is around 412 eV, pyridine-
based compounds at 398.7 eV. N-XANES has been used to characterize Maillard
reaction-produced humic substances in DOM-related geomaterials [122], to study
the aquatic sediment humic acids and their characterization to pyridines and
oxidized pyridines [123]. These approaches had the major disadvantages of physical
alteration and poor correlation between soil properties and chemical characteristics
of extracts [125]. Because organic N fraction is closely associated with the clay size
fractions of soil, the analytical technique that did not involve much chemical altera-
tion, came in to popularity in the recent years, with the advent of SR based XANES.
N-XANES has been used to study the dy ics of N-comp Is in the rhizosphere
of field pea (Pisum sativa L.) [127], characterizing heterocyclic (pyridinic) N in
pyridines, pyrazines, nitrilic-N, -N**, amide N and -NH- and nitroaromatic-N. N
K-edge XANES was used to derive the spectra of soil to study the changes in SON

d by changes in pedoclimatic properties and cultivation duration [128].

|

8. Synchrotron based techniques in soil rhizosphere studies

Soil rhizosphere is a very complex yet important part of soil-plant root interac-
tion. The microbes inhabiting the rhizosphere, the root exudates from plants, their
interactions with each other and with the surrounding environment is crucial for
nutrient cycling, nutrient release from SOM and ultimately plant growth. However,
the study of rhizosphere has not been easy due to its complexity. The very fine root
structures are not easily identifiable with existing techniques. The visualization
of complex processes taking place in the rhizosphere require very high intensity
beam as well as nanoscale spatial resolution, which have been met recently by some
interventions which use SR for study.

STXM has been used to investigate the rhizosphere in few recent studies, for
studying OC distribution within bacterial biofilms at fine scale [129-131] soil micro-
aggregates [12, 26, 51] and bacteria-soil mineral interfaces [132]. Along with STXM,
NEXAFS has been used to study oxidative damage of lignocellulosic materials [133]
in bleaching and if such technique could be used in soil, it may help in quantifying
the degradation of plant cells [134]. Synchrotron -IR microscopy (SIRM) is sucha
technique which has enabled the non-mvasive mapping of root zone by using mid-IR
spectroscopic signature. For SIRM studies, seedlings are sown in rhizoboxes, with
modification of Lexan faces with windows such as Zn Selenide windows [135] and
diamond window [136]. These windows allow direct observation of root-soil inter-
face using SIRM.SIRM enables to focus the IR ton area as small as 6-10 mm [74, 75].

9. Limitations

SR based techniques have proven to be a boon in the field of soil analysis.
However, it is still unexplored and there is a lot of scope for further research in this
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field. No technique is perfect and SR based techniques also come with scv:m‘l Ilnllfr;-
tions. For example, p- XRF uses hard X-ray beamlines for metal and mcmllun}ls with
7> 20, and at this beam line the lighter elements (N, P and S) cannot b"_ studied. "
Similarly, soft X-ray cannot be used for heavy clements. The interpretation of d-\.ﬂ("‘
K-edge XANES requires very much skill and accuracy, also whena spec}ﬁc element
is being detected, there are chances of self-absorption leading to faulty interpreta-
tion Also, the low energy of K-edge shell and low concentrations of the el‘cmenl.s Il'\s
soil pose ions to this technique. Studies i lving preparation of ﬂ'llll section
require very high skill. Detailed mapping of spatial distribution of organic Calso
poses challenges when information on single locations needs to be interpolated to
processes encountered at the Pedon or landscape scale. Also, constr‘amts.such as
sample preparation, control of radiation damage, or spectral quantification are d
faced in SR-FTIR studies. Other limitation of SR-FTIR is that it cannot be applie -
toall geological materials, because it is not possible to obtain lR-spectr{m for lh_OSL
elements which are opaque at IR e.g., Iron oxides or sulfides and l’“’ﬂ‘f'l":,“ b_ea-rﬂf‘g
minerals. The data from spectral information of standard substances is still insu! ,- i
ficient to fully identify functional group chemistry for soil organic C nqd @lconce =
effortis required to fill that gap as soon as possible. However, these limitations also
indicate the areas where the future research should be focused.

10. Future perspective

The SR based techniques are far more improved in terms of their .'lCCl;\l’.le
compared to the pre-existing techniques that use EM radiation for chemical and
physical analysis of soils. Soils are inseparable entity of agriculture product?nn
systems and environment as a whole. The advent of SR techniques has pmyldcd a i
better insight into the soil nutrient dynamics, organic C speciation, soil mineralogys
fate of trace clements, metal ¢ organic poll + b ilability and
mictobial interactions, These results obtained from SR based techniquescanbe
usedto make significant predictions for sustainability of an agricullur;\l system. For
example, the forms of nutrient in a soil can indicate the underlying biogeochcmlcal
Process which is occurring in real time and can be a good indicator of soil health.
The correlation of the different forms with soil microbial flora and fauna will
BIVe insight into the health status of a soil. The forms of OC in soils are very guud.
indicator of soil genesis, aggregate stability and capacity of a soil to provide nutti-
:;::or the mictobial population, The clay coatings on the ped faces, cutans andh :
soil d:';mm‘"’l’h"‘ﬂgical features can be accurately visualized to undcrstar-\.t:l(. : e
the nu::, oPment processes and their stage of weathering, which in turn, (.!ecl L:\[ A

ar. 'cm holding capacity, permeability, infiltration etc. and these are impor s
Desresa deie cropping systems, The future researches should be focuslc(l
AwideTanes grse he short.hlls of the techniques. For §R absorptian‘ wd"“]q“c:(i
be C"mblntd t 5Pk':tml libraries should be priority. The different techniques shou
to this, signifi ogether to increase the array of analysis of the samples. In aquxlon
damay 208 d ol Constinty like need sample preparation, control of radiation

B¢ and spectral quantification should be addressed.

towards overcoming t

11. Conclusion

The SR based techniques are kable i
spectrosco)
dimension.

aen I over the p isting
P;\;‘ echniques. The use of SR in soils is quite new and fairly unexplored
- Notavery less butalso not a lot of research has been done towards
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analysis of soil parameters. The techniques such as XAS, FTIR and XRD have been
widely used in soil studies, for soil nutrient dynamlcs, organic C specumon soil

mineralogy, fate of trace el metal urgzmc 1l il

ability and microbial i ions. The exploration of plored at nano scales has

been possible with the advent of this technique. H some limitations such as
ilability of adequate spectral refe converting the qualitative data in to

quantifiable terms high skill requirements for handling and sample preparations and
most importantly, the confinement of SR facilities to select places have restricted
their wide adoption. Hence, future researches focused in this direction to popularize
and further explore this technique to make it reachable in public domain.
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Plants adapt and develop their own mechanism to cope the environmental stress.
The most effective means of combating environmental stress is the release and
ac lation of plant growth-regulating h such as abscisic acid (ABA)
and salicylic acid (SA). ABA, commonly known as stress hormone is released at the
Toot tip inesponse to lower water potential, followed by its translocation to leaves
where italters osmotic pressure of the stomatal guard cells, leading to the closure of
stomata openings to conserve moisture, thereby, preventing water loss via transpi-
ration. Moreover, accumulated carbohydrates and amino acids being low molecular
weight compounds play an active role in osmoregulation. SA, on the other hand,

protects the plant against pathogenic attack [4].

e
PGPR/Treated Plant P S
Baall S o
s cereu/Solanon beoperscuom Heatstress Increased production of exo
polysaccharide, cleavage of ACC
deaminase [9] A
Bacllas amplligcfaciens, =
x 0
Agrbscterson ebraom/Tricem Water stress Increase in biomass and grain yicld (10]
et
o N I

Faallitating ACC-deaminase activity,
increased production of JAA, hydrogen!
eyamdeand siderophore [11]

Pacubacilus sp [Phaseols vy ﬁ;m

Stenastrophoms e
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i e d f bial and plant

growth promoting volatile organic
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Along with plant internal defense mechanism, the supportive role of PGPR has
been widely acknowledged as an effective tool for sustaining plant growth and yield
[5-7]. The plant root system serves as a habitat for numerous microorganisms that
also interact with soil, thereby developing a complex ecosystem [8]. Certain PGPR
inhabiting the rhizosphere penetrates roots and migrates through plant tissues;
thereby impact the physiological and bmchemlcal traits of plant cclls (Table1).

This ecological aspect of the bi y can be employed to st h
the stress tolerance in plants, hence increasing their adaptation towards invincible
climatic changes (Figure1) [15].

The escalating demand and supply of chemical fertilizers and pesticides along
with the persistence of their residual particles has posed an ultimate threat to
humans as well as to the ecosystem. As an alternative, the acceptability of bio-fertil-
izers bearing 1. has been i ing day by day. These bioinoculants act
asa potential source of phytohormones which can rectify the climatic stress faced
by plants. This chapter will explore various aspects of the utilization of bioinocu-
lants for combating the climatic stress faced by plants.

2. Amelioration of heat stress via thermotolerant microbes

The major climatic stress faced by plants due to the rise in global temperature
is heat stress which leads to water stress with counter effect on photosynthetic rate
and flowering and fruiting in both tropical and sub-tropical crop systems [16]. The
steady increase in surface temperatures is followed by an increase in soil tempera-
ture which can influence the root elongation process. Although, root elongation
requires optimum soil temperature (specific to each plant), beyond which root
clongation is stopped resulting in a stunted root system. Moreover, the activity of
rhizobacteria is also relying on optimum soil temperature. In the forest ecosystem,
N being a macronutrient acts as a growth-limiting factor. The flow of N cycling is
deliberately subjected to temperature variation. The relatively increased tempera-
ture triggers N mineralization by microbes and thereby, prompting N uptake by
plants as nitrates. However, in this process, the net nitrification is decreased [17].
The inoculation of PGPR is found to be more convenient than hsfs (heat stress
transcription factors) genes, transgenic varieties, and breeding of heat-tolerant
cultivators [18, 19].

Thermotolerance of certain PGPR has been evaluated to decrease the effect of
heat stress on plants. The soybean plants inoculated with Bacillus cereus strain SA1
m re prnst.d to hu( stress for 5-10 days. Thn moculnh.d plants exhibited improved
) and biochemical (ch hyll content and chlorophyll
ﬂuou scence) characteristics. Moreover, SA1 moculancn reduced the synthesis of
abscisic acid and increased salicylic acid (a phenolic phytohormone involved in
signaling and defense against pathogens) along with remarkable production of
antioxidants (ascorbic acid peroxidase, superoxide dismutase, and glutathione) for
sequestration of reactive oxygen species (ROS). A continuous increase in the syn-
thesis and assimilation of Heat Shock Protein (HSP) was also claimed throughout
the stress period of 5 to10 days, mainly due to the perpetual onset of GmHSP gene
expression. Also, over gene expression of GmLAX3 and GmAKT?2 were associated
with enhanced potassium gradient and altered auxin and ABA stimuli (Aaqil etal.
2020). The bacterial strain Bacillus cereus capable of producing ACC-deaminase
(0.76-C0.9 pM/mg protein/h) can cleavage ACC to a-ketobutyrate and ammonia
to increase heat tolerance in tomato (Solanum lycopersicum L.). Moreover, increase
in synthesis of exopolysaccharide (0.66-C0.91 mg/mL) showed promising plant
growth in tomato [9] (Table 2). Moreover, the presence of enzymatic antioxidants
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AP S B

Treated Plant/PGPR Stress Alleviation Effect
Potato Pl belderia lytfirmans ACC deaminase production [20]
Moosnityratinsth Redactionin lipid peroxidation and
H.0,, higher ROS scavenging,
activity [21]

s amycligecf sl L ROS reduction, pre-activation of heat
g 7
Sermatia marcesens, Prsudomonas spp. shock proteins (221
LTSl

ACC deaminase production

actenia [24]

. . IR 1 O Ccarom s PO
Apple and pear/F fluorecens Competon with IN.

'ACC deaminase production [25]

ABA production [26] 9
Tablez.
Alleviation of ket stress via bioioculants

such as superoxide di (SOD), peroxidase (POD) and catalase (CAT), and
accumulation of metabolites such asamino acids and proline had boosted the
scavenging activity against ROS under heat stress.
Among different agro-ecological zones, the arid and semi-arid regions are highly
vul_nenblc to climatic changes mainly due to dynamical precipi(ntion patterns.
Being a staple cereal crop, the wheat and its associated endophytic and epiphytic
bacterial diversity was igated for th 1 e at a temperature range o
30-40°C, pH 3-11, and 3-20% NaCl concentration [27). Among 32 bacterial strains
of 15 genera, 10 strains were reported to exhibit six different plant growth-pro-
M?Uqg(mlu under heat stress, Arthrobacter sp. (66.0 £ 0.7 mg I6e) possessed hig‘h
bilization of phosphorus followed by Pseid japonica (64.6 + 0.9 mgL ).
Whereas, the potassium solubilization was highest for Methylobacteritim mesophili-
cum, Pseudomonas putida exhibited the highest IAA production (70.8 + 1.5 pg mg X
protein day™) followed by Rhodobacter capsulatus (69.1 £ 0.5 g mg’ protein day™).
The highest production of siderophore had been shown by Alcaligenes faccalis
(49 + 0.1 mm). Being thermotolerant, Alcaligenes faccalis and Pseudomonas poac
were also characterized as alkali tolerant with 5% NaCl and 10% NaCl tolerance
“‘P”C_“V“ly- Besides the production of IAA, siderophore, and ammonia, these
bacterial strains were also involved in the solubilization of phosphorus and zinc
under heat stress. The chief bacterial groups characterized for nitrogen fixation at
high temp were Ac b L Al Bacillus, Delftia, Providencia,
l’mn{umaum. Rhodobacter, and Salmonella.
Similarly, Sorghum being native to arid habitat was inoculated with a thermo-
:,OIE"“‘ bﬂc}!nal strain of Psuedomonas aeruginosa AKM-P6 which was isolated
1;‘:"‘ the rhizosphere of Pigeon Pea plant grown under semi-arid conditions [28].
i+ ; moculated Sorghum seedlings survived the temperature range of 47-50°C up to
days. The thermotolerance was imparted by the biosynthesis of high molecular
weight proteins in leaves which protected cellular membranes from injury and
;r::grovcd.mstabullkvlpmducunn mainly proline, chlorophyll, sugars, amino acids,
o E::lc:ns along with plant biomass. Another strain of Pseudomonas sp. PsJN
- l’ﬂ)‘;a ;evalua(c'thc heat-stress tolerance level in 18 clones of potatoes via both
= nscd:‘ lr}.;r-mlm inoculation [29]. The inoculated potato nodal cuttings were
Thp: i’n“ ." 4 ‘e temperature range of 20/15°C or 33/15°C day and night for six weeks.
g :‘;‘ '"g“ml’ﬂallllf had drastically affected the root system and tuber
o tuber fresh \ve{gl\( An average root to shoot ratio decreased from 3.7
d C to 1.7 at 33/15°C in non-inoculated plantlets and respectively, from 4.3
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to 1.5 for inoculated ones. ABA deficient plantlets lack the tuber formation whereas
tuberization in inoculated plantlets was significant at 33/15°C. As compared to in
vitro, the ex-vitro performance of potato clones (LT-7) exhibited the effectiveness
of rhizobacteria in colonizing certain potato clones under heat stress. Hence, the
thermotolerant bacterial strains may serve as inoculants and bio-control agents for
improving crop productivity with accelerating climatic temperature stress.

3. Amelloratmn of water stress vial-aminocyclopropane-1- carboxylate
i harid 4
poly ide p ion

Due to the changes in mini and perature, high water require-
ment and reduction in yield was observed in plants. Although the production of
‘Ethylene’ as plant stress hormone occurs in response to climatic stress encountered
by plants; its accumulation in high amounts could be deleterious. The accumula-
tion occurs under the influence of ACC oxidase that prompts exudation of ACC, a
precursor to ethylene synthcsxs The PGPR cap;\blc of producmg ACC deaminase
degrades ACC into its intermediatesi.e., and butyrate, thereby,
declining ethylene level and restoring plant development [30]. The inoculation
of Mucuna pruriens L. (velvet bean), a well-adapted plant to arid and semi-arid
regions with Bacillus spp. and Enterobacter spp. had shown significantly reduced
ACC accumulation by 41% and 21% in leaves respectively, and in the roots by 46%
and 15%, respectively. Thereby, the ethylene synthesis was reduced by 45% with
Bacillus spp. (G9) and 65% with Enterobacter spp. (HS9) [29].

In addition to ACC deaminase activity, certain bacterial strains were found to be
efficient in plant growth. For instance, Achromobacter piechaudit ARVS, a bacte-
rial strain isolated from the arid region, experiencing frequent episodes of water
stress was found to be better plant growth promoter as compared to Pseudomonas
putida GR12-2, a bacterial strain inhabiting area with surplus water supply [31].
The bioinoculation of tomato (Lycopersicum esculentum Mill) and pepper (Capsicum
annuum L.) seedlings with A. prechaudii strain improved relative water content
(RWC) which subsequently succored plants in maintaining their fresh weight in
water stress conditions. The maintenance of the fresh weight in biomoculz(ed seed-
ling can be justified by the declined production of ethylene to 6 1 nlh™ as compared
to stressed seedling with the rise in ethylene level up to 23 nlh™". Overall, the plant
biomass was enhanced four times as compared to uninoculated controls. Similarly
bacterial strains mainly Variovorax paradoxus, Pseud spp. Adh bacter spp.
and Ochrobactrum anthropi islolated from rain-fed agricultural soil were reported
to possess growth-promoting traits such as N, fixation, siderophore, and phosphate
solubilization along with sufficient production of ACC deaminase. These bacterial
strains both as single inoculation and consortium imparted significant growth,
foliar concentration, and antioxidant activity to the wheat (Triticum aestivum L.)
production [32].

The exopolysaccharide (EPS) released by PGPR tends to form rhizosheath or
biofilms around the surface of the roots containing sufficient moisture content,
thereby, protect them from prolonged desiccation. Moreover, plants inoculated
with EPS are capable of accumulating sugars, amino acids, and proline. The sur-
vival of PGPR in dried sandy soils with low moisture content is conceivable due
to EPS, which may serve as a biological tool to combat climatic water stress and
ultimately providing a path towards global food security [33]. The coalition of ACC
deaminase and EPS has been shown to have an affirmative effect on carotenoid
pigments in certain plants, The inoculation of Capsicum annuum plants wilh
Bulkhorderia cepacia (ACC deaminase activity 12.8 + 0.44, mM aKB mg™ min™* and
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(chl

phyll 257 gm L™ and chli

EPS 4.89 + 0.06 mg/mg protein) resulted in increased chlorophyll aand b content
phyllb3.4 gm

L rcspcctivuly) as compared to

= ' he plant bio-
control (chlorophyll 232 gm L', chlorophyll b 1.9 gm L !). Moreover, the p
mass has also increased (fresh weight of 9 g and dry weight of 36 g) as compared to

control (fresh weight 6 g, and dry weight 1.6 g) [34].
3 s

‘The co-appli

with biochar has been

of PGPR prod

g AC

utilized as an effective mechanism against prevalent water stress Fondltu{ni.o
Timber-waste biochar was co-applied with Bacillus amylol; iquefaciens strain

increase the prod

lated water stress conditions. Along

ivity of wheat under si

: g 0/
with high productivity (59% of 100-grain weight), the grain composmonl(SISl (]
N, 18% P, and 23% K), carotenoid (114% chlorophyll a and 123% chlorophy’

b), photosynthetic rate (118%), and transpiration rate (73%) in wheat

were also

teinforced [10]. To understand the PGPR potential for genetic in'ipmvemfent :n
ph'nts, the physiclogy and bochemical characteristics of PGPR isolated 1 rt::c
chickpea thizosphere were implored. The seeds of chickpea were grown in

cultures of Bacillus subtilis,

Bacillus thuringiensis, and Bacillus megaterium. The

5-day old chickpea seedlings were sprayed with plant growth regulators/plant
e plant gr 2 5 ”
Browth retardants (PGRs) 1ge salicylllic:)icid (SA) and putrescine (Put) at the rate

of 150 mgL,*
enoid, sugar, and
conditions [14].
The inhibitg
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PsJN and Enterobact,
after the 45th g,
30% relative yya
shoot biomass,
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leaf area, chl,

er sp. FD17 [35]. Maize seedlings were exp'oscd to \_Nater'
y of vegetative growth, The inoculated baclcn.al seedlings €
ter content in leaves along with the significant increase

- The consortium of PGPR and PGRs significantly improved carot-
protein contents as compared to irrigated and

non-irrigated

Ty effect of water stress in two maize species was mitigated b’y"”
endophytic bacterial species i.e., Burkholderia phytofirma

stress
xhibited
in root and
hemical efficiency of PSIT

(Photosystem |

content, and p it
D). However, the Paraburkholderia phytofirmans PsJN was fou

e effective as compared to Enterobacter sp. FD17. The remedial potential of

PGPR AGANSTwater stress o
ture practices (Table 3).
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and delsy drought response [43]
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4. Amelioration of salinity via bioinoculants

The soil salinity is naturally occurring phenomena in arid and semi-arid regions.
Besides, extensive use of chemical fertilizers and irregular irrigation practices,
the conti y changing precipitation pattern is contributing 1-2% salinity to
arable lands every year [44]. The plants growing under salinity conditions tend
to have high levels of ethylene, stress hormone released in response to both biotic
and abiotic stress. As mentioned earlier, PGPR possessing ACC deaminase enzyme
can reduce ethylene level by disintegrating ACC (precursor to cthylene) into

ketobutyrate and thereby suppressing the formation of ethylene and
ultimately sustaining the plant growth. In doing so, the strains of Anewrinibacillus
ancurinilyticus and Pacnibacillus sp. isolated from Garlic (Allium satioum) rhizo-
sphere were used for seed bacterization of French bean (Phaseolus vulgaris) and
evaluated for their ACC deaminase activity [11]. These strains produced more than
~1500 nmol of a-ketobutyrate mg protein ' h™* and more than ~30 pg/ml Indole
Acetic Acid (IAA) under saline and nonsalinity stress conditions. Moreover, the
seed bacterization in the form of consortia led to a ~ 60% decline in stress stimu-
lated ethylene levels.

Under saline conditions, water uptake is restricted by ionic stress which develops
between Na® and K* due to Na® accumulation in acrial parts of plants. Singh and
Jha [12] successfully employed inoculation of Stenostrophomonas maltophilia SBP-9
on wheat (Triticum aestioum) and increased K* uptake by 20-28%. The plant-
endophytic relationship has been explored by co-inoculation of Cicer arietinum
(Chickpea) with Bacillus subtilis NUU4 and Mesorhizobium cicer1 1C53 to alleviate
salt stress, These bacterial strains increased proline accumulation which in turn
sequestered hydrogen peroxide to strengthen the tolerance level against saline
conditions. Besides, coinoculation of endophytes also reduced root rot infection
caused by E Solani [45]. The PGPR and their relationship with plants proved to be
effective in dealing salt stress simultaneous to other biotic and abiotic stress in given
global climatic conditions (Table 4).

5. Amelioration of oxidative stress via osmoregulation

Global climate change is amplifying the intensity of environmental factors,
causing a profound disturbance in the plant’s biological processes mainly via
intractable generation of ROS. A condition called ‘oxidative stress’ develops when
the available concentration of antioxidants within plant cells become insufficient
to neutralize an unrestrained number of reactive species (OH™, 0" and H,0,7)
which leads to disruption of cellular components (lipids, protein, nucleic acids, and
metabolites). As a defense mechanism, plants and related rhizobacteria synthesize
and release osmolytes when required. Osmolytes are low molecular organic com-
pounds (proline; amino acids, sugars, polyols, hylamines, methyls i
compunds, and urea) mainly aiming at neutralization of the osmotic pressure of
cells under stress conditions. These plants and PGPR synthesized osmolytes syn-
ergistically act to capture ROS. The prominent PGPR strains such as Azospirillum
Drasilense SP-7 and Herbaspirdlum seropedicae Z-152 managed to retain relatively
higher water content in vegetal tissues of inoculated/non-irrigated maize plants as
compared to non-inoculated/irrigated maize plants, The plants inoculated with H.
seropedicae had a higher proline accumulation rate (fourfold) as compared to those
inoculated with A. brasilense (two-fold), thus indicating better osmoregulation
under drought conditions. However, the amount of proline in inoculated plants

16
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Alleviation of salmity stress via biomoculants.

was Ve
com{;‘;‘;‘:?’;&‘z‘;{fin ;on(rol plzntf inboth v\fa(er»srressed and well-watered
attributed to ;bﬂmw‘:‘st‘ concentration of proline in inoculated plants may be
amount of osmolytes to the available ROS leading to better
clhylm: cﬂnlem":I::r:u}:hmes“d conditions. Also, inoculated plants have lower
ZmVP14 responsible f‘ i‘;,Of L:nntml plants. However, the gene expression of
lated plants [53] !Jlovfir ¢ biosynthesis of abscisic acid was suppressed in inocu-
in drought COHd;rinns l“g stomata to remain open for better CO, assimilation even
St of chida( s0 supgor}:d by other researchers [35].
reduced proline concen{m varieties with Preudomonas putida, also indicated 3
PG»mos e sevemh:mn witha reduced level of 114% in BG-362 and 214% in
inoculated with Burkhold, ay of water stress [41, 53]. However, in Capsicum annun
higher (0,143 mmol, 2 cepaca, the lation of proline content was
Co-inoculation an‘:MB"? ) as compared to the control plant (0.065 mmoles gm™)-
improved :xcru'“ul:uio: n{r" ‘{‘momrmm and Azospirillum brasilense signifi cantly
characteristics of Ment) b p"°l_‘"= and other osmolytes along with physic-chcmical
sugars play a vital m]Z im Iml.‘g"‘_"'v L. [54]. Other than proline, some soluble
therefore, also termed Inmaintaining photosynthesis in leaves under water Stress,
can become deleterioy ‘osmoprotectant’, However, the reduced level of soluble sugar
of PGPR (Bucillus mbus[m the cellular membranes of plants. The co-inoculation
PGRs (SA & Put) in c’l:‘"ﬂumnm thuringiensis, and Bacillus mrgnlcmml) with
along with chlorgphy "" peaseedlings prompt the accumulation of soluble sugar
photosynthesis undeyr wind protein content (majorly proline), thus, regularizing
a signaling molecule w;ltr stress [14]. The accumulated soluble sugar also acts as
genes relevant to Phl;tns ere it triggers the activation and gene expression of certain
busters’ are pivotal in ynthesis in plants, Hence, osmolytes being ‘abiotic stress
cellular level to cnhmg:‘s"':z‘s"l‘;g homcustz]ric equilibrium at the molecular and
erance in plants [55].

6. Ameliorati
. Amelioration of
. cold stress via psychrotrophic microbes
ue to global warmi
. 2 ing, exf .

frequently including r:uldgsm-:m:“E environmental conditions are occurring more

unexpectedly intensifying SF“ northern parts of the world, the cold weather is
pecifically due to the Polar vortex bringing cold A cm:
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air towards southern parts of the planet, bnngmg more intense winters in some
parts of the world. The biomes of serveas llent habitats
forarchaea, bacteria, and fungi. Agro-ecosystems at high altitudes are vulnerable to
low productivity due to low surface temperature resulting in low soil temperature
and in turn low soil fcnility [56]. High altitude soils comprised diverse microbes
lhat are capable of survnvmg cold environments mainly due to synthesis and

10n of cry pounds such as bolites (proline), anthocy-
anin (secondary ml.nbuhtc) and carhohydntcs (trehalose). The induction of such
stress-resistance against abiotic stress is also coined with a term called ‘Induced
Systematic Resistance’ (ISR). An in vitro inoculation of Vitis vinifera L. (grapevine)
explants with Burkholderia phytofirmans strain PsJN successfully developed chill-
ing resi: mainly via lation of increased level of sugars, proline, and

h lics as compared (o i lated plamlcts (571.

Several L hnol 1 and mi pts have been ongoing for the
last two decades to utilize the cold-tolerant (psychrotrophlc) or cold-loving (psy-
chrophilic) microbes to improve the agricultural practices in chilling mountainous
environments, Psychrophilic microbes inhabiting cold environments majorly
belong to phyla Vcn*uwmurabm Thaumarchaeota, Splrm:hutlcs, Proteobacterta,

M Gi detes, Firmicutes, Euryar
clmmm Cymm[m(trrm Chloroflexi, Chlamydiae, Basidic Bacterodetes,
Ascomycota, and Actinobacteria. Like thermotolerant PGPR, the psychrotrophic
PGPR exphcn various atmbulcs hke ACC deaminase acnvny. solubilization of

rients (phosphorus, p and zinc), gical N, fixation, and

production of ammonia, hydrogen cyanide, indole-3-acetic acid, and Fe-chelating
compounds (Figure 2). The alleviation of cold stress on the production of cereal
crops such as wheat was investigated by inoculation with Bacillus spp. CJCL2 and
RJGP41 strains isolated from Qinghai-Tibetan plateau [58]. The psychrophilic
activity of this strain was also compared to temperate B. velezensis FZBA42 at a tem-
perature range of 14°C, 10°C, and 4°C after 4 h post-inoculation. The cold-tolerant
strain CJCL2 produced the finest biofilm structure as compared to RJGP41 which
produced slight biofilms at 96 h post-inoculation at 4°C, whereas FZB42 failed to
develop any biofilm at 4°C. The basic mechanism against cold stress was based on
the regulation of abscisic acid, lipid peroxidation and proline accumulation, and
alower Ic\'(-l nl' ROS. Mnrcnvcr, genetic expression for ACC deaminse, glucose

lchy se encoding phosphate solubilization, and phytohormones was quite
kﬁccm e nnd led to the improvement in plant growth under cold stress. The cold-
tolerant Bacillus spp. maintained osmotic balance in a plant cell by synthesizing
glycine betaine, a major osmoprotectant and produced due to OpuAC gene expres-
sion. All in all linear four-fivefold increase in the gene expression of cold shock
proteins (CspB, CspC, and CspD) observed in CJCL2 and RJGP41 inoculated wheat

Iree
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2 . =
plants may trigger the modifications in RNA. Also, these proteins may stabilize th
secondary structure of nucleotides leading to improved cellular components.

)

61Plant growth p ing rhizobacteria and root-nodule sy

The PGPR possessing root-nodule symbiosis has also been reported to cxl:b]lt o
psycrotolerant traits at 5°C [39]. These PGPRs were isolated from the root no ule
Pisum satiwwn L. (Pea), cultivated in the Northern Indian plains. Out of mnutccr.l
tested strains, four exhibited cold tolerance mainly by producing phyto hurlmom
IAAinthe range of 62.7-198.1 pg/ml. The inoculation of edible crops growing 5
under adverse climatic conditions with PGPR producing phytohormones .~;hnwed
promising results [60]. The Serratia nematodiphila PEJ1011 strain was inoculated to
Capsicum anruun L. (pepper) atalow temperature of 5°C. The inoculated plants
exhibited higher endogenous GA; content grown both at normal and low temp(‘r:ll-
tures. Moreover, PGPR increased abscisic acid (phymhormone) level and reduce
Jasmonic acid and salicylic acid (phytok to regulats plant adapta-
tionand growth at low temperature (Figure 3).

6.2Plant g, owthp ing rhizok iaand chlorophyll pigments

o ining chlorophyll pig; for photosynthesis are the main
:r‘]’:"c:ks affected by the cold. Law temperature also led to stomatal closure in I'Ilﬂ:ly
et s ke A Although | closure prevents
leaf dehydrat . pn thlana, Although the .

Thej hydration, CO, uptake is inhibited which eventually reduces photusynthcps!s'.\’
(B Pnolf]u'mn“ Of A. thliana with endophytic Burkholderia phytofirmans strain E fJ
ans.:{, ) prevented disruption of the plasma membrane at 0°C, —1"C,.and -3°C
the b, “?d cell vall strengthening in leaf cells [62]. Moreover, after ni ght.s(‘rf:ss .l
(gra a:gn; led tobeter photosynthetic pigment content. Similarly, Vitis wmj_ml L.
a u?nu;ne) ‘“l‘“'i.ted in temperate and cool climates contains CBF4 gene which is
tolow (:g 10 A. thliana CBF1 accumulates carbohydrates and proline on exposu i
B ,,[,),‘qﬁ",:pmm“' !53] -The V vmifera plantlets were inoculated with cr"dcph):;“-
cold ITsmnnmu st!]ll’.l PsJNat 4°C. As expected, the bacterial strain hm'i mduc:{ =5
genes, 3] nce principally by enhancing gene expression of CBF (specifically CB
lite |f'a|°"g Withan Jation of anti-freeze proteins (PR proteins) and metabo-
P“mx‘i’:] - Thebacteial strain viasfound to be highly effective in inhibiting hydrogen

€ (H:0,). However, the inoculated plantlets indicated high H;0; accumulation

Figure 3,
Impact of p,
plant groy,
f Plant grows Promoting riuzobacteria on mutrient acquisiion f61)
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in the first three days of cold stress followed by H,0, elimination after a week, further
evidenced by a reduction in the level of metabolites after 1 week indicating inhibition
of ROS via scavenging process carried out by endophytic PsJN strain.

6.3 Plant growth promoting rhizobacteria and sugar deposition

Certain bacteria, fungi, vascular plants, and invertebrate animals synthesize
trehalose or mycose for energy consumption and to tolerate cold and water stress.
Trehalose is a disaccharide sugar consisting of two glucose molecules mainly synthe-
snzcd via phosphoryln(ed intermediate trehalose 6-phosphate (T6P). Being capable

of i g cryop tive compounds, B. phytofirmans strain PsJN was inoculated
in grapevine to observe its impact on the Jation of T6P and trehalose at 4°C.
After 120 h of cold exposure, the level of T6P was increased in roots (>0.4 nmol.
g ' FW) stems (>0.7 nmol. g 1FW), and leaves (>1.7 nmol. g" FW) of inoculated
plantlets. T6P acts as a signal metabolite in plants responding in particular to changes
in sucrose level, thereby a strong correlation had been observed between T6P and
sucrose content in all plant organs in both chilled and non-chilled plants. The
authors were uncertain about the role of trehalose against chilling because the over-
all accumulation of trehalose was only found in leaves in low amounts i.c., <15 nmol.

', Localized trehalose lation might have protected cell membranes against
cold-induced dehydration [64, 65]. However, the organ-specific accumulation may
indicate trehalose acted as an osmolyte [66]. Previous studies related to drought
stress indicated overexpression of genes for the synthesis of trehalose which under
water-stress inhibited dehydration [67]. Although psychrotolerant PGPRs are
proved to be effective in inducing tolerance against cold stress, the quest of mecha-
nism underlying is still being investigated by the researchers.

7. Conclusions

Despite awareness and efforts being planned or carried out, global temperature,
a dynamic entity itself is hard to reverse to its previous levels in 1990. Instead,
plant species have to acclimatize themselves to prevailing temperature variations.
A natural symbiotic relationship between PGPR and plant growth is known for
decades, has been widely considered and accepted as the most convenient and
reliable approach to deal with climate-based environmental stresses. This chapter,
therefore, quoted and discussed several research studies utilizing PGPR to alter
physiological and biochemical processes occurring at inter and intracellular levels
to boost the plant’s defense mechanism. However, the complexity of the mechanism
underlying is still in focus to fully harness the potential of PGPR for sustainable
agricultural practices and for sustaining natural plant diversity.
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PGPR Plant Growth Promoting Rhizobacteria
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1-carboxylate Deaminase ACC deaminase
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ABA Abscisic Acid

SA Salicylic Acid

1AA Indole-3-Acetic Acid

VoCs Volatile Organic Compounds
ABA Abscisic Acid (ABA)

HSP Heat Shock Protein

SOD Superoxide Dismutase

POD Peroxidase

CAT Catalase

ROS Reactive Oxygen Species

RWC Relative Water Content

EPS Exopolysaccharide

PGRs Plant Growth Retardants (PGRs)
Put Putrescine

ISR Induced Systematic Resistance
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Since the Green Revolution era, the farming sector exploited the soils for food,
fiber, fodder, etc., with high input responsive varieties that excavated vast amounts
of chemical fertilizers. The burgeoning population of the country calls for a com-
mensurate increase in food production to satisfy the demands of its inhabitants.
Further, due to innovative mechanization in agriculture, specialization, and
government policy programs, the productivity of food has soared. Subsequently,
it ensued greater productions and minimized food prizes. Regrettably, intensive
agricultural operations degraded the soil quality and now reached such a stage
where without external inputs, growers unable to achieve their targeted yields.
India has lost 68% innate productive capacity of agricultural soils. This plunder of
land’s quality continues unabated, further resulting in low nutrient use efficiency
and insufficient yields of agroecosystems. Therefore, this is high time to realize the
dreadful impacts of intensive crop production on the natural ecosystem. Irrefutably,
both soil and its nutrients are the wondrous gifts of nature to humankind; utiliz-
ing them sustainably is imperative. The present chapter highlights the impacts of
non-judicious nutrient management on soil productivity, nutrient use efficiency,
and novel technologies required to promote sustainable agriculture and achieve the
target of doubling farmer’s income in India.

Keywords: Food security, sustainability, nutrient use efficiency, technologies

1. Introduction
The agriculture sector is the primary source of livelihood for over 58% of the
Indian population and a key contributor to the health of the country’s economy as it

contributes approximately 17.1% to India’s gross value added (GVA). It generates an
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employment opportunity for 44% of its workforce. Agriculture in India, continues
tomake impressive progress, while food grain production at record 296.7 million
tons (Mt) and total oilseeds production at record 334 Mt., during 2019—202(} Such
increments werealso obserycd in sthon major crops. Current production estimates
show that food grains, pulses, oilseeds, fruits, vegetables, and flower and aromat-
o m]!mm 284.83,2523, 3131, 9735, 184,39, and 3.65 Mt., respectively. The
production rates of different agriculm'ml proziuce in India for the period from 2(_)12
1020130 2017-2018 are presented in Figure 1. Despite this remarkable growth in
produ:tlfm inindia, about 14.8% of the population and 38,49 of children remain
malnourished. As per evaluation of the Global Food Security Index (GFSI), India
ranked 76th oyt of 113 countries.

Only agriculture can hel, | ity i
4 p us achieving food security 1n S s
E:'":r'\;‘;“l“"“" (GR) in India, growers frc culriv:uingyhigh‘)'i':l‘.i"'g var‘;cn-cs[i‘
e or '(;ﬂz_ited condition with high amount of fertilizer nutrients o l’f:‘;r
S“’ﬁ("ig edmillions of fives from starvation, and transformed India into a self-
Nt country in food production; also from the status of a “hungry nation

to thay « :
prtss‘:;f;‘;‘:"d €xporting nation” [2]. But, because of burgeoning l"’l"fl“""’:'
agricultura] o efmf""d land usage, it has become a serious challenge- l;“‘“ D ]
Pesticides m.PtﬂlIn“SI?nvolving continuous tillage and chemical fertilizers anc
the Post-gre 2 concern in terms of environmental issues an ] .
:ech revolution period, Increasing food demand haslaid more s

on the agricy :
‘-'DHSumf, ltural sols for increased productivity. The total NPK fer

tion ¢
48.0 Mt. by 2(;15‘:,".'"3 2018-2019 was 2723 Mt. and it is likely to increas

the country. Since the

d soil degradation in
55

se to around

The pe 1
cnvnronlr’rn::llls:lc:::lcdmu I nutrient use efficiency, soil fertility :»l.\lus,‘anq
Sustainability |nd‘,ly arethe key constraints coming in the way of achicving
efficiency (NUE)j l'in agriculture Specifically, in the Indian soils, nutrient use
for phosphorys ‘(P‘)“:wlaw, Itvaries from 30 to 50% for nitrogen (N), 15 t0 20%
102% for miCr;muu‘-. .O 1070% for potassium (K), & to 10% for sulphur (5) nd1
such ag Ie.\chmg dm::“‘rm-_ThnnnutihmlN is lost through several mechanisms
atmosphere Cur‘sidc r:,l““""' volatilization, etc., pollute the groundwater and
As per the cslimauonn leamounts of p and K are also lost through soil erosion.
water erosion thyy |lll; annually, over 5.3 billion tonnes (Bt) of soil is lost through
mately results in the loss of about 8 million tonnes (Mt) of
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plant nutrients (NPK). Finally, there exists a huge yield gap (difference between the
achievable and the actual yield) in most of the crops of India.

Yet the production of food, fiber, and raw materials must be enhanced ina
sustainable manner to the d s of the ever-g: g and prog ly afflu-
ent population of India. Whereas the inorganic inputs supplyinb for the food
production may never be complexcly replaccd by the organic amendments but
with appropriate 2 logies, we could be able to achieve
higher nutrient use efficiency, minimize the adverse i impacts on the environment,
and double the farmer’s income that brings sustainability in the agricultural
production system.

2. Technological options suitable for Indian agriculture
2.1 Enhancement of soil organic carbon

Improving SOC in agricultural soils is now a global challenge for environmental
safety [4, 5] asit is the most realistic approach to regulate soil degradation [6] and
improve soil productivity to achieve higher crop yields [7-10]. It has several benefits
on soil quality maintenance as showed in Figure 2. Mahmood etal. [11] revealed in
his experiment that incorporation of OC into the soil system through sheep manure
(SM), farmyard manure (FYM), and poultry manure (PM) alone or amalgamation
with chemical fertilizers significantly improved the soil organic carbon status as
well as the available total nitrogen (TN), total phosphorus (TP) and total potassium
(TK) (Figure 3) over the control and complete inorganic treatment. Improvement
in soil fertility always has a direct benefit on crop yields as the availability of all
essential soil nutrients incr«:ascs through the addition of C input. There was an
increase in crop yields (kg ha 1 for every Mg ha ! increase in SOC stock in the root
zone. A field experiment conducted to evaluate the effect of C input under various
crop production systems showed that an improvement in crop yields (kg ha ') such
5170 for pearl millet, 145 for soybean, 150 for castor, 160 for upland rice, 18 for

[ soc
Physical Chemical Biological Ecological
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IU}“L 90 for winter sorghum, 33 for groundnut, 124 for finger millet, 101 finger
millet, 13 for groundnut, 145 for soybean, and 59 for safflower (Table1).

2.2 Organic manures and green manures

Manuresare the decomposed heterogencous organic mixture that are made up
of farm Wastages like crop residues, cow dung, and household wastages. Manure
releases the plant nutrients veryslowly, thus the initial requirements of the crop met
by supplying fertilizer nutrients for optimum growth and development. Farmya T‘l
tmanure (FYM) contains almost all the essential plant nutrients that are needed for
€rop growth. Farmers in India could casily manage the FYM preparation and its
application in the field a5 the cost of inorganic fertilizers are high which is unable
to afford by small and marginal farmers. However, the availability and efficiency of
manure are highly dependent on the method and amount of its application, time to
incorporate, and decomposition rate by soil microorganisms.
. Green manures (GM) where leguminous crops are incorporated into the
ing the flowering stage that makes the soil fertile and increases crop produc
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Cropping system input di I el
(MgCha'year) (kgha)
Pearl millet- Cluster 02-19 Pearl millet- 170 12)
Bean- Castor Cluster Bean- 140
Castor- 150
Groundnut 05-35 Groundnut- 13 (13]
03-31 Finger millet- 101 [14]
Groundnut-Finger millet 0330 Groundnut- 33 [15)
Finger millet- 124
Soybean-Safflower 19-70 Soybean- 145 6]
Safflower- 59
Winter Sorghum 0634 Winter Sorghum- 90 17
Rice Lentil 11-56 Upland rice- 160 (18]
Lentil- 18

Effect of mean annual C mput on Crop yields under various cropping systems.

These manures are a great source of biologically fixed N and organic carbon. The
area for green manuring crops is limited to 7 Mha in India [19] and has also not
expanded over the last few decades. Probably, the low price of urea N, intensifica-
tion in crop production, scarcity of land, and irrigation water are the main factors
for the long-term reduction in GM use. Legume crops like mungbean/cowpea or
typical GM crops like dhaincha/sunn hemp can be grown and incorporated into the
soil. GMs have the capacity to meet the N demands of the crops. A 40-45 days old
GM crop can supply 100-125 kg N which is equal to the N requirement for cereal
crops [20] Even after harvesting the pods, residues can be incorporated into the soil,
which saves around 60 kg N ha™* in succeeding crops like rice or maize [20, 21].

2.3 Integrated nutrient management

Integrated nutrient management (INM) is a technique of combined usage of
chemical fertilizers, organic amendments, and bio-fertilizers in farming which isan
economically feasible and environmentally benign way of managing plant-available
nutrients. This concept originated at the beginning of the 1990s because of the
widespread emergence of multi-nutrient deficiencies and soil degradation. Thus,
INM comprises major objectives such as soil fertility maintenance, sustenance of
crop productivity, and improvement of the farmers’ profitability. The amalgama-
tion of inorganic fertilizers with organic amendments aids in the provision of
improving soil productivity by improving soil C storage [10, 22]. The INM-induced
SOM build-up aids in the provision of improved soil structure and water holding
capacity that directly enhances crop yields.

A long-term field experiment showed higher grain yield and sustainability yield
index (SYI) of maize and black gram under the INM treatment (conjunctive use of
fertilizers and organic amendments) as compared to sole inorganic treatment and
control (Figure 4) [10]. Such improvements in yields may be due to the continu-
ous addition of Cinputs that creates a congenial environment for plant growth by
modifying the soil’s physical properties [23, 24]. The importance of INM practice
for increasing soil health, nutrient use efficiency, crop yields, and decreasing
environmental pollution has been recorded by several researchers in the Indian
beontinent [25, 26]. The location-specific INM strategies working better under
arious cropping systems are summarized in Table 2.

293



Technology m Agriculture

0.8
0.7
0.6
0.5
04 ~
0.3
02
01

s =)
= “ o =
1

Yield (t/ha)

=
oy

IR ANs R TS s TT T8
Trcatment

Maize Black gram Maize Black gram

Fising. he INM
Mean crop il and temalilty yield inde o matze-black gram system as wflucnced by e v .
approach (Source: [10]). T1: Caul?v‘l; Tz‘mw"- RIDF 07 N';'l' Tix’r; kﬂ" P (IU';I“ : }l;‘f,
Pha' T4:25 kg ha *N (Compon) ¢ 25 ks N (Urea) + 30 kg P ha ' Ts: 25 kg ha ' N (Crop rmu;lxp}‘;.i: Ty
(Urta) s 30k P " T6 15k h* N (FYM) o 30 kg N (Crup Resdue) + 25 b N (Urea) + 30 P00 G
Bkeha "N (FY14) ¢ 10 kg N (Companr) 25 g N (Urca) » 30 kg P ha™; T8: 35 kg " N (FYM) + 10 kg
(Green Leaf) 35k N (Ure) 1 30 kg Poa *

2.4 Conservation agriculture

ement operations !cad
7). Conservation

s minimum

¢ crop residue

e s':'irladml?ml agriculture, based tillage, and other manag
= ]C!OSIOH‘ problems, surface and groundwater pollution [2
5"[“-'" ture (CA) technology involving three basic principles aichial
tm disturbance, cff ficient and diversified crop rotations, and surfac .
ﬁfmmn aids n the provision of enhancing/improving soil organic carbon Swrj %
h:n]iagt'“;d residue management greatly influence the soil’s phySif"Ch'"m“.:;l ::‘I fied
i :m%lca Properties [28]. Zerotillage (ZT) for crop pmduclinn has b.m-n lzi;‘]’ £
a% :p;n.zm Practice to increase soil aggregation and C sequestration )
Al:]n!nw“h md_ltlonzl systems i.e., conventional tillage (CT)-
Rs 2,005 x:;l:]'ozr inwheat production in Indiz, reduced the cost
(¢ scqucs(lan' Oha (_S 33, t050) [29]; enhanced the soil quality,
b pupuln:;::’;’g v;'ntl‘gmvun a_l' Green House Gas emissions [3)1]; r. od water and
a0t b alaris minor in wheat (Malik et al., 2005), enhance:
ity (4-10%) [33),
conte i
mc::::u(ﬂf‘;lll‘: 33:: l!:;u(h rice-wheat and rice-maize cropping -")";““' initial pha
» S o] phe
Over the past fey engal [34]. CA adoption in India is still llll’:"’:l ‘1’45 Mha [32]

of production by
[30]; imprn\'ﬂl
eduction in

years, the adoption of ZT expanded to cover a
2.5Pulses in Crop rotation
Meetin

use efficie
re

f:;’i'::{tmnds of the crop efficiently with fewer N losses and more
rcllcrsru[;onl.‘;‘;lcﬂl challenge for the fond production mmmumlly [35]. Many
ability, soil water hat pulse crops can significantly improve soil nitrogen avail
[36] reported that OI:IScrvm‘o,,' and increase total system productivity. Gan et al.
atmospheric N,, j the practice of growing pulses helps in biological fixation of

2 nereases total gram production by 35.5%, protein yield by 50.9%,
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Location/system Kharif Rabi
Rice-wheat
Jammu, Jammu and Kashmir 509 NPK through fertilizers +50% NPK through 100% NPK
Palampur, Himachal Pradesh FYM through
50% NPK through fertilizers +50% N through ferulizers
s FYM green d
wheat straw
Kalyani, West Bengal 50% NPK through fertilizers +50% N through 100% NPK
FYM/green manure or rice straw. through
fertilizers
Navsan, Gujarat 75% NPK through fertilizers +25% N through
FYM or green manure
Faizabad, Uttar Pradesh 509% NPK through fertilizers +50% N through 100% NPK
FYM or green manure through
ferulizers
Rice-rice
Jorhat, Assam 75% NPK through fertilizers +25% N through 75% NPK
Karamana, Kerala rice straw through
50-75% NPK through fertilizers +25-50% fernlizers
through FYM or crop residuc or green manure
Siruguppa, Karnatala 50-75% NPK through fertilizers 125-50% 100% NPK
N through ice straw or glyricidia green leaf through
manure fertilizers
Rajendranagar, Telangana 509 NPK through fertilizers +50% N through 100% NPK
gyricidia green leaf manure through
fertilizers
Rice -Maize
Kathalgere, Karnataka 75% NPK through fertilizers +25% N through 1009 NPK
FYM or paddy straw orglyricidia green leaf through
manure fertilizers

Pearl Millet - Wheat

SK. Nagar, Gujarat 50-75% NPK through fertilizers +25-50% N 75% NPK
through FYM/whezt straw/sunhemp through

fertilizers

Bichpuri, Uttar Pradesh 50-75% NPK through fertilizers +25-50% 75% NPK
through FYM or green manuring through

fertilizers

Sorghum - Wheat

Akola, Maharashtra 50% NPK through fertilizers +50% N through 100% NPK
FYM or wheat straw or Leucaena loppings through
fertilizers
Rahuri, Maharashtra 50% NPK through fertilizers +50% N through 100% NPK
FYM through
fertilizers
Tablez.

Best INM treatments practicing under varions cropping systems of India

and fertilizer-N use efficiency (FUE) by 33.0% over the summer fallow system.
Diversifying cropping systems with pulses such as dry pea (Pisum satium L.), lentil
(Lens culinarts Medikus), and chickpea (Cicer arietinun), etc. can serve as an effective
alternative to summer-fallowing in rainfed dry areas. These pulses could increase

the systems’ productivity and decreases the negative impacts on the environment.
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L improved

The inclusion of pulse crops in the crop rotation aids in the prO\’ISlO‘:’cgfr:;[r};gcn use
cropyields and decreased N fertilizer requirements [37] and Fnhan ts to subsequent
efficiency [38]. Pulse crops provide a large portion of N requxremf,n (-il izers require-
cereal crops and maintain economic returns [39]. Reduction m-N Clr farmers with
ments naturally reduced the cost of cultivation thereby b‘"Eﬁ.tmg (f; :a(ion with

€55 expenditure. Long-term experiments revealed that crop dl\’eril stainability [40].
pulses and oilseed can help farmers to improve overall agricultural st

26Fertigation and foliar spraying

th irrigation which
nditions witlf

1 technique
dressed N

Fertigation s a technique of supplying plant nutrients along W1
<Ips i increasing cropyields or N fertilizer efficiency in many cor tior
different crops [41], Supplement of N and P fertilizer through fertigati =
significantly enhanceq the wheat grain yield by 16% as compared to mpr ed nutri-
[42). The fertigation processallows the soil to absorb up to 90% of sUpP IILV tion. It
ents, while it 1sonly about 10 to 40% under dry fertilizer or granulas apr;r( zer use
Cnsures saving in fertilizer quantity of about 40-60%, because of b.emr ilizers and
efficiency an( reduced leaching losses [43]. Application of liquid hu‘:ﬁ-rl{ ! '~(|:L' antly
mineral fertilizers along with drip fertigation in green gram cultivation Slg,’ |.‘1 eld
Increased the number of pods plant, number of seeds pod 1 test weight, 5;’“‘ rx'i y ﬁ‘:l"
and haulm yiclq (44), Manikandan and Sivasubramaniam [45] reported ¢ I“ (( 1]11'1ch
tigation with 100y, recommended dose of fertilizer through water-soluble L[r u ;lf')'
+ fu_llar fccding with 0.5% ZnS0; resulted in the highest onion bulb yu:l(l .11|fo| 4 = 6
Various advantages of fertigation in agriculture production are illustrated in 'A.gu 3
The positive effects of foliar spraying of zinc nano-fertilizer on vegetative -
growth Parameters of pear] mfjet [46] on and snap bean plants [47] are repor .( o
Foliar application of micronutrients increases the vegetative growth, consequently

pigher production. i ity of barley [48] and faba
bean [49], apacity which reflected in the quality of barley

he}

2.7 Water-soluble fertilizers

Water-soluble fertilizers 3

. 2 a
i re 100% soluble in water which is suitable for foliar
application due to their lows;

altindex to reduce the potential for the burning of
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| Better yicld and
| Reduct quality of
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i cost 5 ‘ T fertilizer quantity

\ s I / © Improves
Reduction in

| PR z & | availability of
leachmg losses H Fe"lgatlo“ nutrients and their

Eusures a uniform { |
flow of water and
nutrients | ‘ Better fertilizers
use efficiency

Reduction m soil
| and water erosion

Advantages of fertigation tecknique m agriculture.

plant tissue. It is also used in fertigation, sprinkler, or drip irrigation systems to
increase yield and to improve the quality of fruits and vegetable crops. These
fertilizers should meet certain criteria such as 100% solubility, high purity, low salt
index, (EC = 0.9-1.2), pH acidic (5.5 to 6.5), and no inert matter, free from sodium
and chloride, driven by R&D, suitable for fertigation and foliar application, higher
nutrient use efficiency, etc. These fertilizers are mostly the combination of N, P,

K, Ca, Mg, S, and micronutrients with different ratios developed to suit the type
of crop, quality of water, soil fertility, and climatic conditions [50]. The Fertilizer
Control Order (FCO) approved water-soluble fertilizers and their nutrient compo-
sition is presented in Table 3.

2.8 Biofertilizers

Biofertilizers are the source of microbial inoculants prepared in a controlled
laboratory condition that acts as a substituent for chemical fertilizer and helps to
achieve sustainable agriculture [51] boosting farm productivity [52]. Several stud-
ies indicated the use of biofertilizers in agriculture enhanced crop yields at greater
levels. Usage of biofertilizers such as Azotobacter, Azospirillum, Rhizobwum for N,
and phosphate solubilizing bacteria (PSB) for P, vesicular-arbuscular micorhizae
(VAM) for other nutrients availability in crop cultivation helps in improving
crop yields and quality. Soil inoculation with Azotobacter, Azospirillum, and PSB
produced maximum crop yields by 5-10% over farmers’ practice [53]. In another
study under jute, the yield was increased by 19% due to biofertilization over RDF,
rice by 8% and green gram by 12%. Rao [53] studied the effect of BF on nutrient
recovery. The study revealed that NPK recovery increased from 62.0% to 74.0%
in recommended fertilizers + BF treatment. Combining soil test based fertilizer
recommendation with organics and biofertilizers under maize cultivation consid-
erably enhanced the recovery of N from 18-66%, P from 9-36%, K from 33-88%,
and S from 17-34% [54] (Table 4). ICAR is also promoting the development of
biofertilizers consisting of Azospirillum lipoferum, Azotobacter chroococcum and
plant growth promoting Rhizobacteria (PGPR Mix ). But in India, the current
supply position is very low (<100, 000 t), as the total anticipated biofertilizers
demand is 1 Mt, [53].
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2.9 Nano fertilizers

latilizati sym}m“:fmﬂi”"‘“"hig‘llyvulm:rabh:u;n}u: losses suchaslcgchin,;. 4
lation, etc. which ultimately result: inluwNUEwhich|sbcluyv3(),.».
are prepared by extracting the nutrients from different parts of the

mical, i 1ologi hods using nanotechnol-
s Lo m“:] qud production as the

uality parameters

“Nano fertilizers”
plant through che
ogy. N;
“EZEE :? tn}:;h?dm‘“’_‘l:“s‘“ﬂn impact on ariculture mld A
ilei i ing i th, yield, and q
:;'hcl:; froreasing the nutrient m!?ﬁd;ncy (NUE)’:’:nd rcdy:xcing the wastage and cost
nano. n_Vn‘t:lnn, Asignificant higher selenium uptake was observed inthe plots where "
u ﬂ';sm Particles were applied (55), Nano-fertilizers in agriculture enhanced nutrient
‘Oplhcca;?]"i'cmp productivity [56,57). The percent yield increased in different crops due
tion of Nano-fertilizerslustrated n the table belovs (Table 5)-

210 Customized fertilizers
(o I i :
e ;s::zuz@ fcmlnlcrs (CF) are multi-nutrient (macro-N, Py i
» S, and micto nutrientZn, Cu, B, Fe, Mn, etc.) produced from both inorganic
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Nano fertilizer Crops % Yield
inereased
Aqueous solution on nano iron Cereals 817
Nano silver + allicin Cacli 485
Nano fertilizer + urea Rice 102
Nano-encapsulated phosphorous Vegetables 12.0-197
Rare earth oxides nanoparticles Vegetables 7-45
Nano chitosan NPK fertilizers Wheat 146
Nanodiitosn Tomato 200
_N:nn powder of cotton seed and ammonium fertilizer Sweet potato 16
Nanoparticles of ZnO Cucumber 63
Tables.

96 yield tcreased by the application of van fertilizer s different crop production (Source: [56]).

and organic sources, factured through a sy ic process of g lati
designed to facilitate the availability of a complete range of nutrients to the plant
growth during its growth stages [58]. It has various advantages besides soil health
enhancement and maximum crop yields (Figure7). On the basis of nutrient
uptake, total soil fertility status, crop nutrient requirement, and fertilizer nutrient
to be applied and its use efficiency, grades of the CF are prepared [59]. Different
forms of CF available across various geographical areas of India presented in
Table 6.

2.11 Sensors based technologies for irrigation and fertilization
A new approach of collecting real soil moisture using sensors offers real

potential for reliably monitoring the status of soil water in croplands [60]. The
use of sensor technology for an automatic irrigation system is highly economical

| Supplement of plant avallable nutricnt ia adequate proportion

Teos infiucnced by sail, plant and climatie conditi
uptake and less Tows of nutrient

Supplics afl the nutricnts in one formulation

Reduces the cost of cultivation by reducing the excessive doses

Component of Site Specific Nutrient Management and Precision
Customized Agriculiure
fertilizers

Soil health can be improved and covironment

\ Hetter crop quality and productivity
Enhanced nutrient use elficiency
Specilic to crop and are

Developed wsing selentific data base and ready to wse form,

Figure7.

Advantages of wsing customized fertiliz

n agriculture.
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technology [61] '_?:‘“Y researchers reported significant water saving through this

an effectively im e use of sensors with drip and sprinkler jrrigation systems

pared to the :uhp“?vg. [hfwil:r application efficiency up 10 80-90% as com-

were mcrcas.cd an'ilc imgonneiod (Ha47%) [62]. In Egypts B0 yicds

wireless sensor aloss of 2 billion pounds was recovered in a year (hruughA the

gen network technology [63]. Sensors in the predic(ion of crop nitro-

:nviro;lmcm;] saflre diop lly significant in agncul(urzl production and

yield prediction ;:;yﬁus'g‘ of an optical sensor-based algorithm that L‘m.p]nys
responsiveness by location can enhance the crop yields and

minimize thy
€ envirg, Rl S N :
N fertilizers [64] nmental contamination caused by the application of excessive

212 Vertical farming
. \farming with hydroponics and acroponics
lertical
levelsona vf::;:;g 1satype of indoor farming where the crop grows in multiple
square foot [65], l::"‘”hlch results in maximum pmduclion and efficiency per
system. By replacin, ’:P“ff.nml option to achieve sustainability in the ngriculluml
would be protenedli, raditional farms with vertical farming techniques, society
of resources needed oth economically and environmentally. It reduces the amount
Aquaponics are nnd.'lnd also decreases agriculture’s carbon footprint. lydroponics/
in the presence or al;:g butthe produced plants in a nutrient _enriched solution
Water, and soil efﬁcic::fc o agrowing medium [66]. This system reduces labor,
Beneration; is the fityr, y. This system is more sustainable and profitable in food
category of hydroponics n}f| alternatve agriculture [67). Aeroponics 5 4 5ub-
saving of water than (r.:dt‘ at suspends the roots in the air, thus there is around 95%
and aeroponics in vertic; ;t;n"‘l.sy“"“‘ [66) Cultivation of these hydroponics
Pm,m‘ﬂ’!" yields .\-‘thcr: arming under a controlled environment makes more
:;Y implementing V':nic;]“g" benodamages to the plant by the exter nal factors.
¢ economy could thrive, se,

s i fix
m':z'“ communities, the cost of food would decre
portation costs are cut dramatically, and therefore
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soare food prices, create employ and i | opportunities.
Further, people would be able to become economically and nutritionally stable as it
makes a huge impact on both food insecurity and poverty.

3. Programs and policies executed by GOI for sustainable agriculture

The convergence of various policy programs has been initiated by the GOI to
ensure the effective utilization of existing resources are briefly discussed here. The
National Mission of Sustainable Agriculture (NMSA) under the National Action
Plan on Climate Change (NAPCC) was launched in 2010 in order to encourage
the judi g of existing The P paragat Krishi Vikas
Yojana (PKVY) mission was executed in conjunction with the Indian Council
of Agricultural Research (ICAR) and state governments of India to extensively
leverage adaptation of climate-smart practices and technologies. In 2015, GOI has
launched the Soil Health Card (SHC) scheme to protect the soil health for future
agriculture with the main objective of analyzing soil samples of farmers’ fields and
recommending fertilizers accordingly. Additionally, Neem-Coated Urea (NCU)
was introduced to the farmers of India for a slow supplement of nitrogen (NO by
reducing the N losses and excess addition of urea fertilizers. Programs such as the
National Project on Organic Farming (NPOF) and National Agroforestry Policy
(NAP) was introduced in 2004 and 2014 respectively to encourage the farmers with
more profit and ecosystem service through supplements of plant nutrients in the
form of organic amendments, improvement of soil carbon storage, and soil protec-
tion from erosion loss. States like Andhra Pradesh, Himachal Pradesh, Sikkim, etc.
have already adopted and promoted organic farming practices on a wider scale.
“Sikkim” state recognized as an “Organic State” of India. A “4 per 1000/4 per mille”
initiative launched by France in 2015 as a part of the Global Climate Action Plan
(GCAA) adopted by the United Nations Framework Convention on Climate Change
(UNFCCC) at a conference of the parties (COP) 22 also recognized the importance
of SOC in achieving sustainability in agriculture system. It considered the technolo-
gies such as agroforestry, conservation agriculture system intensification (CASI),
and landscape management to improve SOC.

4. Conclusion and way forward

The post-Green Revolution period witnessed a drastic change in environmen-
tal conditions and the status of existing natural resources. A gradual decline in
soil fertility has occurred by the non-judicious management of chemical fertil-
izers that further exacerbated by the progressively decreasing usage of organic
amendments, Added to this, abysmally low NUE of applied fertilizers impacted
agricultural productivity and sustainability to a great extent. Supplement of plant
nutrients in balanced proportion is important; at least in such a way that the
critical growth stages of the crop meet the required amount of nutrients results in
achieving maximum crop yields that satisfy the growing population. Hence, these
constitute a vital component of s rable food production. Further, agricultural
intensification is in critical need of improvements in the flow of plant nutrients
to the crops from the soil through efficient nutrient uptake, Improved technolo-
gies involved effective nutrient management strategies are the need of the hour to
accomplish the targeted food grain production while balancing the stability of the
agriculture system, farmers’ income, and feed the over-exploiting population of
the country.
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% Percentage
B Boron
g Carbon
4 Calcium " ification
cast Conservation agriculture system intensificatio
CF Customized fertilizers
cop conference of the parties
Cu Copper
FCco Fertilizer Control Order
Fe ron
GCAp Global Climate Action Plan
GFS| Global Fogq Security Index
CEM Green manyre
GOr Government of India
GR Green revolution
GVA Gross value added
ha ectare
ICAR Indian Coynjl of Agricultural Research
INM Integrateq Nutrient Management
K Potassiym
Kg Kilo gram
Mg Magnesiym
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National Mission of Sustainable Agriculture
National Project on Organic Farming
Nutrient Use Efficiency

Phosphorus

Paramparagat Krishi Vikas Yojana
Phosphate solubilizing bacteria

Sulphur

Soil Health Card

Soil organic carbon

Sustainability yield index

Tons

United Nations Framework Convention on Climate Change
Year

Zinc



Author details

Ravinder jutt', Kamalal, Jogala®, Subhash
aran Bhoopal Reddy', Prasanta Kumar Patra’, -
Princy Thakur, S Rakesh”, Jogarao Poiba®, A. Krishna Chaitanya” ar
m!mo{&ilﬂ i d Aericultural Chemistry, Regi 1 Sugarcane
5 4 R‘su'd‘sﬂtilm,?rofcsso’ hankar Telangana State Agricultural
University, Nizamabad, India ey o

é"“‘# Prof,:nso“ cience and Agricultural Chemistry, Agricultural
Varang * Jayashanlar Telangana State Agricultural University,
ey

3 Department of Agri :
Jayashankar Agricultural Entomology, College of Agriculture,
India Telangana State Agricultural University, Rajendranagar

Priyadarshini’®, ;
Bairi Rajuz. J.D. Saritha",
d Kiran Pilli®

Professor
Telangana,

5 i i o . .
fences, R:Z,D:,'Sokd Science T.:;:Eﬂﬂl‘tunl Chemistry, University of A griculture

5 Departy
Vi nt of Agricultura] Chemistry and Soil Science, Bidhan Chandra Krishi

15wavid, N
yalaya, Nadia, West Ben gl lndia
6 Departm,
Professor ]m&i’"“mﬂ Agricultural Chemistry, Agricultural College,
India Td‘"ﬁmshleAp-jc\dnml University, Palem, Telangana,
7 Depart g
Vistavid )':l:‘y:fsoﬂ and Agricultural Chemistry, Uttar Banga Krishi
8 Rei ; West Bengal, India
Blonal Agy,
a3t Fltul“'ﬂll!mxdlsaﬁon, Visakhapatnam, Andhra Pradesh, India
CPartment of §oi) g
Research Shh_::Sml cience and Agricultural Chemistry, Regional Agricultural

4
gricnltur.;l University,

Jagtial T"‘“Pn'amm"’“h‘;hhhmm State A

Addr,
essall comtpnndmcetonh’um 940@gmail
; Y gmail.com

IntechOpen

© 2021 The Ayl =

ofthe Creatiecrr ) HeEnse techp B e thotenns
PR, e e—r——

provided the opyg, ted use, dy bl Somyi
ginal work "'-Wnproduﬂmn inany medium,
1 properly cited |

304



Strategies and Programs for Improved Nutrient Use Efficiency, Doubling Farmer’s Income...

DOI: http.//dx.doi.org/10 5772/intechopen 98267

References
[1] ICAR-Data Book 2019.

[2] Siegel BE. Hungry Nation: Food,
Famine and Making of Modern India.
Cambridge University Press. 2018

(3] Sarkar D, Rakshit A, Al-Turki Al,
Sayyed RZ, Datta, R. Connecting
bio- priming approach with integrated

[9] Cowie AL, Penman TD, Gorissen L,
Winslow MD, Lehmann J, Tyrrell TD,
Twomlow S, Wilkes A, Lal R, Jones JW,
Paulsch A, Kellner K, Akhtar-

Schuster M. Towards sustainable land
management in the drylands: scientifc
connections inmonitoring and assessing
dryland degradation, climate change
and biodiversity. Land Degradation and

nutrient g for improved
nutrient use efficiency in crop species.
Agriculture. 2021;11(4): 372.
doi:10.3390/agriculture11040372.

[4] Milne E, Banwart SA, Noellemeyer E,
Abson D, Ballabio C, Bampa F,

Bationo A, Batjes N, Bernoux M,
Bhattacharyya T, Black H, Buschiazzo D,
Cai Z, Cerri C, Cheng K,

Compagnone C, Conant R, Coutinho H,
ZhengJ. Soil carbon, multiple benefts.
Environmental Development.

2015;13, 33-38.

(5] Ramesh T, Bolan NS, Kirkham MB,
Wijesekara H, Manjaiah KM,
Srinivasarao, Ch, Sandeep S, Rinklebe J,
0k YS, Choudhury BU, Want H, Tang C,
Song Z, Freeman OW. Soil organic
carbon dynamics: impact of land use
changes and management practices: a
review. Advances in Agronomy.
2019;156, 1-125.

16] Bationo A, Kihara ], Vanlauwe B,
Waswa B, Kimetu J. Soil organic carbon
dynamics, functions and management
in West African agro-ccosystems,
Agricultural Systems, 2007;94(1), 13-25.

[7) Syers JK. Managing soils for long-
term productivity. Philosophical
Transactions of the Royal Society B.
1997;352,1011-1021

(8] Lal R. Enhancing crop yields in the
developing countries through
restoration of the soil organic carbon
pool in agricultural lands. Land
Degradation and Development. 2006;
17,197-209.

305

Develop 2011;22, 248-260.

[10] Srinivasarao Ch, Sumanta K,
Kumpawat BS, Kothari AK, Sodani SN,
Sharma SK., Vikas Abrol, Ravindra CG,
Pravin BT, Yashavanth, B.S. Soil organic
carbon dynamics and crop yields of
maize (Zea mays)-black gram (Vigna
mungo) rotation-based long term
manorial experimental system in
semi-arid Vertisols of western India.
Tropical Ecology 2019. https://doi.
0rg/10.1007/542965-019-00044-x

[11) Mahmood F, Khan I, Ashraf U, etal.
Effects of organic and inorganic
manures on maize and their residual
impact on soil physico-chemical
properties. Journal of Soil Science and
Plant Nutrition. 2017;17(1): 22-32.

(12] Srinivasarao Ch. etal., Long-term
manuring and fertilizer effects on
depletion of soil organic carbon stocks
under pearl millet-cluster bean-castor
rotation in western India. Land
Degradation and Development. 2011;25,
173-183.

[13] Srinivasarao Ch. et al. Soil carbon
sequestration and agronomic
productivity of an Alfisol fora
groundnut based system in a semi-arid
environment in South India. European
Journal of Agronomy. 2012a;43,
40-48,

[14] Srinivasarao Ch. et al., Critical
carbon inputs to maintain soil organic
carbon stocks under longterm finger-
millet (Eleusine coracana [L.] Gaertn.)
cropping on Alfisols in semiarid tropical



Technology in Agriculture

India. Journal of Plant Nutrition and
Soil Science. 2012b;175, 681-688.

[15) Srinivasarao Ch. et al., Long-term
effects of crop residues and fertility
management on carbon sequestration
and agronomic productivity of
groundnut-finger millet rotation on an
;\lﬁsollin fsmnh:rn India. International
ournal of Agri inabili
i l‘\'xil;l'culmnl Sustainability.

[16] Srinivasarao Ch. et al., Sustaining
agronomic productivity and quali

: quality of a
Vlfr‘lllsohc soil (Vertisol) under soybean-
saftlower cropping system in semi-arid
cel.m'zl India. Canadian journal of Soil
Science. 20124;92, 771-785.

[l7(liSnnivzsaun Ch. etal, Grain yield
and carbon sequestration potential of
[:,osl.mnnsoon sorghum cultivation in
ccr:::ls n the semi-arid tropics of
entral India, G 3
e eoderma, 2012¢;175-

Approaches to Crop Production and
Sustainable Agriculture. Angkor
Publishers Pvt. Ltd, Noida. 2010;1-130.

[22] Srinivasarao Ch, Gopinath KA,
Prasad JVNS, Prasanna K, Singh AK.
Climate resilient villages for sustainable
food security in tropical India: concept,
process, technologies, institutions, and
impacts. Advances in Agronomy.
2016;140:101-214.

(23] Ferreras L, GomezE, Toresani S,
Firpo |, Rotondo R. Effect of organic
amendments on some physical,
chemical and biological propertiesina
horticultural soil. Bioresource
Technology. 2006; 97:635-640

[24] Hati MK, Swarup A, Dwivedi AK,
Mira AK, Bandyopadhyay KK. Changes
in soil physical properties and organic
carbon status at the topsoil horizon ofa
Vertisol of central India after 28 years of
continuous cropping, fertilization and
manuring. Agricultuml Ecosystem and

i t.2007; 119:127-134

[18] Sri Ch, Ven} luB,
;]’g}};:;(n@ AK, Vittal KPR, Kundu S,
. Singh SP Long-term effects of
g ity management on carbon

cq' estration in a rice-Jentil cropping
system of the IndU-Gangrtic Plains. Soil

Science Societs
of Ameri
00676168 -1);3 merican Journal.

Islr‘)ilnli!;:i;mI\K. Sharma KL, Sammi RK,
i Mﬂo Ch, Srinivas K, Ballol; 5,
yoaid Pratibha G, RajuNS.
ammdar:\e sources of soil organic
= l‘mpenls for sustaining soil health
2 pmdusuvuy in India—

Pacts, potential availability,
::(JIIS(TiIIIIlS and future strateg ;ts

urrent Science, 2018; 115:2552-‘2(!62

[Z}?l Yadvinder-Siy
Bijay-Singh. Effi
leguminous gre
rice, Advances j
135-189,

.|gh. Khind CS,
clent management of
€N manures in wetland
n Agmnomy 1991;45;

[21] Yadvinder-Sip

Thind, H.S, (Edit gh, i Singh,

ors). Green Manure

306

[25) Sharma S, padbhushan R, Kumar u.
Integrated nutrient management in
rice-wheat cropping system: an
evidence on sustainability in the Indian
cubcontinent through meta-analysis.
Agronomy. doi:10.3390/agronomy
9020071. 2019;9.

[26] Bijay-Singh. Ali M. Advances in
integrated plant nutrient management.
In Achieving Sustainable Crop Nutrition
(Z. Rengel, Ed.), Burleigh Dodds

Science Publishing, Cambridge,

UKDOI: 10.19103/

AS.2019.0062.25. 2020.

[27] Wolff P, Stein TM. Water efficiency
and conservation in agriculture
opportunities and limitations.
Agriculture and Rural Development.

1998, 5(2):17-20

[28) Jat H.S, Datta A, Choudhary M,
Yaday AK, Choudhary V, Sharma PC,
Gathala MK, Jat ML, McDonald A,



Strategies and Programs for Improved Nutrient Use Efficiency, Doubling Farmer’s Income...

DO http://dx.dot.org/05772/mtechopen 98267

Effects of tillage, crop establishment
and diversification on soil organic
carbon, :ggrcgztion, aggregate
associated carbon and productivity in
cereal systems of semi-arid northwest
India. Soil & Tillage Research. 2019;
190:128-138.

[29] Malik et al. Accelerating the
Adoption of Resource Conservation
Technologies in Rice Wheat System of
the Indo-Gangetic Plains, Proceedings
of Project Workshop, Directorate of

E ion Education, Chaudhary
Charan Singh Haryana Agricultural
University (CCSHAU), June 1-2, 2005.
Hisar, India: CCSHAU (2005) RWC-
CIMMYT Agenda Notes. 13" Regional
Technical Coordination Committee
Meeting. RWC-CIMMYT, Dhaka,
Bangladesh (2005)

[30) Gathala MK, Ladha JK,

Saharawat YS, KumarV, KumarV,
Sharma PK. Effect of Tillage and Crop
Establishment Methods on Physical
Properties of a Medium-Textured Soil
under a Seven-Year Rice - Wheat
Rotation. Soil Science Society of
America Journal. 2011a; (75):1851-1862

[31] Saharawat YS, Ladha JK, Pathak H,
Gathala M, Chaudhary N, Jat ML.
Simulation of resource-conserving
technologies on productivity, income
and greenhouse gas emission in rice-
wheat system. Journal of Soil Science
and Environmental Management. 2012;
3(1):9-22

[32] Jat ML, Malik RK, Saharawat YS,
Gupta R, Bhag M, Raj Paroda.
Proceedings of Regional Dialogue on
Conservation Agricultural in South
Asia. Proceedings of Regional Dialogue
on Conservation Agricultural in South
Asia, New Delhi, India, APAARI,
CIMMYT, ICAR. 2012; p. 31.

(33) Gathala MK, Ladha JK, Kumar V,
Saharawat YS, KumarV, Sharma PK,
Sharma S, Pathak H. Tillage and Crop
Establishment Affects Sustainability of

307

South Asian Rice-Wheat System.
Agronomy Journal. 2011b; 103
p. 961672.

[34] Sinha AK, Ghosh A, Dhar T et al.
2019. Trends in key soil parameters
under conservation agriculture- ased
sustainable intensification farming
practices in the Eastern Ganga Alluvial
Plains. Soil Research. https://doi.
org/10.1071/SR19162

[35] Conijn JG, Bindraban PS,

Schroder J], Jongschaap REE. Can our
global food system meet food demand
within planetary boundaries?,
Agriculture, Ecosystems &
Environment. 2018; 251: 244-256. ISSN
0167-8809, https://doi.org/10.1016/j.
agee.2017.06.001.

[36] Gan Y, Chantal Hamel1, John T,
0O’Donovan, Herb Cutforth, Robert P,
Zentner, Con A. Campbell, Yining Niu,
Lee Poppy. Diversifying crop rotations
with pulses enhances system
productivity Scientific Reports. 2015;
5:14625 | DOI: 10.1038/srep14625

[37) Kirkegaard JA, Ryan MH.
Magnitude and mechanisms of
persistent crop sequence effects on
wheat. Field Crops Research. 2014;
164:54-165.

[38] Krobel R. et al. Water use efficiency
of spring wheat in the semi-arid
Canadian prairies: Effect of legume
green manure, type of spring wheat,
and cropping frequency. Canadian
Journal of Soil Science. 2014;
94:223-235.

[39] Cox HW, Kelly RM, Strong WM.
Pulse crops in rotation with cereals can
be a profitable alternative to nitrogen
fertilizer in central Queensland. Crop
and Pasture Science. 2010; 61:752- 762.
http://doi.org/10.1071/CP09352

[40] Zentner RP. et al. Economics of
spring wheat production systems using
conventional tillage management in the



Tecknology m Agriculture

Brown soil zone - Revisited. Canadian
Journal of Plant Science. 2007;
§7,27-40

141] SaloT, Suojala T, Kallela M. The
effect of fertigation on yield and
nutrient uptake of cabbage, carrotand
omon, Acta Horticulturae. 2002;
571235-241. DOI: 10.17660/
ActaHortic.2002.571.28

(42) Vishandas, Hassan ZU, Rashad M,
Sh?h AN. Phosphorus fertigation at ﬁ;'st
irmigation due (0 its unavai lability at
Sowing time prevents yield losses in
(Trattcum acstivum L.). Pak. ] Bot
2006;38(5):1439-1447.

3} Kumar A, Singh AK. Improving

:I:mtr;: and water use efficiency
rough fertigation,

gy

[44] Shravani K, Triveni

gamul;h\l. Teiashr:‘: ;:’11: e
amodharachari K. [nfly

isimfemlm:rs under Drip ;:::i;zfriﬂn

Pys}l:m on NPK Uptake and Vield
ertormance of Greengram (Vigna

gdma L.). Internationa] Juumgn of

< urrent Mictobiology and Ayl d
ciences 2019; 8(5):2409-2“';', :

145 Manikanday
Influence of

p fertigati 5
season on plant Bationand sowing

growth, physj
?2:{‘“"’ and yield of p?;:f"]“lzg'“l
d Janus cajan L), Africap Jon Lo

gricultural Research, e
201 5;10(27):6261632:

{«IG)‘Tar.\ﬁlnrJ. Ramesh
Indira R, Development g
nan;fcrrilizcr to enhance ¢y,
K:;‘_cucluon In pearl millet, Joy ) f
0 ultural Rescacyly, 2014; by i
. rg/lU.1007/540003~0H' 0]']';5'1//

» Himanshy M,
f zine

l{vllzll Nnhl‘n] M, Abdelhakeer, MS,
hamed A, Zine fo) “
beans using n.mn»Z: :\anft:lp;\.lﬂ)c’:;‘ i
s0i

application usj
ation using minera],gpyn
biofertilizer. Middle Eagt J'n:;%:"l'c ;nd
al o

308

NS, Sivasubramaniam K.

Agricultural Research. 2017;
6(4):1301-1312

(48] Mohsen J, Tahereh A, Naserand S,
Shahryar D. Impact of foliar application
of nano micronutrient fertilizers and
titanium dioxide nanoparticles on the
growth and yield components of barley
under supplemental irrigation. Acta
Agriculturae Slovenica. 2016;
107(2):265-276

[49) Gomaa MA, Kandil EE,

AbuoZeid AA, Bilkees MAS. Response
of some faba bean varieties to fertilizers
manufactured by nanotechnology.
Journal of Advanced Agricultural
Research. 2016; 21(3):384-399.

{50] Malhotra SK, ‘Water soluble
fertilizers in horticultural crops— An
appraisal. Indian Journal of Agricultural
Sciences. 2016;86 (10): 1245-56, October

2016/Review Article.

(51] Ebrahimpour F, Eidizadeh KH,
Damghani AM. Sustainable nutrient
management in maize with integrated
n of biological and chemical

applicatio o
urnal ol

fertilizers. International Jo
Agricultural Science. 2011; 1: 423-426

(52) Thavaprakaash N, Velayudham K,
Muthukumar VB. Effect of crop
geometry, intercropping systems and
ln(egralcd nutrient management
practices on productivity of baby corn
(Zea mays 1..) based intercropping
systems, Journal of Agriculture and
Biological Science. 2005;1: 295-302

(53] Rao D.L.N. Promoting biofertilizers
in IPNS with improved technology and
extension in India. In SAARC Training
Manual on Integrated Nutrient
Management for Improving Soil Health
and Crop Productivity (P Dey, S.
Srivastava, N.K. Lenka, K.C. Shinogi,
AK. Vishwakarma and A. K. Patra,
Eds.). ICAR- Indian Ins » of Soil
Science, Bhopal. 2018;71-76.

[54] Sarkar AK, Pattanayalk SK,
Surendra S, Mahapatra P, Arvind I,



Strategtes and Programs for Improved Nutrient Use Efficiency, Doubling Farmer’s Income...

DOI: http://dx.dot.org/10.5772/intechopen.98267

Ghosh GK. Integrated Nutrient
Management Strategies for Acidic Soils.
Indian Journal of Fertilisers.2020;16 (5):
476-491.

[55] Yoo HS, Kim TG, Park TG. Surface-
functionalized electrospun nanofibers
for tissue engincering and drug delivery.
Advanced Drug Delivery Reviews. 2009;
61:1033-1042

[56] Igbal MA. Nano-Fertilizers for
Sustainable Crop Production under
Changing Climate: A Global
Perspective, Sustainable Crop
Production, Mirza Hasanuzzaman,
Marcelo Carvalho Minhoto Teixeira
Filho, Masayuki Fujita and Thiago Assis
Rodrigues Nogueira, IntechOpen, 2019.
DOI: 10.5772/intechopen.89089.

[57] Singh NB, Amist N, Yadav K,
Singh D, Pandey JK, Singh SC. Zinc
oxide nano particles as fertilizer for the
germination, growth and metabolism of
vegetable crops. Journal of Nano-

ing and Nanon: facturing.

2013; 3:353-364.

(58] Rakshit R, /\nm:n'n R, Anupam Das.
Customized F Marker in
Fertilizer RL\U'UI’IU!L International
Journal of Agriculture, Environment
and Biotechnology.2012;5(1): 67-75.

[59] Susan John K, Anju PS, Chithra S,
Shanida Beegum SU, Suja G, Anjana
Devi IP, Ravindran CS, James George,
Sheela, MN, Ravi V, Manikantan
Nair M, Pallavi Nair K, Remya D.
Recent advances in the integrated
nutrient management (INM) practices
of tropical tuber crops. Technical
Bulletin Series No. 75, ICAR - Central
Tuber Crops Research Institute,
Thiruvananthapuram, Kerala,
2019.68p.

[60] Xiao D, Feng J, Wang N, Luo X,

Hu Y. Integrated soil moisture and water
depth sensor for paddy fields.
Computers and Electronics in
Agriculture, 2013;214-221.

309

[61] Shah NG, Das . Precision Irrigation
Sensor Network Based Irrigation,
Problems, Perspectives and Challenges
of Agricultural Water Management, IIT
Bombay, India. 2012;217-232.

[62] Carpena RM, Dukes MD. Automatic
Irrigation Based on Soil Moisture for
Vegetable Crops. 2005. AE354 http://
edis.ifas.ufl.edu/ae354

[63] Abd El-kader SM, Mohammad
El-Basioni. BM. Precision farming
solution in Egypt using the wireless
sensor network technology. Journal of
Egyptian Informatics. 2013, http://
dx.doi.org/10.1016/j.€i}.2013.06.004.

[64] Raun WR, Solie JB, Stone ML,
Martin KL, Freeman KL, Mullen RW,
Zhang H, Schepers S, Johnson GV.
Optical Sensor-Based Algorithm for
Crop Nitrogen Fertilization.
Communications in Soil Science and
Plant Analysis. 2005;36: 2759-2781.

[65] Bromifield E. “Why Vertical Farms?”
Foundation Earth. 2018. http://www.
fdnearth.org/files/2012/09/Why-
vertical-farms_Final.pdf >

[66) Al-Kodmay K. The Vertical Farm: A
Review of Developments and
Implications for the Vertical City”
Buildings.2018. http://www.mdpi.com/
journal/buildings.

[67] Patterson S. Hydroponics vs.
Aquaponics: The Pros and Cons of Two
Soilless Farming Methods. Off the Grid
News. 2013, http://www.
offthegridnews.com/survival-
gardening-2/hydroponics-vs-
aquaponics-the-pros-and-cons-of-two-
soilless-farming-methods/print/






Chapter16

Biostimulants as Plant Growth
Stimulators in Modernized
Agriculture and Environmental
Sustainability

Muhammad Amjad Bashir, Abdur Rehim,

Qurat-Ul-Ain Raza, Hafiz Muhammad Ali Raza, Limei Zhai,
Hongbin Liu and Hongyuan Wang

Abstract

Plant growth stimul (growth regul + biostimul PGS) are
chemical substances (organic/inorganic), helpful in plant growth and development.
These are not considered as the replacement of fertilizers but can help in improved
crop and soil quality. Both compounds can amplify the root biomass, nutrients
translocation, enzymatic activities, crop yield, physiology, and nutrient uptake.
Biostimulants are rich in minerals, vitamins, plant hormones, oligosaccharides, and
amino acids. These compounds have a serious role to improve soil health, fertility,
sorption, and desorption of nutrients. Hence, have a vital character in nutrients
cycling, abiotic stress control, heavy metals bioavailability, and greenhouse gaseous
emission. This chapter focuses on the discussions about the influence of plant
growth regulators and biostimulants in crop production, soil health, heavy metal
cycling, greent gases emi with enviry al bility. Whereas, the
impact of biostimulants on greenhouse gases is a research gap.

Keywords: PGR, Biostimulants, Sustai ble agriculture,

bility
1. Introduction

Modernized agricultural practices are focusi
systems. The m.

g on sustainable environmental
or challenges for agriculture scientists and experts are to improve
the crop quality and yield with minimum inputs focusing on environmental
sustainability. To fulfill this aim, various breeding programs are introduced

but it is a time-consuming and species-specific method. Apart from this, a less
time-consuming and cheaper method identification is a vital need, as the use of
an organic substance can stimulate healthy plant metabolism and improve their
growth and development functions [1].

In addition to increasing population, food security, and environmental pressure,
modern agriculture is also facing the challenges of soil degradation and reduction
of arable lands. About 24 billion tons of fertile soil has been depleted worldwide
due to inadequate agriculture practices and erosion. In addition, drought stress,

in
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. 3 sricul-
salinization of cultivated lands, and natural disasters l.uve BocHly mq;)f:;:ld vasillriln"y'
ture. Approximately, 60-70% yield gap is due to ;bl?t|c2§tresses Spec y
heat stress, drought, nutrient deficiency, and h)'rpo)-ua [ 2k oty oot

Biostimulant 1s a material, which when applied in minut (: ulants are different
plantgrovth, Here, the word *minute” describes huw.th.el b“t’:sll?l]) ut are applied in
from soil amendments and nutrients that perform a ?'m". 4 it
higher amounts [3]. Do not confuse biostlmulants'v‘vuh Srfl A RRE e
not supply nutrients directly to the plants. But fac|llt;tc :: (ph: it
Processes to improve nutrient availability !4]A Accor mE s cves Cre it
(EU, 2019/1009), biostimulant s a fertilizing product ¢ R e ic e

nutritional processes independent of its own nu!:rlgnt C?“l iant and/or the plant
istoachieve one or more following [2] characteristics of the p!
thizosphere.

Lnutnient use efficiency
1i.tolerance resistance to (a) biotic stress
u. quality characteristics
vavailability of confined nutrients in the soil or rhizosphere

: ion but as its benefits
Initially, plant biostimulants were used for e rrmr(-llll‘;(::cticus and inte-
cxplored, it now being adopted in sustainable agricu u(s derived from organic
grated cropping systems [2]. Biostimulants zu‘llhfr ;""‘C components of bio-
= 2.4 e c e 2
r?\v“:bmnrcsh Dblo:cll\{; rai 4 amino acids, chitin, clulmsau.
umic ¢s, mine: 3 in their formulation
vitamins, poly., and oligosaccharides [1]. Bi‘{“""”hn: Y:Z—::,Llr;c and content
and ingredients, but the major classification is on !}_le aSIuining products), and
(includes: hormone-containing products, amino acid-con
humic substances 3] i i cids, phe-
8 P eins, o acids, phe
Various substances such as enzymes, micrun'un:lcvjlls. prurc.‘l‘lll]sd. ::I):l(“r s P :
nols, humic and fulyic acid, salicylic acid, protein hy T 1 thria arid Funglthat
are sources as biostimul, living org 5 re included
. 4 soil system are include
L changes e b T pIEn A Fl’l'a;(vl;: ;i:il ﬂi’JP“cn(iml in the
i 3 e applied via s ;
inthe group of biostimulants, Biostimulants areapp! 28 foliar sprays. Moreover, it
forms of granules, powders, capsules, or solulw"_S- ora ems and foliar application
can bealso applied via fertigation through irrigation 5);‘}'_‘5."11.;11“ L simmarizes the
[4]. Different substances areincluded under the term PGS. T

definition and examples of PGS discussed.
B TSN Examples
—— chbn "| 1, Protein
Noetlarnlas ute S ved extract, Protein
Biostimulant Hiertliog mbstance when sppliedin min -" o
amount impraves the plant’ grovth and nutritior l
" Plaot Abscisic acid, Cytokinins
Plant ety iy sbsancethat s the potrtia 4
regulators 0 imprave plant growth and alter biological
processes i plants,
p do
Plant growih Plasit growth regulators when naturally p
hormones by and inside the plant are termed as plant
e ol hormones
Table1.

Concept of diffrent plans groeth stimaser,
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In this chapter, we have focused on the plant growth stimulators (PGS) which
comprise both plant biostimul and growth regul The chapter consists of
8 sections, which describes the introduction and significance of the plant growth
stimulators (Section 1), the influence of PGS on crop productivity (Section 2),
the role of PGS in abiotic stress conditions (Section 3), the efficacy of PGS in soil
health (Section 4), the role of PGS in heavy metals cycling (Section 5), its impact on
greenhouse gas emission (Section 6), the constraints, challenges and future aspects
(Section 7), and the conclusion of the chapter (Section 8), respectively.

2. Influencing the crop productivity with PGS

Plant-derived biostimulants have been reported as an innovative tool to
cope with agriculture challenges and environmental sustainability. Moreover, it
has been reported that plant biostimulants impact plant growth hormones that
improve the plant metabolic activities and ultimately enhance crop productiv-
ity [5]. Moreover, itis reported that plant biostimulants improve chlorophyll
synthesis, the mineral status, and also synthesis and accumulate antioxidant
metabolites. These antioxidants reactivate photosynthetic activity and improve
plant growth [2].

Biostimul arealsor to increase the leaf chlorophyll content. Its
application to vegetables and floriculture crops has been reported to build tolerance
against biotic and abiotic stresses by improving the internal and external quality.
Moreover, it also reduces the fertilizer requirement thereby is recognized as a step
towards environmental sustainability 1, 6]. In addition, biostimulants also enhance
the thiamine levels of green beans in proportion to the thiamine content it contains
[7]. Furthermore, biostimulants also influence the mechanical properties of fruits
and vegetables such as firmness. It might be due to the stiffness of the cell wall
that results in extensibility reduction. Biostimulants also significantly improve the
cell wall flexibility that helps increase the shelf life of fruits and vegetables, thus
facilitate transportation and storage processes [4].

Non-microbial and microbial plant biostimulants also have a positive impact on
crop productivity. It increases plant growth and development, nutrient uptake, and
translocation consequently increases the yield and biomass production in horticul-
ture and agronomic crops. Moreover, it improves nutrient soil solubilization (both
macro and micronutrients), the plant root system architecture, and enhances soil
exploration. Thus, it has also been shown to influence nutrient use efficiency spe-
cifically nitrogen in plants [2]. Plant biostimulants are also responsible to improve
nutrient assimilation by improving the gene expression of functioning in the plant
metabolism or due to the improved nutrient uptake and transport [8].

Biostimulants based on chitosan positively impact strawberry pulp firmness and
improves the shelf-life by increasing the concentration of the phenolic compound
in plants [9]. Moreover, it has been demonstrated that the application of biostimu-
lants in the absence of fertilizers improves the radish shoot and root biomass [6].
Whereas the foliar application of seaweed extract influenced the growth of soybean
bly due to the identified minerals and plant growth regulators present in the
imulant [10]. Moreover, seaweed is also reported to improve plant water and
nutrient use efficiency due to the phytohormones involved. Furthermore, the
potential outcomes of secaweed to minimized abiotic stresses and nutrient deficien
cies can be expected [11]. Biostimulants have a promising role in improving plant
growth, metabolic activities, better stress resistance, and reduction in fertilizer
use [12]. Furthermore, Table 2 summarizes the role of PGS and plants responses
respectively.
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3. Limiting the abiotic stress by PGS

Plants face multiple stressful events throughout their lifecycle. Stresses are
classified based on the nature of the trigger factor as biotic and abiotic stresses.
Biotic stresses are caused by a living organism such as insects microorganisms,
weeds, etc. that impact plant growth, and productivity. However, the latter one is
general associated with different environmental components that negatively impact
plant development and survival. Drought, non-optimal temperatures, low soil
fertility, and salinity are the most common abiotic stresses that limit agriculture
production globally. Whereas, in the developing countries where the life of the
majority depends on the agriculture sector, drought and nutrient deficiencies major
issues [20].

Besides this, the rapid increase in population leading to urbanization and
increases soil erosion has poorly impacted the prime cropland. Therefore
the need for time to utilize the less productive soils and enhance the crop yield
and productivity [16]. Biostimulants ensure a promising role to improve the
productivity of vegetables and also develop tolerance against stresses. Moreover, it
positively impacts the plant metabolic activities in optimal and sub-optimal envi-
ronmental conditions. In addition, it is very crucial to identify the proper timing
for the application of biostimulants. It depends on the critical stages of develop-
ment and crop species. To avoid unexpected results, minimize production cost and
wastage of products, it 1s good to determine the exact dose and application time of
biostimulants [20].

Diverse changes in temperature and precipitation have been reported duc to
climate change, this has resulted in severe drought conditions [16]. Drought has
adverse effects on the plant gas exchange and causes changes in transpiration and
photosynthetic rates, which ultimately results in yield losses. Biostimulants can be
used to overcome water stress as it is effective to improve water use efficiency in
plants [20]. It is reported that the micro-algal-biostimul. inimized the drought
damaging effects on tomatoes and improve plant growth. It might be due to the
presence of plant growth hormones, like abscisic acid that regulates transpiration
and reduce water los present in biostimulant [21]. Microalgae improve the total
flavonoid and phenolic content in plants which also increase the enzymatic activi-
ties of antioxidants such as catalase, superoxide dismutase, ascorbate peroxidase
that consequently mitigate drought-induced oxidative damage [22].

Furthermore, biostimulants are also useful against nutrient deficiency. The
results have shown that the application of biostimulants cannot replace fertilizers
but it can contribute to overcoming nutrient deficiency and imbalanced conditions.
esponsible for improving plant root morphology which ultimately improves
nt uptake, translocation, and assimilation [23]. Cold stress or low tempera-
tures adversely affect plant metabolism and delay physiological processes. It also
damages the cell membrane by destabilizing phospholipid layers. Biostimulants
also help to stimulate biosynthetic pathways that increase the osmotic molecule
accumulation, membrane thermostability, and overcome chilling injury. Moreover,
the seed priming with chitosan also improved germination and plant growth under
temperature stress [24].

abundant environmental st

The mos

salinity that adversely impacts
plant metabolism and growth, With the application of biostimulants to salt stress
environmental conditions, the damage can be minimized as it induces the accu-
mulation of osmolytes to increase the osmotic potential of plant cells and enhance
the level of protective molecules against oxidative stress [25]. Morcover, it has been
reported that the protein hydrolysates-based biostimulant significantly mitigates
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single as well as multiple stresses (nutrient stress + hypoxia or nutrient stress + salinity)
in maize under hydroponic conditions [2].

Plant growth regulators also play a constructive role to mitigate the abiotic stress
damages and improve plant development. Such as, salicylic acid is effective against
drought as it increases the restoration process in plants. Moreover, putrescine ﬁgh‘s
against oxidative, drought, and salinity stress probably due to its acid-neutralizing
abilities. Thus, plant growth regulators, plant growth-promoting rhizobacteria,
and biostimulants could play a significant performance against environmental
stresses [16].

4, Efficacy of PGS in soil health

nd ulti-

Plant growth regulators also effectively influence the soil properties a
plant

mately give a huge benefit to agriculture management. As describes earlier,
biostimulants improve nutrient availability, uptake, translocation, and assimila-
tion, which is beneficial to organic farming, In addition, incredible results can be
obtamed with the integrated application of biostimulants with chemical fertilizers
insoil [26]. It contributes to improving the cation exchange capacity of the soil

and enhances the solubility of the nutrients in soil solution which subsequently
increases the nutrient availability for plant uptake [8]. Whereas, biostimulants are
not nutrients and has no direct impact on nutrients bioavailability but they havea
potential to reduce the application of mineral nutrients [6].

Protein hydrolysates, an important plant biostimulant is prepared using protein
sources by the process of partial hydrolysis. It comprises amino acids, mixtures of
poly- peptides, and oligapeptides. When applied as foliar spray or in the soil/root
system, protein hydrolysates imprave the microbial biomass and activity, soil respi-
ration by providing arich source of C and N to microbes. Moreaver, it forms com-
plexesand "’”"‘?‘W‘lh soil micronutrients (i.e., Zn, Mn, Fe, and Cu), improves
nutrient availability, and ultimately improves plant nutritional status [8].

 Another viell known plant bigstimulant je “seaweed extracts”. Due to its complex
b,ochrmxu_l COMPOSition (minerals, antigxidants, polysaccharides, hormones,
panepEmet {?u‘ 9ils, acids), it is highly difficult to understand its mecha-
"sn;' L('skf;:]l:r' fm“'m hxdml)’“tﬁ, seaweed extract can be applied to soil as well
:5:;;15 soil "n{::,);)"]:;“h;“}’“nsible for improving soil retention, soil microflora
2bly hase hormonal ('”(‘C!-s \Al]’}r.cwm it can be a rich source of nutrients nu(“n()!)-
- Whereas, multidisciplinary approaches are required to

understand the compley, interacti
ion between bioactive TS
| between bioactive compounds present in the

5, Role of PGSin heavy metals cyeling

The incrtnseinamhmp Mg
nic activities i 5 : ¥
vities, urbanization 0g Activities including industrial and mining

acti ! s of ;i
o i dl‘m(hl‘ml(‘a]‘i inagriculture has potentially incres
vastewater mishandling 31, c,,cnh 1 sail throughout the globe [27). Moreover,
x‘uxic effects on plant '“"“bnhc:c‘?b-um to heavy metal contamination and induces
i s human healy Wities, soil environment, grou .
"mm::?:)]mmful (ath:'s[,z,?]' One of the most toxic trace "l(-,;n,‘,:’,l.('v""' 1, and
(Ct:‘)‘""s' as well as humang |72:0b°‘ asitdepresses their microbial
a ] * It enter, chai i
acth mize ortreat the negagiges - 1 00d chain [29]. Therefore, it is important

m 5 s Ve im,
‘:‘1)1)'-" 5ignlﬁ"""“0]l'ln|hi;,(.g"d.p“"-“"’ Cr. Plant growth stimulators can also

s chromium

nd enzymatic



Biostimulants as Plant Growth Stimulators in Modermzed Agriculture and Environmental...
DOL http://dx.doi.org/10.5772/intechopen 98295

The application of micronutrient-amino acid is responsible to reduce the Cr
stress in plants, It is reported that iron-lysine (Felys) application significantly
improved plant growth and biomass. Additionally, with the increased nutrient
uptake, gaseous exchange par alsoi 1 whereas it contributes to form
complexes that reduce oxidative stress in plants. Therefore, the Cr toxicity caused
due to contaminated water can be treated using Felys. Whereas, the mechanism
behind the Felys attributes needs to be explored [30].

The foliar application of Zinc-lysine (Znlys) also improved rice growth and
contributed to stimulating the anti-oxidant defense system, decrease oxidative
stress, increase Zinc (Zn) uptake, and decreases Cr concentration in plants.
Whereas, further studies are required to explore the mechanism of Znlys in miti-
gating Cr level in plants [31]. Moreover, Znlys is also effective to reduce cadmium
(Cd) concentration in wheat along with improving Zn contents and plant growth
in Zn deficient and Cd contaminated soil. It is useful to protect people from Cd risk
and Zn deficiency [32].

Apart from biostimulants, plant growth regulators also contribute to phy-
toremediation. Plant growth regulators can be defined as the substance that can
impact plant growth and is capable of altering biological processes in plants. Such
compounds when produced inside the plant are known as plant hormones but
when used as synthetic compounds to play a similar role are termed as plant growth
regulators [33]. Auxins perform various biochemical changes in plant cells and their
membranes which reduces the toxicity of metal ions [34]. Different hypotheses
report that auxins cause changes in the cell membrane and alter its properties
against toxic elements [33]. It also improves the rate of transpiration and ultimately
heavy metal adsorption.

The use of cytokinins on Alyssum murale also improves the plant aerial biomass
and transpiration due to the adsorption of heavy metals in soil solution. Likewise,
the application of cytokinin on Helianthus annuus is helpful in the adsorption of
Zn and lead (Pb). Studies reported that the usage of salicylic acid helps reduce the
negative impacts of copper (Cu) and Pb in plants. Thus the use of plant growth
stimulators is significant in heavy metal recycling [33].

6. Greenhouse gases emission and PGS

Greenhouse gases (GHGs) are defined as the gases that obtain heat energy
from the sunlight and limit the backward movement of radiations from the
carth’s crust thus resulting in global warming. The agriculture sector contributes
alotin this aspect by the emission of methane (CH4), nitrous oxide (N,0), and
carbon dioxide (CO,). One of the major sources of GHGs emissions is paddy
systems [35]. Moreover, the long-term application of manures also increases
GHGs emissions [36].

With the increase in population, the demand for food has also increased. To fulfill
this challenge, the farmers tend to apply more fertilizer to attain more yield. However,
field fertilization is supposed to be a major source of GHGs emissions. It is reported
that agriculture produces about 90% N,0 and 20% CO, worldwide. Depending upon
the global warming potential, carbon dioxide and nitrous oxide are two important
GHGs. Moreover, after CHy, and CO,, N;O is an important GHG that contributes
about 6-8% of global warming [36]. Therefore, it is the need of today to introduce
such agriculture practices that ensure high yield with minimum negative impacts on
global warming and climate changg

Microbes-biostimulants specifically N-fixing microorganisms are resp to
increase N,O emission. Whereas few pieces of research have been reported in this

b
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regard. Further studies need to be conducted to explore the impacts of different
types of biostimulants on agro-ecosystems (37]. Additionally, the foliar application
of plant growth regulators (abscisic acid and kinetin) has been shown to mitigate
the N,0 emission and also manipulate plant growthand development processes it
the wheat cropping system. Itis possibly due to the manipulation of anatomical and
physiological processes. Thus, the application of plant growth regulators might be
an effective tool for modernized agriculture and environmental sustainability [38).
Apart from this, there is a huge gap to study PGS for GHG emission and reduced

agro-environmental pollution, especially from non-point sources.

7. Constraints, challenges, and future aspects

 Agriculture production is facing multiple challenges including food secu-

tity, climate change, soil restoration, and environmental sustainability. Plant

glﬂmh stimulators have the potential to overcome the biotic and abiotic stresses,
improve crop productivity, better <oil nutrient cycling, mitigation of heavy metal
“P‘_ikc, and GHGs emission. Due to the complex composition of biostimulants,
their potential role and mechanism are still not clear. Therefore, further studies
about the possible use of biostimulants to minimize GHGs emission needs to be

studied.
3 Biostimulants are also expected to increase NUE, therefore, careful monitor-
ing, climatic aspects, and related modeling need to be studied. Limited literature
Yehle!:l tothe impacts of biostimulants under sub-optimal nitrogen regimens
isavailable. Further studies can bring huge benefits to modern agriculture.
Moreaver, open field studies should also be carried out in the future, which then
movesback to the lab for further elucidation. Few field-based rescarch using bio-
::Z::;n: has been reported which is a major constraint to nfiupt its application
Pl’ﬂdnctma% Furthermore, the farming community should be introduced with the
P with the cost-benefit analysis, thus moving towards environment
sustainability,
su:&:’:{‘:\‘z’:‘r?(imulanu are gaining popularity in the
BV m: d'l':ferzm active ingredients (humic subst.
and il lczd:"b ents, and amino acids) are estimated to 2 t
s btneﬁrial:,'w'- $5 billion by 2025 [2]. Therefore, it1s time “b.llltroduu{-nuw
e biostimulants that have practical application and yield benefits for
Wit “mrimf';"cu]lure Integration of plant biostimulants nnd. growth ru,;ulfxmrs
Helgieatata -lnd waste nfganics for different regions can be introduced with also
imizing pollution and waste recycling

market. Variety of bio-
ances, seaweed extracts,
account for $2.6 billion

8. Conclusion
A sustai

lhcz(l‘::::::;‘:y];:ignml"_"_f management system needs to be adopted for dealing

uted towards mml:rm"d!“"ns. Plant growth v.lunul.il‘m', have pos:
growth, and develo r::gnmhumnq have the potential to improve crop yield, plant
translocation, and rl:m:"‘:. handle biotic and abiotic stresses, minimize heavy metal
rich in multi-nutrients ':1 ute to mitigating GHGs emissions. l'nfn.hmul,nn are
improve soil qualit ) dlﬂ cannot replace fertilize Although it has a potential to
few researches ff-'myrd!‘ plant productivity even under stress conditions. Whe
is a huge research ‘a "“’IéIGHGscmissiun using biostimulants has been reported. It
develop a better B2 h”}“i. different mechanisms need to be studied further to

understanding and introducing useful products.
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Abstract

Nanotechnology is currently seeking much attention of researchers because of their
wide applications in diverse sectors including agriculture. The influence of nanopar-
ticles on physiological state of plants at the different levels of their organization, begin-
ning from molecular, has been studied at various plants. It is known that nanoparticles
in different concentrations can impact both positive and negative biological effects.

N: ials confer profound uses for ble crop production, reducing loss of
nutrients, suppression of diseases and thereby enhancing the yields. Concerning the
role of nanomaterials in alleviating the damage of plant abiotic stresses or in inhibit-
ing plant growth and its toxicity, further studies are essential under different levels
including plant molecular and cellular levels. A wide variety of research has been
conducted to study plant responses to wm.rluggmg stress that include various disci-
plines like molecular, biochemical and physiological ical and morphological
ations. Nano technological nmpllcnnons for curbing water-logged conditions
recently came into limelight and have drawn much attention in the last few years.
Nanotechnology is defined as the systems and processes which operate at a scale of 100
nm or less. Nanotechnology has many applications in the field of agriculture. There are
majority of nano-materials which are known for its plant growth promoting effects.
Nanoparticles have unique physiochemical properties such as high reactivity, particle
morphology, and large surface area. They also boost the plant metabolism.

Keywords: abiotic stress, crop plants, heat stress, heavy metals, nanoparticles,
salinity

1. Introduction

Population explosion durir

s the last few decades has led to increased pressure on
the agriculture sector by an upsurge of continuously increasing food demand. Natural
resources of the world are continuously diminishing at a much faster pace than their
renewal and the agriculture sector is no exception to this presently prevailing sce-
nario. Sustainability issues due to population explosion, climate change, urbanization,
habitat loss assisted by environmental issues are some of the global challenges faced
by the green plants including the agriculture sector [1]. Plants, the vital component of
our planet remain always exposed to different environmental variations and numer-
ous stress factors throughout their life. Unlike animals, plants are deprived of motility
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toabetter place on the arrival of any kind of stress either biotic or abiotic. To combat
S‘fd‘ stresses, nature has provided these living entities with certain defensive mecha-
nisms that help these sessile organisms to endure these unpleasant situations. Though
plants develop several mechanisms which involve avoidance, escapism, and tolerance,
todeal against adverse conditions their responses could vary appreciably even in

the same plant species. For this reason, the identification of tolerant plant species1s
alsways the major concern towards sustainable agriculture and crop production [2]
Major abiotic stresses which affect plants include heat, salinity, cold drought, flooding/
J"l"'"ﬂxmrr (anoxia), chemical toxicities, and excess light 3].

Technological ad in the last few decades have led to profound struc-
tural changes in the agriculture sector and improvisation of plant health dealing
with different abiotic stresses, improvements required to increase the production
rate in ways that promote food security and public health improvement remains
the matter of concern. So, there is 2 major concern among scientific communities
toraise world food crop production by 70% [4]. In such varying environmental
scenarios, it is needful to recognize an area of research to conquer the technical

Chﬂl"?ges in addressing the yield barrier, resource use efficiency, and development
of 3 lly accepted technology [5].

l\anu.lcchnolngy and nano-sciences have come

:::I"l]:‘l]";g vith nearly all the aspects of the masses and people’ life in 21t century
ntmnfnu e medicine, agriculture, industrial, environment, electronics with appli-

L ;:m""‘“ preparations [6, 7). Precise potential to c_nmml and fabricate

Nmﬂkdmo‘l“o-s}:alc remain the beauty of this newly emerging sc.:xcntlxﬁc.dxsclplme‘
ey 0gy has ﬂ‘f‘ﬂgtd out broadly into the ‘agn-fuml.scrlar which include
afely new s:';- tracking devices, targeted delivery of required components, food
[3_11]" le;‘:dlwldﬂ'elupmcnu: precision processing, sma'rl pncka;‘;n?g. and others
large scope o di '“0 ogy Uffcrs_ awide research area and prcde:s possibilit
‘E‘"C“llure.lus:m applications ar?d advantages in fields of biotechnology and
nino fertiliveg n;;ﬂlrch such as disease prevention [12], nutrient r.n.zumgcmrn'l by
stress (2] Also, , nano-pesticides or nznn—h('lrhlcldl:s [14, 15], mitigating abiotic
ated with abim’ic:;muh""l’ yholds ggo(l promises for solving l)4H: problem associ-

proving phmt:s:sw ub'lzm :.gsmnahnhry in the field uf‘;lunculturgj [2].
suchas drought, s3; r"f—‘ against different diseases ?n(l abiotic mu! biotic stresses
"fb‘"lfdlnnlug;ul r""’}. plant diseases, and others is one of the pr nnfu y objectives
tointroduce rapid ln;“‘ﬂh Nanf;tcchnulugy-cnjlbl'cd gene sequencing is expec ted
leading to more effect f"f‘-ef{ﬁtws capability within a decade [16], thereby
that could hdpphnul_w|dennllcauanznd usage nfpl.u!l gene trait resources
Cansldcn'ngthuse i;sul:l overcoming adversities due to d.nﬂvn'm abiotic stresses,

can be made usefy] rm;fnlllm article, we are dealing with how nanotecl n
mechanisms assqcia d I.ngi(mg various abiotic stresses of crops and various
ed with them [1]

out as powerful and promising

mology

2. Abiotiq 4
¢ stress in crops and current scenario

Plants are c
span. ASP"”":":‘J‘I‘::ZEE;‘TM to various stress factors throughout their life
iSSl?cialpd with abioticstres ('. the relative decreases in pn!ulm.xl maximum yields
various types of abiotic xlr‘q actors vary between 54 and 82% [17]. Crops confront
stresses, extreme temy w-’ (rsmnd it has been well documented as well that among
flooding), and jon raxl.c"‘ ures (freezing, cold, heat), water availability (drought,
adversely affect the planl:y (salinity, heavy metals) are the major causes which
stresses are imrrmnn(-ctmgirtowfh and productivity worldwide [18-21]. These abiotic
0 osmotic stress that results in the disruption of ion
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STRESS

Figure 1.
Types of abiotic stress with their effects on growth of plants.

distribution and cell homeostasis. Crop plants are adversely affected by abiotic stress
conditions. On account of the current scenario, more than about 50% loss of yield/
year is sole because of abiotic stresses such as drought, salinity, heat, and cold. In
developing countries, drought and low soil fertility has been proved to be a major
cause for affecting crop production [22]. Recently, several transcription factors (TFs)
due to their cfﬁcncy as a master regulator, have been proving as a potential candidate

for genetic engincering to bread stress-tolerant crops and improve stress toler-
ance [23]. Six Asian rcgmn countries namely Bangladesh, China, India, Ind
Pakistan, and Thailand are actively involved in the R hand Devel

related activities for the develop of abiotic stress-tolerant crops [24] Various

abiotic factors along with their probable significance are depicted in Figure 1.

3. Role of nanotechnology in abiotic stress

Nanotechnology is a platform for developing tools and technology for the
improvement of the bio system [25]. Nanoparticles (NPs) are small molecular
apgregates with dimensions of 1-100 nm [26]. NPs have been investigated to
improve plant growth, development, and productivity and thus, proving their
use to overcome various abiotic and biatic stress of crops [27]. In the last decade,
the science of nanotechnology has attained, a promising position to mitigate the
constraints associated with the afory ioned stresses to achieve a secure future of
agriculture worldwide and nano technological findings possess immense potential
to open up numerous ways in the field of biotechnology and agriculture [28, 29].
Some of them are discussed here in detail:

3.1 Heat stress

The negative impacts of heat stress (also Thermal stress) on plants are substan-
tial, detrimental, and often account for reduced crop yield and productivity as well.
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Adverse thermal envi posea great challeng for crop plants to sustain and
survive. In addition to it, another major concern remains the global climatic change
i.e, an overall increase in the average global temperature of the earth that had led to
increased thermal stress on plants and other organisms along with alufn:f] patterns
of precipitation. Leaving aside all these problems, defining and quannfxmg heat
stress remains a daunting task. In general, heat stress is categorized relative to
some estimate of an optimal thermal range that is characteristic of each species in

question,

Heat stress involves elevated temperature at sucha harsh level for a long enough
time that could result in parsble loss to the fevelop of plants [30, 31,
Heat stress enhances the Reactive Oxygen Species (ROS) generation and causes
oxidative stress, as a result of which membrane lipid degeneration and Ieal(a?;f: of
membrane jon occur which led to degradation of the protein [32-35], in addition
[36]. Several studies

od drate of ph hesis and chlorophyll content e

have been conducted by many workers from time to time to access the appl{cnb}llry

o hnology to minimize heat stress. Selenil particle application in
increasing hydra-

lbe low C'Jncenn:;ion found reducing the effect of heat stress by !
tion ability, chlorophyll content, and develop of plant [37]. Also, Selenium
particlesatlowe ions exhibit idative properties to plants, while
oxidative stress had been induced by the high concentration of Se nanoparticles
(38, 39]. Plants synthesize several heat shock proteins and molecular chaperones
dunn_g the period of heat stress [40]. Other proteins are assisted by heat shock
Proteins in sustaining their fidelity in stress conditions [30] and are involved in heat
stress resistance. It was already in reports that multiwall carbon nanotubes cf:u]d
upregulate gene expression of heat shock proteins viz. HSP90 [41]- Also, maize
Plants exposed to Ce02 nanoparticles depicted excessive generation of H202 and
upregulation of HSP70 [42). Furthermore, TiO2 nanoparticles treatment reduced
the efect of heatsress by stomatal opening regulation [43].

32 Salinity

delf;tr;z':;"‘j‘" type of abiotic stress factor, limits the pmducfiun (Cf lu_u;.l-.\ml
‘°mmunm¢‘ ¢ quality of c\’e.r-mcrczsing growth in food crops. l-(‘)r scienti n], .
€rop produ .:‘ T sfh""Y remains a major cnnslrm_im to attain Su'.l.an.\ ) .'
the :mloum‘, 1on. Worldwide, 20% of cultivated land is facing salinity stress .\m(
the catepo, 5"."“'“'"2 day hy‘dzy. The majority of crop plants spec bc?un};‘ :; i
most trill;ic?;a. l;!)’:ophy(gs, which are highly susceptible to salt stress hence 'ltl: the
Madholiic cnv:lnlnmcm‘a] abiotic stress that can ruin crop prafhlclu?n [/f 4, : ].i '
diﬂl‘iburcd?]pm ems arise due to excess sodium chloride (NaCl) v.vlmh is wn} ¢ ?.,
of NaClimpe ol ‘|v"h coastal and arid region soils and water supplics. | ligher levels
the oslllnticp ,m: e three types of problems for higher plants. These include: (i)
plant cells nr!drﬁst"';'m it external solution can exceed the osmotic pressurc in the
tion; (ii) sodiu ierefore require an osmotic adjustment by the cells to avoid 4|v~.|.rr.|—
suchasK and (m' = ;xcfss‘ can disrupt the uptake and transport of nutritional ions
branesand vm"‘[;f“ (ii1) both Na and C1 can exert direct toxic effects on mem
of soil umm'w')) :‘ sxsl]cms [4_6lv Besides the .a!n‘n-|nrnlimm| probl
fonic toxicit (sl ;Jt ential, creation of nutritional imbalance, enhancing
of the comm):,n ; Sllrcsg)_ orone or more combination of these factors, are some
Processes of o] ulnﬂ ;cn(mns that salinity stress exerts on crop plants. Most v‘n.|l
ete. are b‘:ldl 11;:’]‘? s phmfjs_)""h"-“‘. protein synthesis, and lipid metabolisms,
stress tao, I»h},,\;, ected by salinity stress [47]. Salt stress is associated with oxidative
well equip ever, to confront salt stress-induced oxidative stress, plants are very
duipped with a defense system of various antioxidant enzymes that include

lowering

specific

326



Role of Nanoparticles i Abiotic Stress
DOL: http://dx.doi.org/105772/intechopen.99928

ide di: (SOD) and p id (POD). The SOD constitutes the
first line of defense against ROS [48] and dismutase superoxide radicals to H202,
whereas POD reorganizes H202 into water and oxygen [49]. Besides oxidative
stress, salt stress also creates osmotic stress, which reduces the ability of plants to
take up water and minerals [50]. Also, plants have been found to abide by osmotic
stress by the provision of accumulation of osmolytes, such as proline (Pro) and
Glycine Betaine (GB) [51]. Application of nano-fertilizers is a quite hopeful method
that can potentially increase plant resource use efficiency and help in reducing
environmental toxicity due to the accumulation of unused chemical fertilizers and
icides in the soil. Therefore, the application of nano-fertilizers could serve as an
alternative approach to overcome soil toxicity issues and other associated stresses.
Adverse effects of salinity stress on crop plants have been extensively studied by
many workers from time to time. Hussein and Abou-Baker [52] conducted experi-
ments to study the foliar application of nano zinc to mitigate the adverse effect of
salinity and confirmed that diluted seawater could be used in the irrigation of the cot-
ton plant. They reported that increasing the application rate of nano-Zn may reduce
phosphorous (P) absorption and translocation to leaves and consequently reduce
the P/Zn ratio. They suggested that an additional dose of P-fertilizer with nano-Zn
could be used to avoid the P/Zn imbalance. Avestan etal., [53] in their investigations
proposed that salinity stress treatments were detrimental to morphological and
physiological parameters of strawberry plants. They found that nSiO2 treatments
suppressed the negative effects of salinity, possibly by improving the Epicuticular
Wax Layer (EWL); and nSiO2 treatments enabled salt-stressed plants to better
maintain their chlorophyll content and leaf relative water content (RWC) and relative
water protection (RWP) relative to controls (no SiO2). They concluded their findings
by suggcmng three possible directions for future research: (1) Further exploring how
variation in the timing of silicon treatments influences EWL deposition by testing
EWL at multiple plant developmental stages; (2) investigation of whether there is
genetic variation for EWL deposition in strawberry; and (3) testing to distinguish the
benefit of greater EWL deposition in saline conditions relative to the benefit of the
other signaling and physiological changes that are linked to increased silicon uptake.
Khan [54] in his studies investigated the effect of nano TiO2 in several plant
developmental processes including defense against environmental stresses. They con-
cluded that the cumulative effect of the parameters under consideration contributed
toimproved growth and yield of tomato plants. Therefore, based on the a ment
of results it was propounded that nano-Ti02 at the rate of 20 mg/l proved best in
enhancing the growth, yield, and quality of tomatoes. In one more study, conducted
by Yassen et al., [55] on the cucumber (Cucumis sativa) effect of silicon dioxide
nanoparticles assessed where the results indicated an increase in nitrogen and
phosphorus, content and uptake and decrease in Na content and uptake when adding
S$i02 nano fertilizer. The findings of the study suggested that silicon dioxide nano
fertilizer can exert a positive effect on the growth and yield of cucumber.

3.3 Heavy metal stress

Nano biotechnology growing as a technology that could make the environment
cleans, Nanoparticles, often regarded as particles having a significant amount of
rface area with unique physical and chemical properties and having applications
in reducing the negative effects of heavy metals on the natural wealth [56, 57]. Some
workers have exploited nanotechnology to explore plant phytotoxicity caused by
heavy metals in various environments. Although nanoparticles are cost-effective in
reducing heavy metal toxicity in plants [58], mitigation of heavy metal-induced root
growth inhibition and oxidative stress in the plant has been barely studied [58, 59].
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Heavy metal ions were productively adsorbed by magnetic nanoparticles
(Fe304) [57]. In addition, Nanoscale zero-valent iron (nZVI) nanomaterialsare
core-shell structures that are in use for decreasing metal toxicity. Ronavari etal.
{60] reported that nZVI nanoparticles are for immobilizing heavy metal ions due
to their distinct structure. Also, Fajardo et al. [61] found that lead and zinc mobility
and availability decreased when soils were treated with nZ V1. The addition of nZVI
and active carbon efficiently immobilized copper, lead, cadmium, and chromium in

di thus, d ing the bi ilability and toxicity of heavy metals [62].

Nano hydroxyapatite (nHAp) particles are also in use to remediate metal toxic-
ity nHAp have been successfully applied to remediate soils contaminated by metals
and to purify wastewater due to their outstanding ability to absorb heavy metals
Jike copper (11), zine (I1), lead (I1), and cadmium (1I) [63]. Zhang et al. [64] found
that nHAp effectively decreased the exchangeable fractions of Pb and Cd in con-
taminated sediments, especially for Pb, and dramatically decreased the metal(loid)

\on concentration in pore water,

Carbon nanotubes (CNTs) were discovered by [65] and can be used as absor-
bents. They can be (i) single-walled carbon nanotubes (SWCN'Ts) and (ii) multi-
walled carbon nanotubes (MWCNTS) [66, 67] and are promising nanomaterial to
remove 0rganic and mnorganic toxic compounds [68, 69].

3.4 Drought stress

Plants have been always combating water stress for millions of years, ever
since they first left the water bodies and conquered and colonized dry land. When
drought strikes, higher plants are the first victims that have always been obliged to
endure it or toadjust theirlife cycles to avaid it. Thus, a major means of propulsion
behind the r\‘olutim} and emergence of land plants has been their need to sea rch
for wiater, toabsorb it, to transport it, and retain it. Even so, drought is still the

major constraint t0 crop production [46, 70, 71). The term ‘Drought” does not merely
represent fack of rainfall instead f‘"P'i‘nlph\molnplsh, it is a concurrence of vari-
ous environmental stresses that includes; (i) fow soil moisture availability; (ii) high
evaporative load, (iii) high temperature, (iv) high solar irradiance, (v) incre. wsed
soil hardness, (v1) unavailability of nutrients and (vii) accumulation of salts in the

topsoil region.
2], in studie:
Taranetal,, [72], in their studies haye shown that Cu-Zn-nanoparticles reduced

ﬂu'}tgﬂ"V‘nifrf:;‘éfi:?:.?ll action upon plants of steppe ecotype Acveduc. In
lr;‘:,‘:,‘:z;'l'hinbzrbiluri]c)A(oi,da;(“mx‘dmvc enzymes reduced the level of accu-
mula eactive Substances (T 5 [ ize d
cunlt'“l“rph"msy"{"'"’cPlgmgms‘)"d g bstances (TBARS) and stabilized the
i Cu-Zn- 7
.Cl;”m::lilns::::;::gl: n":h:’;l:;,';’!:nruclrs had 4 less significant influence on th
index m,.,pnsuumsnfnannpzm‘;wmly under drought. They studied the use of
h‘;uzductivilyofiuricnhure sy':;:‘"’/‘:K":"“("""Ifllfi"'~ i e
cal s, Ashkavand et al,, [73] i 1
D nanoparticles on drought re ¥avand et al., (73] studied the effect
: ﬂ“llimn p : 2 r‘:l"hnccm hawthorn seedlings and concluded
hat 5 h ‘ol rase pl, » .
yplained byth Plant resistance to d, ohit stress
1t could be “‘x!':;’ SNPs p);c['ri:'::pruvun,_-m of photosynthesis r u:»' '”'I";'jl"':"” :l“ll
e S Wit e v
(‘sm‘%"l:cd jmproved drought mlmm:'_‘ Possessing different drought susc eptibility
exhib! shoot t0 100t (S/R) ratio, w'"'lm'ﬁl"'flivr of their drought susceptibility by
lmvl‘r‘"g'h 5 thtmz""“‘"lnrcom,(c;,'}:m"'“ could be an indicator of improved
0t : T
osynthetic rate. These findings could

rowt Y
root 1" ted to improving thcdmughl toler,
Z;l(‘v: of s,(.!rglvum via the augment-
- Applications of silver nanoparticles

. bui
'b . a»i"arl‘cr uptake efficiency of plants [ 74)
ing

icreased relative water content in leaves.
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(AgNPs) has also been appreciated in diminishing negative effects of drought
stress on lentil (Lens culinaris Medic). Significant effects of different concentra-
tions of Polyethylene glycol (PEG) and silver nanoparticles on germination rate
and germination percentage, root length, root fresh, and dry weight in lentil seeds
were reported [75]. In a study, conducted by Sedghi et.al [76], it was observed that
nano zinc oxide has the potential to enhance seed germination percentage thereby,
overcoming water stress.

3.5 Water logging

Over irrigation, prolonged periods of precipitation coupled with poor soil
drainage system gives rise to a condition called ‘water logging”. Both, natural
vegetation and agriculture crops are equally affected by this worldwide occurring
condition of waterlogging. The waterlogged soils offers/presents an unpleasant and
uneasy environment for normal growth and development of plants because: (i)
air spaces occupied by water delays the exchange and diffusion of gases between
the roots (rhizosphere) and atmosphere [77]; (ii) levels of dissolved oxygen are
depleted from soil solution by respiration of soil inhabitants and roots [78] and
(iii) flooding of ficlds is often associated with the release of toxic compounds
and obnoxious gases. Depending upon the height of the water column produced,
flooding can be classified as (i) waterlogging, when it is superficial and encase only
the roots, and (ii) submergence, when water completely covers the aerial plant tis-
sues [79]. In both types of flooding, the movement of oxygen from the air to plant
tissues is highly disrupted [80], producing a natural condition known as hypoxia
(<21% 02) [79].

Depending upon certain parameters like temperature, microbial respiration
activity, frequency, and duration of soil saturation, the depletion of dissolved
oxygen in waterlogged soils leads to conditions called ypoxia ‘and ‘anoxia’ within
few hours to days. In recent years, flooding stress and its subordinates like submer-
gence, waterlogging, hypoxia, and anoxia, were investigated extensively in plants,
especially in Arabidopsis and rice, to pinpoint molecular elements that may play
avital role in flood tolerance. Roots of the plants remain the first victims that are
worst hit by flooding. Plant roots facing waterlogging stress follow glucose metabo-
lism according to the classical scheme of alcoholic fermentation in an oxygen deficit
medium (anacrobiosis), where self-poisoning of tissues takes place as a result of
the formation of end products of fermentation mainly ethanol. Maintenance of an
appropriate oxygen supply and energy balance is paramount for the survival of the
root system to waterlogping stress.

Nanotechnology has provided new discernment to the problems arising in plants
and food science (post-harvest products) and offers novel approaches to the rational
selection of raw materials. Silver Nano Particles (SNPs) are the most commonly used
nanomaterials in the field of nanotechnology after carbon nano-tubes that every
day is added in its application to the nano-world. In this sense, nanoparticles are
uselul tools as an ex: ive water supply induces hypoxia in plants [80], increases the
vulnerability to pathogen attack [81], and limits the flow of light to the plant [82].

During recovery after a flooding event, plants experience oxidative stress
[83] and must remobilize nutrients to achieve a normal homeostatic state [84].
Concerning the protection of plants against oxidative stress, nanomaterials are
found to mimic the role of first-line defense antioxidative enzymes like peroxidase,
superoxide dismutase, and catalase, which are supposed to form the antioxidant
defen d [85]. Also, plants respond to flooding and the associated stress by
n gene expression that are finely regulated at a multilevel scale from
epigenetics [86] to transcriptional [80, 87] and translational regulation [88].

change!
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Rezvani etal., [89] conducted experiments to study the cf_fect of Nanoﬂsﬂ\:};1 ions
(asan ethylene inhibitor on the growth of Saffron (Crocus sativis) u‘nder oodi g
conditions. Corms of saffron were soaked with different concentrations of na:;‘:
silver ranging from 0 to 120 ppm (0, 40, 80, and 120) and plafﬂcd u'm.lc.r HO?[uI)WEEd
stress or non-flooding stress conditions and the results of the investigati Icms ss e
that the number of roots, root length, fresh and dry weight of rootsand g?,ve m
reduced by 10-day flooding stress. Soaking the saffron corms pathgfios . Pl:

ion of Nanoslver rewarded the cffect of flooding stress on the rot
number by increasing it. Also, it was found that 40 ppm (?f nano- snl!vcr :j n::’;:Zrease
the root length in stress. 80 ppm concentration of nano-silver was found 15) under
leaves dry weight. In another study conducted on the same plant (C. mul u.x o8
flooding stress, foliar application of Nano silver was nccesgcd by Sorooshz. sipnific
etal,, [90]. Results of the investigations showed that flooding stress led to aerg e
cant reduction in weight and height of the plant and the Flumbcr of C:rmscgnclide d
Was increased by i ing the conc ion of n Iy e ralltaey 11 param-
that flooding stress and Nano silver had a significant interaction effectonalip
eters under consideration of the study.

4.Mech

of abiotic ntrol by particles (NPs)
Developing technology for i ing food production, minimizing crop pro-
duclivi“/lsss‘i;slhzno il me}grm“’mg o bility in the field of agricul-
q 2

ture. Abiotic stress .;fp]lm; s considered a major emerging problem in the ﬁ’ulndczf
agriculture, its diverse types include salinity drought, waterlogging, submergence,
heavy metalstesses, and mineral and metal toxicity/deficiencies that W'Tlm:(u,;b.
€19p growth and productivity [91-93). A decrease in productivity is mainly a
uted to these factors, Plant throughout their lifespan has to face various types 0 :
biotic stress and hasto come up with strong defense mechanisms to cope up w'! >
em. Investigation o NPshas reported that they help plants to overcome abiotic
stress by their concentration-dependent impact on plant growth and (l«.jwlup- ¢
ment 73, 94-96]. It s alsq reported that various antioxidant enzymes like catalase
(CA,T)’ pm"‘d‘“(POD).S\len’dcdismulzse (SOD) were found to vc"h.\m'c
their activity using Nps [97). Depending upon their chemical composition, S1z¢,

Figures,
Vario
TOUS nanoparticles wigh thetr effect on plant growth
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surﬁce covering, rencnvxty NPs interact with plants in various ways causing many
morphological and pt ical changes and play a very vital role in improving
crop plants NPs has both pusmve and negative effect on plant growth and develop-
ment [98]. Some NPs along with their possible effect (negative and positive) ona
plant are depicted in Figure 2.

5. Conclusion

N. 1
T

logy, a multi-disciplinary approach, has emerged out as a powerful
discipline in the last few years and is revolutionizing various fields like medicine,
agriculture, industrial, environment, electronics, etc. Nanotechnology is emerging
asa tool for agriculture by empowering it with tools to conquer nutritional poverty
and food scarcity. Nanoparticles are proven beneficial to boost plant growth, devel-
opment, and increase yield capacity and help to overcome biotic and abiotic stress.
The use of nanotechnology will lay a strong platform and will permit a secure future
towards sustainability, crop productivity, and overcome abiotic stresses, where loss
can be minimized and yield could be enhanced. The most effective way for under-
standing the action of the mechanisms of NPs applications is to apply the present
knowledge by collaborating with various disciplines that may include molecular
biology, plnn( physiology, plant breeding, cytology, soil physics along n:mu(echnol-
ogy. Such associations could be helpful for the encourag of multi-disci
projects that may be carried worldwide. Nanotechnology promises new insights

into the mechanism of various abiotic stress tol in plants to pl
physiological studies. Also, there is a need to detangle various factors responsible
for abiotic stress. The impl, ion of action mechanisms of NPs will require

information and expertise from the aforementioned disciplines to combat various
stress effects. The applicability of nanotechnology needs to be commercialized from
laboratory to agricultural fields.
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Chapter 18

Evolution of the Soil-Based
Agriculture and Food System to
Biologically-Based Indoor Systems

Norman R. Scott

Abstract

There is no area of human activity more basic to society than a sustainable
agricultural, food and natural resource system. The ‘major’ question is, how will
food be produced sustainably for the expected global population growth to 9.5-10
billion people by 20502 The agriculture and food system is a highly complex
adaptive system, operating across the spectrum of economics, biophysics and
sociopolitics. There is a need to move beyond contentious debates between many
consti rooted in ideological solutions, to acceptance of a broad array of dif-
ferent approaches, This chapter focuses on the evolution from long and traditionally
soil-based systems to biologically-based indoor systems, largely independent of soil
with unique characteristics. Science and technology advancements have been criti-
cal to achievements of the existing land/soil-based systems and are equally critical
in development of the emerging biologically-based indoor systems of controlled
environment agriculture (greenhouses and vertical farms) and plant-based food
alternatives, cell-cultured foods and 3D printed foods. Thus, there is no system
more in need of and more likely to benefit from a comprehensive application of
convergence thinking across disciplines and stakeholders.

Keywords: Agriculture, Food, Sustainability, Systems, Digital Ag, Computing and
information science, Renewable energy, Sensors, Robots, Drones, Regenerative
agriculture, cularity, Nanotechnology, Biotechnology, Plant-based food
alternatives, Cell-cultured foods, 3D printed foods

1. Introduction

With the projectior

that global population will grow to as much as 10 billion
by 2050, there has developed an increasing concern in how this population will be
fed, how will food be produced and can it be done sustainably, what will consti-
tute a healthy diet, will the envivonment be destroyed in the proc
resources and ecosystems be compromised, will the food system reduce or increase
hunger and poverty, and will the system enhance or dec ¢ equity and access to
food for a healthy and productive global population? These and many more criti-
cal questions challenge all of us who are a participant in the food and agriculture
system (FAS) and every one of us is involved at some level ranging from our daily
consumption to innovative scientific research. Thus, one might first ask, what

is meant by a food and agriculture system? A report of the National Academy of

s, will natural
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economic viability of rural communities; and more recently a recognition of the
disruption that major events such as a pandemic can create for the FAS. Friedman
[7] captures these as a time when the three largest forces on the planet (technology,
globalization and climate change) are all accelerating at once, creating the greatest
inflection point in history.

Since the 1990’ to present, the sustainability of the FAS has become an accepted
concept to capture the intersection of environment, economics and equity (or social

ponsibility). The pt of bility arising from the report, Our Common
Fumnr. (8] hns become widely applied to many systems. In the opinion of many
people, it has become over utilized and as such does not have significant meaning.
Relative to the FAS, the NRC report (9], Toward Sustainable Agricultural Systems in
the 21st Century, states, “The transformative approach to improving agricultural
sustainability.... would facilitate the adoption of production approaches that capital-
ize on synergies, efficiencies, resilience characteristics associated with complex
natural systems and their linked social, economic, and biophysical systems”.

The preference of this author is to describe sustainable development as a
“process of change in which the direction of investment, the orientation of tech-
nology, the allocation of resources, the development and functioning of institu-
tions, and the advancement of human and community well-being meets present
needs and aspirations without compromising the ability of future generations to
meet their own needs and aspirations” (adapted and modified from [8, 10]). It
suggests an imperative for action by which goals for development of the FAS can
be measured. Moreover, in addition to implications for resources, it embodies
attributes of the envir , ec ic and social res ibility now and into
the future.

Atan international level, the United Nation’s Sustainability Development Goals
[11] have been used widely to encourage development that meets sustainability
objectives (Figure 2). At first glance it would appear that SDG 2 (zero hunger)
would be the primary SDG for the FAS. But on further reflection, it is clear that
because the FAS consists of a web of interactions across many complex interlinl-
ages, todays FAS is strongly connected to the other 16 SDGs as well [3]. All of the
elements of growing, harvesting, storing, processing, distributing, consuming and
managing food losses and wastes are encompassed by the SDGs.

Figure 2.
The 17 sustainable development goals [11]



Technelogy in Agricultuure

The recent report, 21st Century Agriculture Renaissance: Solutions from the
Land, [12] offers a vision for strategies encompassing climate smart agriculture
through 1) sustainable intensification of production, 2) adaptive management and
3) greenhouse gas reduction. The report highlights projects from across the globe
and across various farming systems with a focus on indicating which of the SDGs
goals are addressed by these respective projects.

3. An evolving food and agriculture system (FAS) to 2050

Domestication of plants and animals can be traced as far back as around
11,000-9,000 BC [13]. From its origin, a fundamental element of the FAS has been
aland-based (soil-based) agricultural production system. Today we have experi-
enced the evolution of 2 highly advanced FAS through emergence of the science
and technology of Digital Ag, artificial intelligence, sensors everywhere, internet f)f
things (IoT), genomics (including CRISPR), drones and robots with the one consis-
tent factor being the use of land, the soil. However, ‘new’ emerging subsystemsare
',j"d"l’i“& based largely on nonland-based, even soilless-based indoor facilities. It
isthe purpose of this chapter to briefly trace this evolution of the FAS. v

p First, impressive highlights of key science and technological innovations in 'the
conventional’ FAS are discussed. Then, science and technological innovationsinan
alternative) largely soilless and indoor system are highlighted. The autho( recog-
mizes that to do this in one chapter is beyond an ability to cover many significant sci-
enceand technology innavations, particularly in the ‘conventional’ FAS, However,
the choice has been to focus on science and technologies that are perceived lqha\'t
Pm"‘m")'ihl’gtimlnctgoingforward 102050, and are, in a sense, ‘puesses about
A f,“m" FAS. A further caveat is there is an over emphasis on the natural sciences
Z‘.ﬂuh'g‘l)’imlquzle effort to address the very important social and cognitive
iences.

3AInnovations in ‘conventional’ FAS

T"'“va'ronunlinnzl' isintended to represent soil-based systems For the
Puw"“hkthap(er. science and technological innovations are focus ed on: (i)
:::;’P“fmg;,,d information science (Digital Ag), (ii) nanotec hnolo, iii) !nn-

nology, (iv) renewable energy, (v) electrification, (vi) regenerative agriculture,

and (vij) circular economy.

B Compua ing and information science (Digital Ag)
lcvc':.:’;n':“,h“‘“ﬂrninglyemhmcd computer and information science at many
imtun";ﬂ 'f'ﬂ”hfmm topoorest farmers in developing countrics llun‘nuh an
exltﬂsion';u sensors, satellites, tablets and cell phones, Research, teaching and
rantusgy o sTeh) programsin Digital Ag have been developed in many land
igital A ersities in the 1S, and universities around the world, Like sustainability,
dc;q.ipﬁfnls "ll'flncd or deseribed somewhat differently by various proponents, A
15 given iy F? D’W"‘_Mzby'heCumcll Institute for Digital Agriculture (‘(III)/\)
and “"“‘yhrfur”‘ including linkages to basic elements of innovation, discovery,
CIDA iy rthbroad applctions o areas within the FAS. A key element o
and Life Seien ity tobring diverse peaple together from the Collepes of Agticulture
Iformation s Engineering, Business, Veterinary Medicine, and Computer and
<ience at Cornell University.
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What is Digital components of existing food systems, and to
Agriculture? discover and design new systems with increased
productivity, profitability, nutritional value,
climate resilience, and sustainability.

Figure 3.
The Cornell Institute for Digital Agriculture.

The capability of Digital Ag ultimately depends on an integration of critical
clements for a successful system:

* Sensors (including drones, robotics, artificial intelligence) to initiate data
acquisition in the field,

Autonomous transfer of data from sensors [likely many, an Internet of Things
agriculture (IoTA)] by wireless communication with digital devices (computers,
tablets, and smart phones),

Analytical devices with software capability (machine learning, artificial

intelligence and handling of ‘big’ data) for storage, analysis, synthesis and
reporting results, and

Organizations (startups, lidations and market develof ) to apply
recommendations to practice in the field.

Given that digitization is spreading through all aspects of food and agriculture
one might ask, what is the difference between precision agriculture, smart agricul-
ture and digital agriculture? There is not a unanimous definition, but for purposes
chapter, the general descriptions offered by [14] are adapted to suggest that
precision agriculture seeks to optimize conditions by means of sensory analysis
and precise application technology, smart agriculture is a further development of
precision agriculture to support decision making, and digital agriculture integrates
concepts of both precision and smart agriculture to create value from data.

3111 Sensors

It all begins with sensors and with the great advancements in sensor development,
it is possible to study plant and animal physiology beyond the laboratory to measure,
monitor and activate actions in plant, animal, and microbial production syslcms.Thc
addition of the Internet of Things, Agricultural (IoTA), big data analysis and nrfiﬁ-
cial intelligence is promoting a high-tech agriculture driven by data. Especially in the
application of nanoscale science and technology, sensors and biosensors have beena
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I 1 11, 0 2 31 hnol
major area of research and develop Ina g section on BY)
numerous examples of sensors in various applications are addressed.

3.1.1.2 Robotics

 Robots have clearly moved from many industrial applications to becomea
significant new technology in the FAS. In labor-intensive crops and in specific
identity applications, robots have d an important role. A few examples are:
@) identify weeds and implement weed control (e.g., mechanically remove weeds,
employ microwave technology to kill weeds, and other methods); (ii) spot onset
of plant diseases or pests and deliver intervention schemes (e.g., citrus greening,
carly potato blight, and many more); (iii) deliver fertilizer, pesticides, and herbi-
cidesat specific sites; (iv) spot controlled spray delivery in vineyards and orchards
(including pollinator applications); (v) robotic ‘duck’ in rice fields to control weeds
without pesticides; (vi) robots to pick fruit (e.g., apples, citrus, strawberries,
raspberties, and more), Figure 4 illustrates an autonomous fruit picking robotin
adevelopment stage; (vii) robot for transplanting; (viii) soil robots for soil testing
and determine water-use effectiveness; (ix) in-food processing plants, robots to
size, sort and package produce; and (x) autonomous robotic vehicles (including
tractors, some electric) to perform field operations that could reduce soil compac-
tionand simultaneously track data.

Robots have entered the dairy farm to milk and feed cows. Cows entera speciaj
“tall and are milked while feed is available, during milking based on production.
Accesstothe milking stall is based on n times milking per day asa function of milk
p{nd,"m""' Cow identity is transmitted by an electronic animal tag and sensors
Ymhmf"' teat cup provide data on temperature, milk conductivity, and milk qual-
ty. Ahighly desirable future biosensor would detect progesterone levels that could
fhmwde key dataon reproductive status (estrus). A single robot station can handle

AT cows per day which makes the system compatible with small farms as
Z,:]jlj“ large farms, The milking robot has been adopted on small farms to ’addr(-r.s
m"h?:g:s o.ffviihhle human labor, freedom from the commitment of twice daily
"lilkzdg (minimum) permitting a more normal life, and because the cow can be
Z-robm;nn" often, increased production has been experienced. Fig '
ing par, n"l,""'u New York dairy with 100 cows. Also, a few large rotating milk-

& Parlors with robotic milking units have been installed across the world.

igure 5 illustrates

L

In',.,,‘. 1
Flying auton

o
* robot in development for picking fruit, (https:/ e tevel tech com)
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Figures.
Two robots on a New York farm of 100 cows.

The development and production of field and harvest robots is a global business.
Future Farming [15] has produced a robot catalog with 35 field and harvest robots
from sixteen countries. In this first edition, seven of the robots are manufactured in
the U.S. and six from the Netherlands. It is anticipated that numbers will continue
to increase significantly going forward.

3.1.1.3 Drones (unmanned aerial vehicles, UAV)

While drones (unmanned aerial vehicles) have been widely employed in mili-
tary missions and for intelligence gathering, their use in agriculture is exploding.
Relatively inexpensive and reasonably simple to operate, drones can be equipped
with sensors, cameras and specialized hardware to perform a large array of func-
tions in agriculture. Equipped with appropriate devices, dronesare: (i) used to
develop high-definition maps of fields that provide an ability to create prescriptive-
defined application of sprays, fertilizer, pesticides, and herbicides, Figure 6;

(i1) used to count the number of plants, fruit and flowers to forecast yields; (iii)
employed to distribute seeds for crop planting; (iv) used when equipped with
multispectral, hyperspectral and thermal cameras to measure chlorophyll, crop bio-

Figure 6.
Group of drones capable of performing functions of high-definition maps of fields to create prescriptive-
defined application of sprays, fertilizer, pesticides, herbicides and secding,
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soil water content, and estimate crop yields; v)a potential way to deliver contra-
ceptives to manage wild horse and burro pop lation; (vi) used to itor a plant’s
water stress and control irrigation for efficient water use; (vii) used, in absence, or
in case of an inadequate number of normal bee pollinators, ‘nanobees’ (miniature
drones) to supplement the pollination process; (viii) use drones in outdoor livestock
systems to monitor animals for estrus behavior as well as control and manage the
herd, and (xi) employed to monitor and track animals in inaccessible areas in the
natural environment.

3.1.2 Nanotechnology

potential to significantly revolu-

Nanoscale science and engineering offers the
int along the FAS supply

tionize the FAS. It can play an important role at each pol

chain from production through P and ding 8 of food
losses and wastes [16, 17). In broad terms, nanotechnology can be a key element
t the

in: (1) “re-engineering” of crops, animals, microbes and other living systems a
geneticand cellular level; (ii) development of efficient, “smart” and self-replicating
l.JfodL.lmun technologies and inputs; (iii) development of tools and systems for
identification, tracking and monitoring; and (iv) manufacture of new materials
and mv.wdif)}Y crops, animals and food products.
)CCI:Z;’;‘JGY i;dvfncemmt of app'lica[iuns of nanotechnology in the FAS.h:\s
1FA (Un;tqflc y since 2000, A national research grants program at the USDA/
ed States Department of Agriculture/National Institute of Food and
I%;’:\‘l:(l:) initiated in 2002 has been an important driver of the research in thg
vt : past two decades. The areas of applications have included food quality
e ys,“‘mmal health monitoring apd m_anagemenl. plant systems, environ-
nmom:xy:m;m{ and assessment of societal impacts. Just a few applications arc: (i)
eaian v's urcrup'a|.|d .:mmal disease detezgflun and detection of ' sidues, trace
l'l\llncmu;,':;‘rxs, antibiotics an!i pa(hqg.tns; (ii) enhance plant nutrient upt ake, i
cals () seed -ICIEHCY. :qd fertilizer E“\cl:nc)f by controlled release of agrochemi
lhritt o wmpgswnh nano-based ch‘cnucnls to promote seed gemination and
sising Dﬂ& :f;n disease and pathogen resistance; (iv) DNA-based genetic materi-
(ipiani l": G Ilsed nanob'arcodes with a multi-probe sensor to detect pathogens
‘fflfitnry.in imals and rnvmfnmcnlal Cnnl.‘!n:lill]nls); (v) enhance water-use
vide i"‘Dm’l:“’Pﬁ by improving water retention and ld::vrlup ‘smart ‘|xl.u¥| 5’ to pro-
R rno:ll to meet water needs and manage irrigation; and (vi) \)'nlv spread
shelf life (vlimo packaging and fucd-'cunucl materials for quality and increased
i e l"ﬁl('{rcducc .ml'ngummn).
futurI: nf:;n]:: Slinlﬁunl list of suu}c-.\{ul duvrlllquncul*., the vision ‘hu the
ity, robustness echnology is impressive [17-21]: (i) enhanced sensitivity, selectiv-
Chtpanety :!“? of use, cost-cffective and longevity of nanosensors as key
Tl P."'t fu.' |d(1-dlﬁ(nhull‘d.‘mlt.'|llg<'nl sensor networl for monitoring and
o fic.](l "‘ the Internet of Agricultural Things (10TA), Figure 7; (ii) use of
able dmmm:'(‘_’_l“ (e.g., corn, soybean, uu’ grains) and trees to make sustain
PO ii1) design nitrogen producing microbiome and seed coatings that
integity of fl'(;( ;’I’l'ollucc(hﬂruwn nitrogen fertilizer; (iv) trac leing system for
consumer Cﬂn;:, (p"‘IIt and animal) from production, transport, and storage to
sensor to mmmr"‘l{’"ﬂn; (v) unique sensors: ngestible to monitor gut health, tooth
including mitsie "( ood properties and chapsticks to detect food characteristics
from l)ioscmum"' *‘l-) (vi) DNA "("'."'“' materials from ari ultural biomass ranging
ikl ‘d. 0 |o¥nznuf..1uul ing (replace p('lrmll('nlu'nl’v) to development of
e pmd\lc(smcludmgpla,ﬁlm(hal.uchiodc;;md.\lrh-.
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Figure.
Graphene sensors on plant leaf to sense water transpiration and measure plant water to control irrigation

3.1.3 Biotechnology

The impacts of crop bio(cchnology has been studied over a 22-year period
(?999-2013) on farm income and production [22] and on the environment (23]
S‘gplﬁsant cconomic benefits at the farm level globally are estimated at $18.9
bnl}mn in 2018 and $225.1 billion (in nominal terms) for the 22-year-period. These
gans are attributed at 52% to farmers in developing counties and 48% in devel-
oped countries with 729 of the gains based on yield and production increases
and 28% from cost savings [22]. Returns on the investment in GM (genetically
modified) crop seeds were caleulated asan average of $4.41 per dollar invested
i d"""_l“l‘i“l: countries and an average of $3.24 per dollar invested in developed
countries,

Assessments of environmental impact on GM crops estimate reduced g‘lol_"al
Crop protection products use by 8.6% over the 22 years. Reduced GHG emissions
through adoption of reduced tillage, that reduces fuel usage and improves soil
carbon retention, are estimated to have an environmental impact reduction of
19% [23).

~ Theannual report of the International Service for the Acquisition of Agri-

bfulrch Applications (ISAAA) provides a yearly global update on aduPﬁ"’," and
distribution of biotech crops [24]. The 2019 report shows that GM crops increased
1029 countries with 190.4 billion hectares. A total of 72 countries have {dDFICd.
l'!nlcch crops with 29 having planted crops and 43 additional countries importing
biotech crops for food, feed, and processing.

The biological world in 2020 was marked by recognition of CRISPR (cluslc.red
regularly interspersed short palindromic repeats) with a Nobel Prize in Ch:mls(l('l){
awarded to its inventors, Simply stated, CRISPR is a unique technology used to edit
select genes by finding specific bit of DNA inside a cell and then alﬂf"“g that B8
of DNA. Already applied in human health, it is being used in plant science forualts
that can prevent disease, create pest resistance, increase resiliency, and improve
crop yields,

Animal biotechnology has contributed greatly to increasing li.VES
ity through increased production, reproductive efficiency, genetic improvementy

tock productiv-
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animal nutrition, and animal health [25). Specifically recombinant bovine
somatotropin (rBST) has been shown to increase feed conversion and milk yield.
Major advances in animal reproduction has been experienced with biotechnology
applied to genetics and breeding. The U.S. Food and Drug Administration approved
in December 2020, a first-of-its-kind, intentional genomic alteration (IGA) in
domestic pigs for food or human therapeutics [26].

Thus, if we are to create new crop varieties and increased yields and improved
ammal breeds, it is important to utilize the science of biotechnologies to advance
benefits for both large and small farmers. The impressive potential of biotechnology
should not be ignored and left underutilized.

3.14 Rencwable energy
3.1.4.1 Solar cileigy

The challenges of meeting the needs of food, energy and water (frequently
called a nexus) in the face of climate change have stimulated some innovative novel
systems to co-locate agriculture and solar photovoltaics (PV), termed ‘agrivolta-
ics) The concept originally suggested in 1982 [27] has been further developed _and
analyzed by [28-31]. At present solar PV is being employed by large utility-grid
systems and on rooftops but the opportunity to develop an integrated system with
coupled application of PV and crop production on the same land maximizes land
use without sacrificing crop land. In fact, a study of collocation in drylands [31] has
shown synerpistic benefits of reduced plant stress, improved yields and reduced
PV panel heat stress. Development of enhanced semi-transparent PV panels would
further advance callocation of PV panelsand crop land. A conceptual rendering of
the concept is illustrated in Figure8.

Although Figure 8 illustrates the solar PV panel elevated (‘on st ilts’) to
allow animals and equipment to move beneath the panels, another option could
be ground mounted PV panels separated by an area between panels for farm
ing (28], At this point, the number of crops which have been evaluated under

PV panels is limited. Also, the impact of PV panels on the microclimate of air
temperature, wind speed and relative humidity needs significant st udy to assess
plant response, Some studies have shown benefits for crops like tomatoes, and
lettuce [30],

Figures,
A concep
necptual presentation of collocated solar IV and agricultural land with crops and awimal production
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3.1.4.2 Wind energy

Much has changed from the early 1900 when many farmers used wind power to
pump water and generate power from relatively small windmills. Today large wind
turbines with generating capacity well above 1 MW are common on agricultural
land, particularly in the West and Midwest, although many wind farms are found in
other areas as well [32]. Like for solar PV, collocation of wind turbines on agricul-
tural land has become common place. Farmers can lease land to wind developers,
own turbines to generate power for their farm or as a farmer or group of farmers
become a wind developer. Many farmers have found wind turbines on their land to
be an important source of income. Typically, large turbines use a half-acre or less,
including the access road, while allowing farming operations for cropping and graz-
ing of livestock up to the base of turbines, Figure 9. As one farmer has been known
to say, “itis a lot easier to milk a wind turbine than cows”.

3.1.4.3 Bioenergy

3.1.4.3.1 Biofuels

Atatime when the U.S. was dependent on imported transportation fuels, a
Renewable Fuel Standard (RFS) was enacted by the Congress to create annual
mandates for production of conventional biofuels and advanced biofuels. Corn
ethanol became the predominant conventional biofuel and cellulosic-derived fuels
as advanced biofuels. Significant controversary surrounded corn ethanol because
of concerns of effects on food/feed prices, distortion of land use, increased crop-
land prices, and uncertainties about claims of environmental benefits. A report
of the National Research Council (NRC, [33]) presented two findings: (1) the RFS
may be an ineffective policy to reduce GHG emissions because the amount depends
on how biofuels are produced, including changes to effects on land use, and (2)
barriers to achieving the RFS due to high costs in producing cellulosic biofuels
and market uncertainties. The U.S. Energy Information Administration [34], in
projections to 2050, projects that the % of biofuels (ethanol, biodiesel and other
biomass) may increase a bit between 10 and 13% depending on the scenario for
oil prices.

Figure 9.
Large wind turbines integrated into agricultural crop land.
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3.14.3.2 Biogas

A process using microorganisms, specifically a suite of bacteria, have been uti-
lized to convert organic materials into biogas, primarily methane (~60-70%) and
carbon dioxide (~30-40%), with small quantities of trace gases. Anaerobic diges-
tion using methanogenic bacteria, in the absence of oxygen in airtight structures,
hasbeen used for many years, ranging from small home-owned digesters in China
toadvanced systems with i ingly large ial tanks, highly instr
in the US. and Europe. These large systems have been developed to manage animal
manures together with food and other organic wastes by co-digestion to provide
energy options of combined heat and power (CHP) and pipeline and transportation
fuels) following processing and compression [35].

Anaerobic digesters number more than 250 in the U.S. while the number in
Germany is now about 9,000. Germany has been particularly adept at using biogas
to powier bioenergy villages illustrating the potential for distributed energy genera-
tion in rural communities. It has become clear for ic success of bi
digesters that they operate as co-digesters by adding other organics in addition
toanimal manures [36]. Beyond direct products of biogas and digestate options,
anaerobic digestion offers manure management opportunities for environmen-
tal benefits of reduced odors, reduced pollution and reduced GHG emissions.

Opp ities for collaboration between busi and farm dig s exist and
are increasing. A recent example of this collaboration is a venture with founding
members, Umilever, Starbucks and Dairy Farmers of America.

il

315 Electrification on the farm

The Rural Electrification Act of 1936 revolutionized rural America. Electric
vehicles are revolutionizing the transportation sector. This revolution is also taking
place in agricultuze at an early stage with numerous equipment manufacturers
launching, or working to develop, autonomous electric tractors [37]. Tractor
companies, Monarch, Solectrac, Kubota, AGCO and John Deere to mention a few,
areinvesting heavily in electric tractors and are in various stages in their develop-
ment with the potential of limited availability as early as 2021, These tractors are
equipped with autonomous hardware replete with many sensors and machine
learning for data collection and tractor control.

At this point development of the electric tractor has been focused in the
30-40 hp. (horsepower) range (25 - 30 kW), largely due to the size and weight of
hatltﬁes. Anadvantage of smaller equipment is potential for reduced soil compac
tion. Figure 10 illustrates two experimental paths of John Deere, a battery-driven

tractor and an electrically connected tractor (a long extension cord!)
First perceptions are that this high technology would be only applicable and
affordable in ‘industrialized’ agriculture. However, the possibility of developing

Figure 10,
John Deere’s battery-clectric tractor and connected electric tractor
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electric-driven tractors and equipment is certainly conceivable in the developing
world because smaller tractors and machines are well adapted to the small land
holdings. The author envisions the co-development of solar PV for charging bat-
teries to power electric equipment. Rapidly developing advancements in battery
technologies and decreasing cost will be keys to adoption in the developing world.
The unique idea of a cord-connected electric tractor, while not likely to be an option
in US. agriculture, might well be an excellent way to connect solar PV to power
electric equipment for the small farmer.

3.1.6 Regenerative agriculture

As previously noted, agriculture is coming under increasing scrutiny because of
GHG emissions and negative effects on the environment. Drawing much attention
recently is the practice referred to as ‘regenerative agriculture”. The term has no uni-
versal definition but is frequently used to describe practices to promote soil health
by increasing soil organic carbon [38]. Practices commonly perceived to advance
regenerative agriculture are no-till farming, cover crops, diverse crop rotations,
rotating livestock grazing, and lessened use of fertilizers, pesticides and herbicides.
Cropping system diversification has been shown to reduce negative environmental
impacts of soil erosion and nutrient runoff, and reduced cropping inputs while
maintaining crop yields [39, 40].

While there is general agreement that regenerative agriculture practices improve
soil health and provide environmental benefits, some researchers [38] report that
regenerative agriculture practices have limited potential to increase soil carbon
sequestration. Nevertheless, some corporations have setupa carbon sequcs(raticn
market (Bayer) and a carbon credit for soil carbon sequestered (Land O’Lakes)
for farmers. In addition, Cargill, McDonald’s, and Walmart Foundation are col-
laborating with the World Wildlife Foundation on regenerative practices to improve
grasslands of the Northern Great Plains.

Itis suggested that going forward farmers will be paid for soil carbon storage.
However, this requires an ability to measure soil carbon and quantify change in the
field accurately over time to assess the effects of differing practices. Thus, future
research is needed to find new ways of soil carbon sequestration and develop the
data through measurement of soil carbon content.

3.1.7 Circular economy in FAS

The concept of has been recently introduced in the FAS. The guiding principlc
isto: (1) design out waste and pollution, (2) keep products and materials in use
and (3) regenerate natural systems within the FAS [41]. The Ellen Macarthur
Foundation [41] articulates three ambitions for a healthy urban food system as:
(1) source food regeneratively, and locally where appropriate, (2) design and
market healthier food products, and (3) make the most of food. For too long the
FAS has been primar ily a linear system from production, postharvest, process-
ing, distribution and consumption without regard to wastes incurred along the
value chain.

Although rec ently introduced in the FAS [42], the fundamental concept has ;
been applied and described by terms like ‘industrial ecology” or ‘industrial syx_nblo—
515" in numerous areas, It has been employed to mean that a waste from an entity
wample) would become an input to another entity (busin
thereby circulating materials and keeping them in use within the larger system,
essentially the concept of an ‘ecosystem’ [43] This concept has not becf\ adAcpl.Cd
widely, although the concept of a ‘Food Eco-Industrial Park’ would be intriguing.
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Specifically, technologies and systems applied along the value chain are needed to
reduce food losses and wastes which are estimated to be as much as 30-50% globally

and remarkedly similar across regions.

i food and agricultural systems

321 e o
(CEFAS,

Emerging technological innovations, particularly over the past two duc.nhrs
have developed, based largely on a nonland-based or soilless-based indoor syst ""<d
These developing initiatives are captured by the term, ‘controlled cnvnronmgln foor
and agricultural systems” (CEFAS) broadly, and more specifically by emerging

bsystems, ‘controlled biologically-based indoor food sy * (CBIFS).

CEFAS has evolved from a protected environment provided by grccnhous:.fs,
originally with soil as the growth medium to advanced greenhouses with nutri-
ent solutions to replace soil. Vertical farms have evolved further by using height
(vertical) dimension to create intensification of the growing environment an(:l
greater yields per m* (production area). Both advanced greenhouses and vertical
farms employ highly sophisticated measurements, controls and management. '

Sensors, computer control, artificial intelligence, machine learning and robots ar:
common, These technologies are primarily devoted to growing fruits and ve.gcmb es
and not practical for common field crops such as corn, soybeans, cereal grains and
tuber crops, although recent research has studied the potential for wheat grown

1n vertical farms [44]. In addition, an increasingly significant arca of a sustal.n.]blc
food future s 2quaculture and specifically the development of the recirculating
indoor system.

321 Rearculating aguaculture systems (RAS)

Fish, including finfish and shellfish, contribute about 17% of global animal-
bu.ed protein for human consumption and particularly so in developing countries
Which consume more that 75% while producing greater than 80% of the global fish
squ}' [45]. Amajor concern s that the annual number of fish caught in the wild,
Particularly in the oceans, has stagnated since the 1990s. As world consumption of
?s:' has grown, aquaculture (fish farming) has developed, and almost half of the
"15 :onsumed comes from aquaculture. It is estimated that aquaculture production
hﬁx:%:g"lg)f from appraximately 67 million tons (MT) in (2012) to about 140
wa:i-\:‘::‘c,‘il,lm"‘ el d“""h'd above, is based primarily on confined operations o
or [r“hwno"fncm, marine, such as ‘cages’ in oceans (along coasts pr.(«n(nnnn,m y
cultitas t"' outdoor ponds on land. The concept of a recirculating indoor aqua-
system w):).ﬂz (RAS) aver the past several decades has emerged as an alternative
rc(lm'rcmcma vantages of greatly reduced land use and major reduction in water '
ing tanks (ms lfumP“td_'“ ponds. Simply stated the water is filter ed fr om the grow-

RAS have m’; ined environment) and recycled for reuse in the tanks, Figure 11
pnr.uncu:rl:7 Aormd veell relative to measures of productivity and environment
provided by [4:5(]'"";”""""‘/0(n:amu-m of recirculating aquaculture systems 15
concern forymh ,i‘c hallenges persist because of high capital costs, feed sources,
cerns that ﬁn.m.dl;cf“‘ food safety, and consumer acceptance.
[47] and co;ltcmc :1? l:"'d to have lower levels of omega-3 fatty acids than wul:: fish
aceeptance, about the highly intensive growing envitonment have limited
A ﬂzﬂ:ipm.ncs can be an added element to an RAS by combining plants and fish. In
ponics system, fish provide waste that effectively fertilizes plants, thereby

ina

onsumer con
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A rearculating aguaculture system.

creating a closed loop system (circular economy) [46]. Plants act essentially as
a filter by taking up nitrates in the system. The benefits are little waste from the
overall system and inputs are minimized.

Clearly, as noted, large projected i interest for seafood:
provide a need to advance aquaculture gcner'\lly and RAS specifically. Thus, efforts
to intensify aquaculture production by RAS need to be directed at approaches to
mitigate negative issues of RAS.

3.2.2 Greenhouses

The concept of growing plants in environmentally controlled areas can be traced
back to Roman times [48]. The concept of the greenhouse, as we have come to know
it today, began in the Netherlands and then England in the 17th century. They have
evolved from simple row covers to very large structures in the 1960s when materials
such as polyethylene films, aluminum extrusions, special galvanized steel, and PVC
tubing became available for various structural support frames.

3.2.2.1 Basic greenhouses

For purposes of this chapter the basic greenhouse is one where a plastic film
(polyethylene) is supported by a light frame, often a hoop or A-frame in form.
This type of greenhouse is primarily dependent on solar energy for heat in a cold
environment, although some heating device may be employed in severe situations.
Any ventilation is accomplished by natural ventilation with manual openings or
slots to promote air flow for cooling,. In times of high solar energy, shade coverings
such as clothes are used. The plants are grown in soil at ground level or in raised
beds. Movement of plants and materials are managed manually by humans with
assistance of simple devices and equipment. Because the costs for the basic green-
house are relatively low, they are used in small farm operations or in many urban
settings,

3.2.2.2 Advanced greenhouses

The advanced greenhouse is defined here as a greenhouse with a highly con-
trolled environment, high automation under computer control and using a soilless
growing medium, hydroponic solution. The controlled environment for plant pro-

duction consists of intensive assessment of the environment by numerous sensors
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to measure and monitor the parameters of: temperature, pH ";_'CIZT:E dhs‘:]tsl?::}:utﬁ-
dissolved O, in nutrient solution, electrical 50'?d“mv't2'hf°r ::n d supplemental
ent solution, CO, of inside air, and light in.lensl’;‘y fl;tfm' C)SI: pmollmg/S- Quality
ighting, and PAR (ph hetically activates . 3 - e
Eﬂ::gn:mn plzn\tr owthis dependent on plants getting an "P“m‘::‘ci:'g:;: ;
tity of PAR (mollm’%). If the daily PAR is not provided by t?ﬂ:‘;‘;- i
W ey el U1 tfD = q“ dse;:l:‘xinvfar:n; gcgmination of
Anad d greent consists of a et in a fibrous material
seedstothe ﬁnislh:‘:ibproduct. Typiﬂ"y:-ﬂ‘e-s“;cl ,s p!ant_ed mt:e cubes are inscrtegl
P F g ent solution1n
::S::sm:umlnrlikz s:yt:‘,?om) to float on the surface of the nutrient solution ui
fulls ; 5 et der
: '}":l;::::turc will be controlled typically by mechanical fan \‘I;}[::rlua :ogr::rfatc
computer contral of air flow by managing air intake “Pew-ngs',,f COo; CJ[;A be added
evaporative cooling may be used to provide cooling. Addition cessive solar
toincrease plant growth. Shading material can be used to reduce exc i
energy and moveable insulation can be used to reduce heat loss ::; :fcc grecnhouse
Beyond the controlled thermal and growing environment, the adv

: ing includi obots [49].
willmdudeasigniﬁnm ion for Is handling r
3.2.2.3 Vertical farms (VFs)
Based on ad: di i for ad 1 h the vertical farm
onadvances

B 3 - ors thereb;

uses the vertical dimension (Figure 13) to grow plants e su‘v‘l‘[‘;g)i“s);‘]“[‘ll: F ory
increasing greatly the amount of product grown per "m::::laical farm is closely
lhuds{lmlc;dn h (}:g EIPHIDE £DVirn am;’:hc properties of the nuuiunit

or temy e vertical farms seri-
solution, including introduction of robotics. Five reasons to tﬂk‘;’:::";"l "‘: Tt
ously are: avoid effect of weather and weather extremes, largc re e is short, lower
usage by as much as 95%, plant yieldsare high and the growing Cy(|, an .;x eas, and
food losses, shorter supply chains because VFs can be Jocated inurbs
Products can be produced year-round [54]. The issues of high

K'Y"h‘lk"gﬂ for VFs are high capital and encrgy o I ) and for meeting

energy consumption in VFs is due to full artificial lighting (L] T l.l-'l S tailored
cooling and humidification loads. More efficient LEDS and lHInl,‘ ' I.‘“" U
tothe light spectrum for the specific crop, rather than the full spec ,

Figure1s,
An advanced controlled environment grecshowse
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Figure13.
Avertical farm:

electricity. Possibly the residual heat could be used in a surrounding case where a
need for heat is needed. Clearly, because of large capital costs and energy require-
ments VFs will be a ‘niche’ system until these are resolved. In comparison with
advanced greenhouses, where solar energy is utilized and where greenhouses can
also be located in urban environments (rooftops and vacant lots for example), VFs
would seem to offer uncertain benefits.

Efforts to conduct a Life Cycle Assessment of VFs and, in addition, approaches
for an integration of VFs into cities are critical to assess the future of VFs, Numerous
VFs have been developed and a substantial number, as well, are in the planning
stages in the U.S. and Asia. Some of these are conceptualized to include solar energy
directly, and inclusion of aquaculture and even livestock production [55].

3.3 Innovations in ‘alternative’, biologically-based indoor food systems (CBIFS)

Foods, like all materials, are an assemblage of molecules arranged in a specific
structure and one is witnessing significant new biological/biochemistry cffm"ts to
create foods from plant or animal cells from the ‘bottom up! Three technologies
(CBIFS) are characterized in this overview as: (1) plant-based alternative (o.ud‘s. )
cell-cultured foods, and 3D printed foods, Because they use biochemical building
blocks from proteins, carbohydrates, fats, and oils from plants and animals, CBIFS
isa‘new’ agricultury

While much of the hype has been directed to burgers [56], there has been v
substantial advancement of other alternative foods, such as, for eggs, fish, sl\.ru“_p.
milk, yogurt, chicken nuggets, and chicken tenders to mention a fcw.Th‘e o\.:;ecnve
of CBIFS is to develop food products that mimic traditional foods with significant
benefits, The benefits can be: (i) an environment unaffected by wealhcr/c)flrnme
weather; (i) year-round production; (iii) shortened growing c){clus and higher
yields; (iv) reduction in land, enerpy, and water use, (v) lower iuu'd loss ;".‘,d waste;
(vi) shorter supply chains, local access compatible with urban settings; (vii) ln:t.luc-
tion or elimination of pesticides and antibioties; (viii) reduction of GHQ emissions;
(%) reduction in water pollution; (x) potential for enhanced micronutrients, and
(xi) eliminate animal welfare concerns (growing conditions and slnughl.cr). b

However, there are potential uncertainties (questions), suchas: (1) high capital
costy (i) timeline to market; (iii) in some cases, high energy consumption; (iv)
consumer acceptance; (v) concern about food quality and safety, particularly
nutritional content and presence of growth hormones; (vi) price to consumers,
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(vi) potential contamination; (viii) impact and possible detrimental effect for
small farmers; (ix) proprietary nature of processes; (x) unproven technology, and
(xi) whether the CBIFS benefits large-scale economies to the detriment of markets
for small farmers [56-58].

Sustainability is critical to any future food system and is a driving forcf for
CIBFS. In broad terms, CIBFS seeks to develop foods that impose less enVlfo‘nmfn‘
tal impact, enhance human health, and reduce ethical implications of \radllmnal_

I-agniculture production, particularly for meat. Global meat consumption s
estimated to increase 3% per year to 2040 (59, 60]. However, several groups 160, 61]
forecasta major protein disruption in the conventional animal -agriculture system
where engineered foods at the molecular level will lead toa reduction of as much as
50% or more from conventional meat and dairy by 2040.

In this section, a brief overview is presented for three types of CIBFS: plant- b
bi;ef lk‘eml(i\'e foods, cell-cultured foods and 3D printed foods. Through researc
any p each of these suk as a potential to enhance sustain®
ablity, availability, reliabli ¥ acch P o, and quality and safety of food
production. ¥

Teshould be noted that food cost to the consumer is a critical i
;"y new product. Over the past 5-10 years, numerous entreprencurs,
l""‘“d companies have created alternative foods that are already in the
llo:‘:lnfyomdsm. the pnge to consumers, at present, is higher than equx\':ﬂ
i m!; . but !ht difference has decreased over time. As these emerg A
o hepc icts are improved, it is likely that cost to the consumer will be re uC'-' :
i hk‘:"_’P‘r;hk or even less, The food system is @ high complex, Jdil’““i ’):’I :css
fail Inother emerging technologies, there will be major changes with busir

lures and rew players going forward.

Y

ssue for success of
start-ups an:
marketplace.
ent tradi-
ing alterna-

331 Plant-based alternative foods
FIE:]‘::'C]{OprTm of plant-based alternative foods has become a very ot ; n-.:.
bt mnz’ﬂ‘:’l’ ant-based meat alternatives [58, 62-64]. Development of pl & ‘ 0
human health m;ma have attracted the greatest public attention Envir uun!l‘" al,
than 50 nunu;'m concerns for animal welfare are prime factors. Among more
are leadip d,.,";'“'"‘ currently, (Beyond Meat, Light Life and lmpossible Foods),
stores, '“i“r:n:‘]ltﬂ of Plfnbbascd burgers that are widely ava ilable in grocery
Products such a5 % and online. While burgers are a major food product, ot her
Globally the (sz\lncllbecq sausage, bacon and hotdogs are available. ¢
34% of total GHG ¢, nd agricultural system is estimated to generatc as much a I
land uge change IGS;n'.[tlmnsw"" 71% from agriculture and re ted land use .nn” :
reduce environmenta] 1€ Opportunity for plant-based alternatives to ubstant |.|‘ )
l\‘scssmcnl-l.C'\) nf(!lmp:(u was determined in a comparative st udy (Life Cycle
by the Center for § ¢ Bepond Burger and a US, beef burger (quarter pounder)
Sustainable Systems at the University of Michigan [66]. The

selected pa
rameters were GHG emi
land use. The com, HG emissions, cumulative energy use, water usc, and

Beef Ascociation (6], pu a0 1030 LCA sudy by the National Cattlemar

less GHG emisions - L1¢ D90 Burger systen the results showed 90%

Impossible Foods als‘o‘cnn Mv()% less energy, 99% less water and 93% less Tand

less land, W@lecxswatcmm'“"’ﬂcdasludywhuh found that their burger uses 96%

Independent LCA sludi:nd 86% less fossil fuel than 4 quarter pound beef burger.

ents being used to create vould be beneficial, given the rapidly changing ingredi
Pt baced © plant-based meat alternatives

for both th, PYOLein sources (legumes and cereal grains) are an important choice

e vegetarian and tragjy;
tr. i
aditional meat consumer, However, challenges remain
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for developers of plant-based proteins to deliver a healthy, nutritionally safe, tasty
flavor, texture and appearance (color) parable to traditional prod Because
the development of plant-based meats involves complex processing of many ingre-
dients, there have been concerns expresses about health benefits. One report (68]
reviewed formulation and nutrient content of some common commercial products
(burgers, hams and chicken nuggets) which contained as many as 20-30 ingredi-
ents. Comparisons yield a mixed story because plant-based meats provide about
the same calories as traditional meat with more sodium, more potassium (helps

limi sodium), no chol ol, more iron, more B vitamins, more calcium and
more saturated fat. Also, there have been reported concerns [69] about whether
high-temperature cooking (grilling, frying, etc.) of protein foods could generate
toxins and carcinogens. Thus, there is a need to assess whether plant-based meat
protein would be any less safe or safer than traditional meat.

Consumer acceptance of plant-based meats and food products is key to the
ultimate impact of these products. Substantial improvements have been made
during the decade with plant-based burgers such that many people find them
indistinguishable from a traditional burger. Nevertheless, the author suggests the
need for future research and study in: (i) independent LCS studies to quantify
environmental benefits; (ii) further evidence on health benefits, nutrition, and
safety; (iii) development of new plant proteins sources; (iv) reduction in number of
non-protein ingredients; and (v) reduction in cost to consumer.

3.3.2 Cell-cultured foods

Cell-cultured meat, also known as cultivated meat, has advanced at a rapid
pace over the past 20 years. The concept, although relatively simple, uses animal
cells nurtured within a bioreactor to produce food that is designed to mimic meat
products [70]. Compared to plant-based protein where protein is extracted from
plants, cell-based meat is created from cells extracted from animals and grownina
cultu peaifically, a small piece of fresh muscle, obtained by biopsy, from a living
animal is distupted by a combination of mechanical and enzymatic methods to
produce stem cells [71].

Using culturing methods, the adult stem cell (called satellite cells), in the pres-
ence of relatively high serum concentrations, divide leading to multiplying popula-
tions. Tissue engineering methods are then used to differentiate these expanded
cells into muscle and fat tissue, which lead to generation of a cultured meat product
closely resembling conventional meat [72]. Figure 14 illustrates, in broad terms,
the process based on the starting point of obtaining adult muscle stem cells from
ananimals o1 pluripotent stem cells from an embryo (73]. However, a recent study
suggests that it may be possible to grow cultured meat with much less dependence

onanimals by using a soy-based scaffold for support of muscle cells and forma
meat-like 3D-cell structure [74],

Today, there is no cultured meat available for consumers to purchase at retail or
food service outlets in the U.S., unlike plant-based meat, but there are 20 or more
start-ups in the cultured meat space [60]. However, the Singapore Food Agency
approved in December 2020 a cultured chicken product by Eat Just [75]. Withan
investment more than $100 million in global funding by billionaires and venture
capitalists, there are significant efforts to develop the area [55].

Itis very difficult to reproduce the diversity of meats from the numerous exist-
ing animal species, breeds and cuts so there is a great need to optimize cell culture
technology [76]. A LCA [77] and a (TEA) techno-economic assessment [78) have
modeled future large-scale cell-cultured meat production facilities and have shown
reduced overall environmental impacts and the potential to be cost-competitive
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Figuresy.
Prient process for cell-cultured meat [73].
wil ¢
anlihvgm;‘:::;nﬂ meat by 2030. These are the first repots using data collected from
isabout35 tlm: (more ‘h":‘ﬁ) in the chain, The LCA shows ||-rul(mT('d fncal
most efficient more efficient (feed conversion ratio) than px{mlfryv whichis (!le
with mdjﬁm‘y“m of conventional meat production. The LCA in its comparisons
tionin GHG emil:lf" includes the use of renewable energy in which case the reduc-
S e iowa ecuction o 17-924%, less Tand use of 63-95%and
However, ““dj"‘“fdtpending on the respective conventional animal ?).'\It'lll.

mnc'lldtllu'l the :hby [76,79] suggest that comparison is not that simple. They
type of systems fo tive comparisons with conventional meat depend on the

the specific pmdu;:."“gylllcncmion (i.c., decarbonized and r¢ newable) and
transparent LCA (“:Zj" animal system, Thus, there is a need for independent and

A major challenge (" of cultured meat production

or flavor, texture, ih"'c"h“l{?d meat production is meeting ¢ '
animal megt i hig.ju o %, nutritional composition and cost [80, R]]. Conventional
opment of cultyred & protein with amino acids, vitamins and minerals. As devel-
Improved greay]: eat has advanced, the similarity to convent ional meat has
the twy [55), A,,y.';“r‘h that many peaple cannot distinguish difference between
izing ingredients, (:llnuge that eultured meat can have is an ability to add textur
nutritional propery;, orants, flavorings and nutrients to address sensot jal and
(i) replace animal = Igul"challtngu facing cell cultured meat &
tutions and ldv;":::l-lm with plant materials; (i) reduce costs by
term; (iv) conduﬂd(:“-:“'“b'li'yé (iif) assessment of health effects
ToRment impacts; (y) ‘I'I‘d; independent and transparent LCAS to quantify envi
are more afcﬂsjb'](.. vit minate growth hormone factors; (vi) develop cell lines that
contaminants thyay v’ni ) safety assessment, partic ularly with respect to |m|:'n(l.||
ofcoﬂv:n(ional mntfhtm'" in the process; (viii) ability to replicate the diversity
hhch"g' and (x) dey, I'('x) address the issues of pmcnll.ll regulation, as well as
much variation and u:."[’a name or nomenclature for marketing (present ly

onsumer demands

tems include:
hsti

materia
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3.3.3 3D printed foods

The combination of robotics and software has entered the realm of food manu-
facturing in the form of 3D printing [81-84]. 3D printing technology is a novel
approach which can create complex geometries, tailored textures, and nutritional

contents. The 3D technology can provide a ‘customized food’ to meet special dietary
needs as well as mass c ization. NovaMeat, a Spanish company, and Redefi
Meat, an Israeli company, have utilized 3D technology to produce beef steaks and
other meats that resemble animal meat.

In the 3D printing process, food ingredients are placed in cartridges, and the
product is created layer by layer by a controlled robotic process, similar to 3D
printing of non-food items. The technology has been employed to use tissue engi-
neering to create meat and other food alternatives. Also, the 3D technology has been
employed at the home scale to create ‘designer ‘foods. Depending on the specific
food, ingredients can range from processed components (sauces, dough, etc.) to
more elemental ingredients such as sugars, proteins, fats, and carbohydrates [82].
Some foods may require further processing, such as some form of cooking or storage.
A significant challenge is linking material properties and structure to the printing
process variables to get a desired 3D printed product. The parameters of control are
those relating to the printer and those controlling the food-relevant parameters.

In Switzerland, Jungbunzlauer AG [85] is providing ‘recipe cards’ to guide
consumers to use bio-based ingredients to create one’s own dairy and meat alterna-
tives. Recipe cards are available online to create foods such as non-dairy ice cream,
cream cheese and yogurt as well as plant-based burgers and bratwurst. The respec-
tive recipe card provides a detailed list of ingredients, suppliers, quantities, together
with directions to create the specific food product and with nutrition information
as well. Thus, it scems not to be a great stretch that this information could lead to 3D
printing of designer and specialized food products.

The 3D printing process compresses the value chain to a highly local system of

mputs (ingredients), a single controlled process (the 3D printer) and a single output
(the food product).

4. Conclusions

Meeting the demand for food of the growing world population will require both
conventional land-based agriculture systems and controlled environment agricul-

ture and food systems, including emerging controlled biology-based indoor food
systems (CBIFS).

Already during the 21st century the impact of innovations in ‘conventional’
agriculture and food systems has been impressive:

Digital Ag, driven by computing and information science, has progressed
rapidly to offer technically advanced solutions to support an efficient FAS with
decreases in food loss and waste with greater productivity, prosperity, and
sustainability, with more to come,

* Sensc

;, robots and drones are, and will become even more ubiquitous moving
forward,

Nanoscale science and engineering, and biotechnologies (particularly CRISP)
will continue to drive innovations in many areas of the FAS,
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* Renewable energies of solar, wind and bioenergy are increasingly imeg-n_ted
into the FAS through co-location of sources on the land, as ‘n{ell as pr_uvldmg
sustainable energy for rural communities, domestically and internationally,

* Electricity will be an increasing driving force in FAS for motive power of
agricultural machines, including tractors and autonomous systems,

+ Emphasis on the soil health is likely to increase substantially as a part of the
initiatives i iculture practices if it proves profitable and suc-

inreg ag
cessful in sequestering significant carbon, and

* Circularity in the FAS is likely to be a major initiative in an effort to deflgn out

waste and pollution, keep materials in play and to maintain natural systems.

Inacknowledging the fact that traditional FAS uses substantial land and creal;s

iderable GHG emissions, an ing area of food production has develops 'd
Controlled Biologically-based Indoor Food Systems (CBIFS) can greatly rcd:ce l:;:
area for agriculture production by largely soilless methods and Pf"d“cc foods wlx’ b
less environmental impact, enhance human health and avoid ethical concerns aboul
traditional methods, particularly for meat. CBIFS described herein: l'ﬁClYFulaﬂﬂdg
3quaculture, advanced greenhouses, vertical farms, plant-based alternative foods;
cell-cultured foods and 3D printing of foods are in various stages of development
butare poised o grow in the future. Principal keys to growth are costs to lhf: .
consumer and consumer acceptance. Nevertheless, numerous productsare in the
marketplace and already enjoy modest growth.

CBIFS use basic biochemical building blocks of proteins,
f“’_‘ carbohydrates, and oils from plants and animals. Thus,
2riculture and food systems, including CBIFS, should be viewed 25 complemen-
1ary to conventional agriculture and typical supply chains. Further development
of CBIFS foods thay are 3s healthy, nutritious, safe and appealing as conventional
foods wil) significantly contribute to the sustainability, resilience and circularity of
food and agricultyre systems.

Finally, there 1s 3 need to transcend the debate between numerous
cies, rooted in ideslogical attitudes, o invoke and encourage an array of different
approaches to meet the challenge 0; afood and agriculture system that is robust,

safe, and sustainable i s0als f
af s i selopment Goals fora
sustainable planer. eeting the 17 Sustainable Develop!

amino acids, sugars,
controlled environment
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Abstract

Nowadays, atmospheric water harvesting (AWH) became very essential to
provide fresh potable water. This technique is in practice since 1900 (US661944A)
by Edger S. Belden, Atmospheric water is a source of freshwater with 13000 trillion
liters availability of water at any time and can be utilized in overcoming water short-
age, especially in arid and rural areas. It holds up the water molecules in the form of
vapors and accounts for adding 109 of all freshwater present on the earth. Mainly,
the two most common methods have been used for the extraction of atmospheric
water. First, the ambient air is cooled below the dew point temperature, and second
in which the moisture in atmospheric air is adsorbed/absorbed using desiccant
materials, Conventional vapor compression, thermoelectric cooling, dew, and fog
water harvesting b, ‘ms/technologies possess some limits in terms of energy
requirements ency, and high cost. However, the adsorption based AWH
technology 15 atively cheaper, environment friendly, and can be operated by alow-
grade thermal energy source. The limited availability of commercial instruments to
harvest atmospheric water v s adsorbents indicates a lack of fundamental studies.
The fundamental research on water adsorption, adsorption kinetics, regeneration
conditions, and water collecting surface designs has not gained as much interest
as required in the field of atmospheric water harvesting, In this regard, this book
chapter discusses and presents the progress in the field of adsorbent materials and

m designs along with the future directions to accelerate the commercialization
of this technology.

ess effi

Keywords: adsorption, desiccant dehumidification, atmospheric water harvesting,
energy-efficient adsorbents, thermal energy, condensation

1. Introduction

Globally, water scarcity is considered one of the primcmuusintl\uupcuming
decades. Almost 2.1 billion people are lacking access to clean and fresh water [1].
Figure 1 shows the water-stressed areas in the world. Middle l{ast.Asia,Snul.h
America, and some parts of Africa face water scarcity, Therefore, many studies

369 IntechOpen



Technology in Agriculture

Water stress by country: 2040

-

<

F"ﬂl‘ 1.
World map shownng the water stressed areas by 3040 reproduced from [2].

have been investigated to supply enough water with cheaper, and portable meth-

ods [3, 4]. These methods include desali tr , sewage
recycling, and water harvesting from the phere. The energy ¥

in desalination systems is very high that is almost 50% of the cost, and m.:nl«- !
this technology inappropriate in most situations [5]. Also, ter desalination

is not suitable for remote areas and has many environmental problems. Thus,
portable systems with less energy consumption are needed. Atmospheric water
harvesting can be considered as a potential resource of fresh water in remote areas
[6]. For this purpose, many hers have i duced i for water
production from humid air technology. This can be done by many ways i.c., using
vapor compression cycle (VCC) [7-10}, thermoelectric cooling (TEC) [11, 12],

Nature Structure

Air Water Generator

Vapor Co"innnon (

Underground
Condensation

Figurea.
Summary of various technologies for water production from Jumsd air avaslable in the literature [21)]
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absorption/adsorption refrigeration [13, 14], wind power with VCC [15], using
solar chimneys [16, 17], using membranes [18, 19], and using adsorbent materials
[20-27]. Figure 2 summarized the various technologies investigated in the litera-
ture for producing water from the humid air. The purpose of all these technologies
15 to produce water and are using worldwide depending on the conditions and the
requirements. Among all these technologies, d based pheric water
harvesting (AWH) shows a great potential to extract enough amount of drinkable
water with less energy consumption [6]. The adsorption based AWH 1s pussibllc in
dryand desert regions with the lowest relative humidity. This technology utilizes
renewable energy sources (solar, wind, and low-grade biomass) which ultimately
lead towards the cheapest and most efficient systems, This chapter focuses on

the fundamentals and principles of adsorption based AWH. The progress and ;
perspectives and associated adsorption based AWH systems are also discussed in
this study. Moreover, energy-efficient desiccant materials along with the recently
developed new generation MOFs for AWH are also highlighted in this study. The

mai}n purpose of this chapter is to introduce the importance of AWH by employing
various efficient desiccant materials,

2. Atmospheric water harvesting

2.1 Conventional AWH

Atmospheric water har vesting could be cansidered as a huge renewable source
of water that can provide enough amount of water, but unfortunately is ignored
[29]. Conventional water har vesting was started first when a Russian forester built
Astone condenser during 1905 and 1912 and was considered as the carly Grcv:!l dew
condenser (30, 31). Ziebold tested with this type of condenser and named as thﬂr
aerial wells”, but unfor tunately, this project was failed and the expected amount©
water was not produced due to the low thermal conductivity and low heat capac
ity [32). In 1957, a review was carried out on the absorption of water by the plants
[33]. Since then several studies have been carried out focusing on the fog and dew
harvesting by the plants and animals [34].

2.2 Modern AWH

Modern AWH shifted towards the innovations, methods, and technologies =
that can provide a significant amount of water in remote arcas (35). As '"mmm,
carlier in the introduction section, various new methods have been prﬂl’us"‘] fml :
AW e, VEC, TEC, using membrane and adsorbent materials. l\umnglh?‘:'c:i“

first collected with the help of nets in 1956 [36]. Shi etal. ceplaces
these traditional meshes with vertic ally arranged wires to avoid the prohlLllLS. e
clogging [37]. Dew water collection considered as the alternative approach k:mrl
Itis not majorly affected by climatic conditions and can provide waterin IIIm-gd‘-)sl ans
the ambient environment i'{RL Alot of advancements have been nlunvmlu. esIpns
of active condensers after the commercialization of mechanical refrigerators i,
the 19805, The desiceant based dew water harvesting was taken iu(uconﬂd‘t‘rﬁl‘““
in the Nineteenth century, in which the various desiccant materials CIP‘“"“““_ in
moisture from the atmosphere during the night, and then releases the mmﬁumdcm
vapor form during the day. This method has been proved the mosl}une;)%}:;mﬂ
and reliable technology because it employs solar energy and can provide
anywhere and anytime in the world.

fog water wa

n
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3. Water vapor parameters in atmospheric air

Atmospheric air is a mixture of nitrogen, oxygen, and argon gas, and water
vapors with varying contents. The relative humidity (®), idity (w),
and the dew point temperature (T,) are considered as the most essential parameters
of the air which can be used as the source of water. The relative humidity (®)
represents the ratio of the partial pressure of water vapor (P,,) to lhc saturation
pressure (P,), while the absolute humidity (w) the amount

of water that can be extracted from the air. The relative humidity can be expressed
using (Eq. (1)) found in the literature [39, 40].

ot 1)
E(T)

where, ® represents the relative humidity, P,, denotes the partial pressure of
wiater vapor, and P, represents the saturation pressure. The relation between relative
humidity, absolute humidi and total air p can be described
using (Eq. (2)) found in the literature [40].

= -l @)
{0622+ w)P(T)

The dew point temp (Ty) can be d ined from (Eq. (2)) by solving for
Tat ® =1 for given air pressure and absolute humidity. The water vapor saturation
pressure (P,) at any temperature (T) can be described using (Eq, (3)), while the
total air pressure (P) can be described using (Eq. (4)) found in the literature [40].

nm:sm.qmp(%g{rl ) 3)

P=P+p )

Total air pressure (P) is the sum of the partial pressure of dry air (P,) and the
vapor pressure of water in the air (P,,). The moist air enthalpy can be described
using (Eqs. (5)-(7)) given in the literature [40].

H=H, +0H,, (5)
H,=c,T (6)
H,=H_(0°C)+C,,T (7)

where H, term represents the enthalpy of dry air, H,., term represents the e mh lpy
of the presence of water vapor, and C,,, denotes the heat capacity of air (1] kg ' C)

4. Principles of adsorption based AWH

Adsorption based AWH is unique in its way that it utilizes the desiccant materi-
als to capture water vapors from the air and shows higher thermal efficiencies as
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compared to the traditional AWH systems. The main advantage is that the desic-
cant materials can be regenerated by solar thermal energy and the condensation
process can occur at ambient conditions (41, 42]. Figure 3 shows the adsorption
based AWH process which consists of two stages. In the first stage, the desiccant
material in contact with the ambient air at night which adsorbs the water vapors.
Inthe second stage, the desiccant material is packed into a closed system wherea
significant amount of heat is provided to regenerate the desiccant material. Due to
the regeneration process, the material desorbs the water vapors, and the collected
vapors will be condensed into liquid form. With this approach, the AWH can be
possible in low relative humidity areas. A lot of advancement has been done in the
mat.eril\ designs, and system developments. Figure 4 shows the dual-stage AWH
de\n‘cc mechanism and prototype introduced in the literature [44]. A novelty in this
device was that two adsorbent layers were used to improve the water production
per day. The latent of condensation from the upper stage was used for the desorp-
tion purpose of the bottom stage. With this approach, the thermal efficiency can
beimproved, and this system can become more suitable for daily purposes. AQSOA
701, zeolite material was experimentally tested and showed thata prototype can
harvest up to 0.77 L/m*/day with an 18% increase as compared to the single-stage
AWH device [44]. The results found that a temperature of 90°C on the solar
absorber area can give a maximum water production for AQSOA Z01.

Adsorption | “\VaPOT mixture alr
(o) _“‘."P" — e

Desorption hoat water vapor
e =

Figure 3.

liquid
Condensstion’ Basmmmmmd

Adsorption-based A\\"l'v DCeys sty of ik
process consists of tuo stages. (a) Adsorption stage (water vapors from the ambien

air adsorbed in the adsorbent). (b) Desorption stage (water vapors desorbed from the adsorbent wnd condensed

tnto liquid form) [43] = )

Overnight
(a) adsorption ®)
Solar - thermal (,
desorption
- 0 - 5
\ o
¥
& * @) convection cover
r %) (@ solar absorber
! i () porous adsorbent layer
@ @ condenser surface
@® condenser fins
twf @ condenser fans
L () Insulation
Figure 4.

Tlustration of dual stage adsorption based AWH device. () Mechanism of dual stage adsorption based

AWH in shich adsorption process occurs during night when ambient air in contact with the adsorbent 1:)«
while the desorption process occurs during day tohen device s cosed; and heat is supplcd 1o regeneratt e

adsorbent layer. (b) Dual stage AWH prototype consists of convection (o0er, solur absorber, adsorbent layer,
and condenser [44]
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5.Progress and perspectives in adsorption based AWH

Adf"l’pfilm based AWH is a vital technology that can provide cost-effective
water in arid areas. The vapor concentration in this technology can be achieved

through desic jals which ad/absorb and desorb the water vapors from the
o !45]- Inthi , efficient desil ials are a key h priority and
various materials have been developed. First, it was believed that the solid desiccant

AWH Systems can extract enough amount of water but requires a large amount of
material which males these systems very expensive [46]. Also, the operating costs

of air blowers to circulate the air for both adsorption and desorption purposes make

this system less attractive. However, the development of next-generation MOFs,
g organic ials, and various composite desi materials shows
great potential for AWH systems. Figure 5 shows the recent progress in adsorp-
o h“_'d AWH systems, Ideal desiccant material should possess the required
properties of stability, hydrophilicity, and pore di Adsorption capacities
and densities are of great importance in any practical application [51, 52]. The
desiceant materials with type IV and type V isotherms are most suitable for this
?hatfm [43]. During the adsorption process, the materials adsorption capacity
should linearlyincrase with relative humidicy, while in the desorpt jon process,
tu: "’I"’"?]s desorption capacity should drop steeply with the increased tempera-
. . In this regard, progress has been made and Kallenberger et al. developed a
omposite material by incorporating the calcium chloride into an alginate-derived
m:]:qx [53]."”'_E water uptake capacity of this material was almost linear with
:f l:;(" h“ml'dlty and when adsorption temperature increases to 65°C, the water
lf Iuw‘.“‘P""Ydmpt which shows that the desiccant material can be regenerated
Jutsipn . Also, recently developed MOFs show this type of flexibility to
Aftertl ""{"“#‘ amount of water at the lowest relative humidity conditions (27, 54).
desofts he desorption process, the inlet air of the condenscr is the outlet air of the
orber. It is worth noting that both the desorption and condensation tempe rature
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regard, Tu et al. developed a powerful tool KIU :S e
d condensation temperature [46]. Figure 6! ‘llﬂc inletair
temperature on the psychrometric chart in which l[‘mu Thumid
lenoted by 1 (Ti, di), and the condensation states o le (0) and
denoted by the stars on the saturated line. The tangent of the angle
can be described using (qs, (8) and (9)) given in the literature [46]:

tanO

(8)

o (O]
L ) tan0 +h,

he satu-
ri i) is tangent to t :

it noted that when the line through the point 1 (T, di) ‘S(fl,t.’ﬂmr:andcnil"g
rated line, then the angle (0) is at the smallest value, and llm;‘-\_'{ + can be obtaine!

temperature at given inlet conditions for 2 minimum value o

atthet

¢ can be chosen 0
CREpoint. Anappropriate he
find the optimum outlet ajy conditiony

at source and .nrﬂmv.r.\: S
of the desorber by using

6. Energy-efficient desiccant materials for AWH
6.1 Silica gel and hygroscopic salts based AWH materials

7 d desorb-
2 ity of adsorbing an
Energy efficient materials must have high c-{pdf"? “;:vd desiccant based
ing water from the air [55). Heidari et al, investigated a
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P cooling system for production of water [56]. The results showed ¢ hnta]th:
silica gel-based system can harvest up to 585 L of water during a week. h?"”."f : 7
investigated a small scale air cooled silica gel based wheel dehumidifier OI’.LX. ﬂ( ;
tion of water from the atmosphere [57]. It was found that the system can g‘mlnﬁ:;n
more than 5.2 L of water per day in the ambient conditions of Sydney. A simulaf s
model on TRNSYS was also built and found that the system can generate a cumula
tive of 18.5kL of water in the ambient conditions of Abu Dhabi, 10kL of water
in London, and 13.8KL for the ambient conditions of Sydney. Sm-ul_arl)'- \vanollsdu“
desiccant materials based on the hygroscopic salts were also inv:s'tlg-‘ﬂtd 2 p:f
water from humid air. Table 1 shows the silica gel and hygroscopic salts-base ted
materials used in atmospheric water harvesting systems. Hamed et 2 mvw;,g;c
asystem based on sandy bed impregnated with calcium chloride fmt ag:’no;p ‘:ater
water harvesting [59]. The system was exposed to ambient air to absorbs : e e
vapors in the night and the desiccant material was covered wl.lh [hc, gl ?ssf = It was
Tegeneration process will occur, and water vapors condensed into liquid ]“Fm,' il
found that the system can provide 1L per m” of water per day. Wang etal. Hf‘cirbon
gated a semi open system with 2 novel composite sorbent of LiCl with act |.\:; ST
fet (ACF) for water production from huid ai (61]. The system was tested at di
ferent experimental conditions and found that 14.7 ke, 13.6 kg, and 12.5 kg 0 0
was obtained at conditions of 85%, 75%, and 65% relative humidity, respectively.

6.2 Zeolites based AWH materials

Zeolites are the family of porous crystalline and hydrated l|uh||uu'vll|?.ﬂc |.l:l”

are widely used as the adsorbents in many applications. These materials can (\x

vater from air at low relative pressures due to their affinity with water |{"2| sl

colite materjals have a framework structure, a high temperature is required 'ln”mr
fegenerate and desorh the water vapors. Table 2 shows the summary of some 11"-(1
tial zeolite materials with efficient adsorption capacities Furukawa et al. stuc u

the zeolite 133 and found that it can harvest water up to 0.40 g/g at low relative S|
Pressures [63], The adsorption properties of Li-X zeolite and Na-X were mvnl-tal iga
and found that these materials can be employed to extract water from ,|u. [6 ’I

The results found that Li-X and Na-X can extract up to 0.244 g/g and 0.1 92 g/g %
respectively, The kind of jon in this type of zeolites not only influences the .""’.m| t
o!' adsorbed water bu also the energy densities and heat of adsorption o I“ll( .‘ >
high performance, the energy requirements for desorption purpose restric bl
zeolite materials tg be used in AWH systems (52).

pandat Material Quantity Wiater harvesting Reference
— capacity
; ”lelu‘tl Desiccant nb«l' 45 1, during a week 1561
Hygroscopic s ot 15 L/’ & 154
CaCl,fetoth sand Thg 232 L/m’ dry [26)
VV(JU,/’uud g kg 11L/m’ day 5]
T Lictiand 90 ml./day, 115 mL/day 124
[ 40140 ml/kg/day 60]
vermiculite
L\CI/;mvnurbf;v;}tll T 408k y g ML (221
Tables.

Summary of various silica gel and h desiccant materials for atmospheric water harvesting
Sound i the litenatre, -+ ™ ORrooplc el besd dec "
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Material ‘Water harvesting cap
Zeolite " Zeolite 13X e O
7 44 g water/g zcolite ot . PR
e e T
AQSOA type zedlites 01 o.sk;:v;;ri;;,v;{: : (6]
Tablea.

Zeolite based desiccant materials for atmospheric water harvesting found in the literature.

6.3MOFs based AWH materials

MOFs have been researched for their water capture properties and they were found
to be highly promising and energy efficient materials. Several members of the MOF
family showed unprecedented water uptake property [63). Specifically, zirconium
MOFs made from Zr604 (OH) 4 (-CO2)n secondary building units and carboxylate
nrgnpi: linkers showed very interest ing properties in water adsorption (6], MOF-841
was investigated and showed the maximum water uptake and maintained its structure
over 80 adsorption-desorption cycles [63]. A similar trend was observed in other
zrconium MOF named as MOF-801 which showed awater uptakeat 10% relative
hu?mduy. Motivated by these results, MOF-801 based device was built and tested in
Arizona, desert [49]. The device was consisted of two boxes, the inner box was open
:u.ld holds the MOF material while, the outer box has a lid The outer lid was openat
night to allow the MOF-801 to in contact with ambient airand hold the water mol- b
ceulesinits pores and then the lid was closed in day and device was exposed tosunlight
toregencrate the MOF material. This device was delivered 200-300 mL of water/
kg of MOF/day at 20-400C temperature and 5-40% relative humidity, This device
showed remarkable results and proved as a first device in the history to extract water
from the desert air. Table 3 shows the water harvesting capacities of potential MOZE
Itan be seen that Co,CLETDD material delivered 0.8 g of water/g of MOF under
530% relative humidity conditions [68]. It was found that the pore diameter of this
material was above the critical diameter for water capillary action which enabled water
uptake at the limit of reversibility, ¥ gure 7 shows the framework structures of some
potential MOFs used in AWH sy"-u-um.,'l'hc key in all MOFs is the framewaork structure
which allow to trap water from low relative humidity conditions. The water harvest:
ing through MOFs was moved to next level after the development of MOF-303 b
device which showed extraordinar y results at low relative humidity L‘undi(iu"s.i"d a.!SU
exhibit adsorption and desorption cycles each on the scale of minutes (54). This device
wasfirst tested in alaboratory and later in Mojave Desert at conditions ofin%'mlaflvf
humidity and 27°C and it delivered 0.7-1.0 l.u(wau-r/k);n(MOF"hY [541"“5("”,[‘
from the discussion that MOFs can be considered as the potential and em.-rl,;y:fﬁut.nhe
s for AWH, With these MOFs based AWH systems, not only ‘I“'T b T‘“(,(]
dnany climate but also to make this concept more mobile and dispense 4
6.4 Other AWH materials

Other adsorbent materials for AWH that have been interested end mve;z“%:‘fd
in the last decade are nano porous super gels and super hygroscop Bdﬁ- ! u-f ¥
"The main factors of these type of materials include the effective RPUEE T\
water molecules, high efficiency storage, and fast water desorption abily l“ TOR
different climatic conditions [28]. Figure 8 shows the nano-porous suph!l' cyfnnes
scopic hydrogel employed to harvest water from highly humid atmosp ;1‘:1 1
[73). This hydrogel was made up of Zn and O atoms in a unque ratio of 1.1
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Adsorbent Material Relative Waterbarvesting | Reference
L humidity (%) capacity .
Metab-Organ < MOF-801 20 28L 127)
Framework _— —
MOF-303 0475 Likg 1671
MOF-841 5-35 44wt%h (63]
CofC1LBTDD 5-30 I(zN[
Ui0-66 40 G
Banasorb-22 0.08g/g 7]
Cr-s0c MOF-1 7 195g/g m
HSO;-Ui0-66 0.038g/g (69)
IRMOF 1 oaglg 170

Tables,
Metal-orgmic framewerk basad desiccant materials for atmespheric water harvesting found in the literature
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Figure,
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::f‘:::’::md that this synll.wsi'u'd hydrogel has a high-water uptake of over 420%

of over g(;q‘zc‘gh(' A steep increase in water absorption at high relative humidity

e 2 llwas sho‘wn‘by the hydrogel which makes it suitable for extraction of

than1000 b“’ 'lulflld ar. Thc.hydrogel showed the excellent stability for more

FRTE bé sorption/desorption cycles. It was concluded from the calculations
¢ absorption cycles of 15 min and desorption of 5 min could give the
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maximum fresh water of over 14 L/kg of hydrogel/day. Similarly Figure 9 shows
the ill ion of super moi bsorbent gel water harvesting process [72].
The super absorbent gel consists of poly-NIPAM framework which ultimately
expands the internal area of the gel and serves as a pathway for water during
desorption process. It was found that this super absorbent gel in saturated condi-
tion can directly release 509 of the absorbed water within 15-20 min once it is
slightly heated to 400C (denoted the “express mode”). After this phase, the water
can be collected via condensation process {(denoted the “normal mode”). The
super moisture absorbent gel showed two water releasing modes and both can be
powered by solar radiation. The super gel-based prototype was also investigated,
and it was found that it can produced about 20 and 55 L of water in 60% and 90%
relative humidity, ively. These hydrogels-based sy can be idered
as the low energy consumption and cost-effective.

7. Conclusions

The supply of freshwater to a rapidly growing world population is a great
societal challenge. In this regard, several technologies have been developed
and ly in use worldwide, but the adv. of additional methods
for freshwater generation is very crucial to effectively address the global water
scarcity. For this purpose, this chapter highlights the importance of adsorp
tion based AWH which utilizes the desiccant materials to capture water vapors
from the atmosphere and condenses into liquid form. The important water
vapor parameters in ambient air are discussed in this study. The fundamental
principles of adsorption based AWH are reviewed, moreover, the progress
and perspectives in this technology also explained from the viewpoints of
newly developed desiccant materials and the modified AWH systems designs
The study explores the energy efficient desiccant materials which are alres
emplayed in AWH systems, From the literature, it was found that the rece
developed MOFs are promising due to their flexible nature and tailorable arc hi
tectures and can harvest water from the atmospheric air at low relative humidity

itions, Some newly developed hygroscopic gels are also showing great

potential to utilized in AWH systems. It was found that the temporal and spatial
restrictions for AWH and as well as the energy requirements can also be r educed
if the appropriate adsorbents are selected The adsorption based AWH systems
ensures no bulky equipment, more environment friendly and cost effective
Thus, this study presents a comprehensive knowledge on AWH through adsor
bent materials.
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Chapter 20

Solar Technology in Agriculture

Ghulam Hasnain Tariq, Muhammad Ashraf
and Umar Sohaib Hasnain

Abstract

Promotion of sustainable agriculture is one of the most priority development goal
;:l::::}’l‘;»::::.;llx:,l‘";::;‘l‘“; f‘l‘hlc\‘lng the food security to meet the ever-increasing

4 e demand. Because of extreme importance of agriculture
secton, significant technological developments have been made that played pivotal
role for sustaimable agriculture by value addition in agricultural products and
meeting energy demands for machinery and irrigation. These developments include
improved cultivation practices, processing units for agricultural products and
operation of machinery and iy igation systems based on solar energy. Moreover, the
smergence of new technologies and climate smart solutions with reduced carbon
footprints have signific antly addressed the ever-increasing fuel costs and changing
dlimate needs. PV based solar irrigation pumps and agricultural machinery is typical
example of this, Because, awareness of these technological development i tial
to overcome energy issues, availability of energy to perform agricultural activities for
sustainable ariculture a g cuplift of farming community
tomeet food requirements needs in the future. Therefore, this chapter attempts
atproviding the introduction of technologies for direct and indirect use of solar
energy in the agriculture sector, The typical examples of direct use of solar energy
like greenhouses or tunnel farming for cultivation .,fm,psmulvcgumhlrs_mdU““’r
:-“L" dryers for drying agricultural products have been comprehensively discussed.
Similarly, the red tubewells, tractors, and lights, ete. are few |m;'wr(am
examples of indirect use of solar energy and have also been di \lshrdivlllISC‘liplfn
The indirect use is made possible |,).“',,“..,,m,1. solar energy into electrical energy
with the help of photovoltaic devices, called “solar cells”. Also radio frequency
(RF)-controlled seed sowing and '-pl'('-llllnll machines are discussed, which pm;.,dcd
an eco-friendly method Mu;.».,w.,_ l'|n|||)H‘ill'll‘ilV<‘l iscussion is made on snlz_rlr:lse
technologies in general as well vegional context in view of their potential u.;su‘n-‘u‘g
and to add anticipated issues. The use of photovoltaics inagricultureis “}M(;\c
o be significant contribution in the near future that require urgent planming ¢ of
potential benefits and efficient use at the farm level, Therefore, the co«-xnlsttir’n‘cdtumy
“agrovoltaics” will be essential for the developments of agriculture and agroincustry:

arm level and socioeconomi

olar pow

Keywords: Sustainable agriculture,

olar Energy, /\grirulmml Machinery,
Solar Irrigation, Greenhouse, Solar dryers, Agrnvullaics. Agmlmluslry

1. Introduction

4 ) . .d significantly to meet the

The demand for energy in agriculture has increased b“{"mgL;Zr Z:hich notorly
needs of growing population and increasing demand fordU:“'T dwindled because
the already available sources of energy are inadequate and ha

IntechOpen
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their reserves are nearing to depletion. Therefore, along with other aspects for
development in the field of agriculture, the field of research and exploration of new
sources of energy is also the focus of interest of agro-researchers. Sun is an eternal
center of energy, where solar fuel is being converted into solar energy by the fusion
process since the birth of solar system. The use of solar energy is of central impor-

tance to meet energy d ds. F the blessings of Almighty Allah are
that the solar energy has many features, which can be used direcdy and indirectly.
For ensuring a inable future and addressing the i ingly serious impacts
of climate change, especially global ing, developing countries are urgently
seeking to switch from traditional energy to ) renewable :nergy [1]. Solar energy is
bundant, free, and non-polluting; hence, it is idered one of the most competi-

tive choices of all the renewable energy choices [2]. The agricultural sector also

uses different methods to take advantage of these different features of solar energy
for different applications. For example, the thermal properties of solar energy are
used to dry foodstuffs, vegetables, crops, and meat, etc., which is a direct use of it.
Drying of these goods is done by direct use of solar energy, but it needs long time
which is a waste of time, also it is more likely to be contaminated with dust, malnu-
trition, food, insects and flies. In addition, unpredictable climate changes, such as
wind and rain, can cause serious damages. In modern times, a variety of solar dryers
are used for such direct use of solar energy. For the last few decades, solar encrgy
has been used in various ways after converting it to other forms of energy such as
chemical energy and especially electrical energy for various services and rescarch
has been given much importance for improvement of the conversion methods to
capture solar energy. The conversion of solar energy into electrical energy “soletri-
cal energy" has greatly increased the use in various spheres of life. Much research is
being done in the field of agriculture for use of soletrical energy. And its use is sure
tonot only alleviate energy shortages for a variety of purposes, but is also a cheap,
easy, unlimited and widely available source of energy on the whole earth through-
out the year. The use of this soletrical energy for water pumping, lighting, pesticides
spray, and various types of machinery such as tractors, etc., is being innovated day
by day in agriculture. But utilization of solar energy in agriculture in this way is still
limited, lot of awareness and research is required to be beneficiary of this blessings
and hope of future energy requirements.

This chapter includes the awareness of solar energy and potential role of solar
energy in the development of the agricultural sector and agroindustry. To avail the
benefits of solar energy and consume it to perform various agro-affairs through dif
ferent applications are discussed in this chapter. Moreaver, research done so far to
improve the agricultural sector through its use in various ways is also covered in this
study. This study will provide coordination between energy rescarcher and farmers
to utilize solar energy with its different characteristics.

1.1 Solar energy

The solar energy is a solar or sun fuel generating at the sun spreading everywhere
in the universe and all planets of solar system rely on it. This is also named as clean
energy, green encrgy, alternative energy or sustainable energy. This is the origin of
most of the energy sources on earth. The solar energy coming from the sun is in the
form of radiations of a range of values. Most of solar energy is captured in the inter-
stellar space and only a small part of solar energy reaches on the earth, But this small
quantity of solar energy reaching on earth surface in only one hour is still higher
than the energy generated by all other available sources including hydro, nuclear
and fossil fuels etc. At the sun about 4,000,000 tons of solar fuel is converted into
energy per second, which is so huge comparatively to the conversion ability of a
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1000-MW nuclear power station on earth having the capacity of converting only
0.130 Kg of nuclear fuel into energy in one year. The earth receives about 1366 watts
per square meter from the sun, generally which varies with latitude [3]. All the accu-
mulated energy in any form in the earth is because of solar energy, i.¢., fossil fuels
consisting of natural gas, oil and coal depends directly or indirectly onit. Moreover,
all energy reserves are nearly equal to solar energy got from sun only in 20 days.
Solar energy is such a fuel which will be lost with the universe. Utilization of solar
energy is not a new concept or thinking, human being is utilizing this energy since
itsbirth. Solar energy consists ona spectrum of range of wavelengths of radiations
having different energies but most of the solar energy reaches on the carth surface
consists on visible light and infrared light as shown in Figure 1. Although ultra vuj:ltl
partof this solar energy spectrum is higher in energy strength but lower in intensity.
The more intensive part of this spectrum lies in visible part ranging from ~400 nm
10700 nm. Each part of this spectrum has its importance related to applications, 1.¢
white light for visible purpose lies in the part of solar spectrum 400 nm to 700 nm.

12 Assessment of photovoltaic power potential

The assessment of solar energy available in a particular region of the carthiis
necessary to further harmess the source. Because, sustainable and affordable energy
supply has strong correlation with the socioeconomic development of any .
country [5, 6]. Therefore, G20 countries that includes Argentina, Australia, Brazil,
Canada, China, France, Germany, India, Indonesia, Italy, Japan, Republic of Kored,
Mexico, Russia, Saudi Arabia, South Africa, Turkey, the United Kingdom, the
United States, and the European Union consumes about 80% of the total energy:
Most of the global enerpy requirements are meet from nonrenewable fossils (ucli
such as coal, oil and . Only, 9% energy requirements are meet by wind and S(‘l ar

plobally for electricity generation. The global power mix trends of “’“)”‘2“
2019 reveals that the increase in solar energy among other renewable sources1s
Le., about double than the addition of wind x-m-rgyiu.1p.1rurularycar 7). i
The estimation of solay enetyy potential depends on many factors among the
land cover is a major factor in the selection of a suitable area for solar l’V‘y,cnzrn-
tion installation. Direct solar resource is either estimated based on the Diffuse
Horizontal Ircadiance (GHI) or the Direct Normal Irradiance (DND. Howeven

energy

WAVELENGTH (nmi

Figure1,

Solar radiation spectrum [4]
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actual solar potential fora region should be d by idering geographi
technologi icp ial. Because all the energy reaching to the earth
t.llrf:u cannot be harnessed due to geographically restricted areas, technological
limitations due to limited cfficiency of solar modules and energy production cost.
For example, technological develop directly d ines the effici of the
solar power transition. Initially, the PV modules efficiency of monocrystalline solar
cells was 15% in 1950 which has now increased to 28% and polycrystalline reached
19.8% (8]. Similarly, governmental policy plays an important role in solar PV gen-
eration operation. Therefore, for a comprehensive solar energy p ial analysi
technological potential, economic potential, and other factors should be considered
hers are

inaddition to the solar energy ing the global solar
energy potential by considering these factors. For of the solar ial
of 147 countries, the data of Global hor I irradi; (GHI) air temperature,

PV power production potential, Index of 1, levelized cost of electricity
and economic was used in GIS environment. In addition, some auxiliary data like
terrain characteristics, built-up areas, population clusters, tree cover density, land
‘""I:rl' and water bodies etc. data was also used to assess the technical potential for

solar energy.

The Global Solar Atlas is Solargis that provides the casy access to
fohr- d ph i Wl,mby 'rs'ndau gfnbally. Global S{:Iar Atlas 2.0,
li:fl’ec,wgb-bued pplication devel - d and op d by the comj Solargis
5£0. 0n behalf of the World Bank Grm;p, utilizing Solargis data, with funding
provided by the Energy Sector Management Assistance Program (ESMAP). Maps
and GIS data are available for 147 countries on online resources (Figure 2).

T4l Ryt wap R . ailaia
PHOTOVOLTAK POWER pOTENTIAL (o o ESINT TZD

- -

Figure z,
Selar power potential of Pakistan, https/lglobalsolaratlas info/map [7].
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The direct solar radiation, having potential of concentrated Solar Power (CSP)
and photovoltaic (PV), ranges 5-5.5 KWH/m® /day for more than 300 daysayearin

Southern Punjab. The range in almost all areas of Punjabis 4-6.5 KWH/m? /day [9].

2.Scope of solar energy

Climate change is caused by the human’s activities relating to energy uses, as
carbon dioxide emission is increasing 1.3% annually for the duration of 2014-2019
[10). Meanwhile, the energy sector taking the responsibility by supporting the
policies in technologies and renewable technologies are leading the energy market
globally for new energy generation capacity [10]. The year 2020 was a best year for
photovoltaic and wind energy market with almost 115GW and 71 GW were added
respectively [11, 12]. However, the pace of world's energy transition from tradi
tional fossil fuels to these renewable technologies is far from alignment with Paris
Agreement [10]. Although 90% of total electricity energy will be generated with
renewable supply by 2050, for which 63% of total electricity needs will be supp‘{‘d
by wind and solar photovoltaics [10). Solar photovoltaic installed power generation
would reach to 14000 GW by 2050 [10]. Solar energy and solar photovoltaicare

attractive candidates to fulfill the electricity needs for domestic utility and to run
electric vehicles, also cooling and heating requirements.

21 Solar technologies

Solar technologies are in common use in simple forms like drying in sun ‘"‘.l
basking in sunshine since the birth of earth, and people are using some olllergmp‘ﬂ
solar technologies inc luding solar water heating and solar cookers by consuming
direct sunshine or solar encrgy. The global solar PV market has rapidly grown by
50% over the past decade [13]. During 2011, more than 29 Giga Watt (GW) new
solar PV industry was installed worldwide which was 70% increase compared t0
the year 2010. Global PV capacity exceeded 69 GW with 70% installed in Eutopeat
countries. During 2017, close 1073 GW of solar capacity added worldwide [7]. Since
ast few decades, solar encryy is being used by converting it into electrical encrgy
with the help of devices called solar cells or photovaltaic devices “These devices
Arenow setup on the hope to fulfill the energy needs and becoming “‘"h"nlugy,,
ladder, Another energy converting device is thermocouple which consists ona pa!
of semiconducting wire with one end connected and other ends are free nndwhurlcl

Aed end side heated with solar energy than a potential dlffrlcncv{lsappf:w
nds. Under ordinar y sun light efficiency of (lwl‘lnncouplu lsv(';yl“
but concentrated sun energy can increase the efficiency o[lhcunucuui’l_ﬁ’ unlu:n(
cells convert directly sunlight energy to electricity while thermocouple mny;udu“

from sunlight into electricity (3], A schematic flow chart of solar energy utt
via different ways is shown in Figure 3,

2.2 olar Technologies in Agriculture

Technology at agricultural farms is changing and improving "‘P“dly' ‘t’:‘:‘s"':ties
developments are improving the farm machinery and equipment, h"‘m energy is
and buildings, both for crops and animals at farms. As we all know sol :‘r‘ S
the largest and cheapest energy resource on earth. Solar energy can e a‘{yso'h'
energy provision and supply at agriculture farms. Various solar tnthZuhuml
ing devices and systems have been developed and arein worlk for agri

ER
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Photovoltaics Thermocouples Solar heaters

Solar energy Heat energy Sunshine

\ 28 ¥

Electricity Electricity Heat energy

Figure3.
Unilization of solar energy via different ways.

applications. This includes solar thermal and electric devices such as solar spraying
machine, solar greenhouse heating, solar crop dryers, solar water pumps, ventila
tion for livestock, solar aeration pumps, solar electricity etc.

* Solar PV operated water lifting/pumping system:

Solar PV pumping systems are quite helpful to operate the pressurized irrigation
system. Specifically, solar pumps may be useful as water lifting devices in irrigation
canalsand also to evenly distribute water in those areas where traditional water
systems could not have access, such as in the elevated hilly lands.

* Solar spraying and seed sowing machines:

The solar pesticides sprayer machine is designed for small farmers to improve
their productivity. They can easily carry and handle these machines wit h recha rge-
able batteries and direct solar illumination options, Mostly pesticide spraying activity
isdonein the day time, o these spray machines could be used by direc tly capturing
solar energy, which prevents the installation of batteries in these machines. Aleo,
u?hr powered seed spreading and sowing machines introduce 4 simple and conve
nient way of seeds spreading and sowing to small fields, and alsoin t hose arcas where
traditional machinery could not be available. It will be more useful for small farmers
and agrarian society. Thus, solar-powered automatic pesticide sprayer and seed
sowing machines will facilitate farmers to leave the heavy-duty machines and also
provide easy access to work in remote areas of the countryside where general machin
ery is not readily available [14]. Today radio frequency controlled solar sowing
machines are also designed to provide farmers eco-friendly sowing and spreading of
seeds. These RF solar controlled sowing machines work with the help of blue tooth,
which sow the seeds at controlled depthand distance between seeds [15].

* Solarcrop drying:

One of the applications of solar energy in agriculture is a solar drying system
which is based on variety of options. Solar dryers are available different shapes
and structures. Different types of solar dryer are available for various applications,
which is used for drying of agricultural products like y grains, carrots and
mushrooms, Depending upon heating arrangement active dryers and passive dryers
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are two main types. In active solar dryers, external means are used for solar energy
heat transfer, like pumps and fans are used for solar energy flow from solar energy
collector to crops drying beds, while passive dryer heat is circulated in natural way
by wind pressure or buoyancy force or with the combination of these both [16].

* Solar greenhouse heating:

Generally, greenhouses around the world use sunlight to meet their lighting
needs for photosynthesis, but they are not ready to use the sun for heat. Rather,
they rely on conventional energy sources, such as oil or gas, to produce greenhouse
temperatures for winter plant growth. However, solar-powered greenhouses (SGHs)

are built to use solar energy for both heating and lighting. Also, these greenhouses
reduce the damage caused by excess solar energy from the ambient to the greenhouse
during hot sunny periods, A controlled environment is available in these SGHs.

* Solar powered tractors:

Tractor is a fundamental machinery in agriculture, which made the farming
much easier and increased the cr np‘s yield and production. Tractor mnwngd
the agriculture farming into agroindustry by performing lot of functions with
the help of var icty of tools and cquipment, Usually, tractors consume f’il g
and work, which increases the budget of farming also cause the pollutionin
atmosphere by pr oducing carbon d;oxidc during combustion. Solar powered
tractors became good option which could work directly under the sun h?’ m_".
' energy through py system in day time and also could continuie
nnight time with the help of utilizing energy stored in bancncsb G
Although solar powered tractors are in preliminary stage of developmentoy
results are hopeful for brighe agriculture future [17).

2.2.1 Solar machinery and tractors

Tractor is a most mport
cultural farm. A ty

ery at any agri-
antand central technology and machinery atany
seeding,

< luding plowings
actor provides power 10 perform many tasks, uulmlmgl: rms.
planting, fertilizing, spraying, cultivating, and harvesting CT“I""rkﬂ
actor are also used for ransporting crops and materials at farms and ma

L ish the
Modern agricultural developments and to increase production to accompli
needs of human being best

s compact
i Arming can be done by using xuulnfunclmu::l wnl:iw
tractors. Tractors have great social and economic impact on agricultura!

Lommonly tractors use diesel il a5 an encrgy source. S()Iarmafhlnciyrcn“,gy
{ractors use solar energy converted in to clects icity, One way of using SO tractors, 3
inform of electrical “hergy is by using solar panels fixed on machinery oF
schematic diagram is shown in Figure 4, ;

Another way of using solar energy is converting it into electricity red in bat-
station and charging the batteries of tractors, But in this way energy "“k foralong
teries of a solar electric tractor is very small and atractor could nu‘vllluL ¢ for solar
time with a single charging of batteries at solar power station. A chal :e'?cs islow
electric tractors working in the fields is that the energy density ".‘ ) f batteries is
which reduce the working efficiency of tractors. Also charging time ©

run tractors
comparatively is large so exchangieable batteries idea could be used to
forlong time [18).

and

atsolar power

2.2.2 Solar irvigation

1 food
; t the global
Irrigation is a basic need for the crops to grow that play (Zf';fc:rrm ss’:lrces
demand. Irrigation demands for crops can be meet by three dF
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Figure 4.
Schematic diagram of solar powered tractar [15].

categorized as green water, blue water and non-renewable groundwater. G
refers the wse of effective precipitation for crop growth that is stored in t h
zoneand blue water to the surface freshwater available in river o5, veservoirs and
the groundwater. Agriculture sector is the major water consumers in the world and
accounts for approximately 70% consumption of fresh water [19]. An estimated 67%
of the world’s crop production still comes from rainfed agriculture [20], where crops
requirements are fulfilled from the water held in the root zone of soil. Morcover, the
large solar energy potential i.e., more than 6 kWh/m’ and existence of undergr ound
water potential make the solar irrigation well suited for arid and semi-arid regions

In Asia, especially Pakistan, China, India, and the United States account for 68%
of fresh water withdrawals for irvigated agriculture, out of which ~34% s cons umed
by India only. In Pakistan and India, about 37 million electric and diesel tubewells
have been installed in the irngated area. Therefore, there s great potential to convert
these tubewells on solar energy. In Pakistan, there is a 2,900,000 MW solar energ
potential due to its geographical location with more than 300 sunshine days, 26 28°C
average annual temperature and 1900-2200 kWh/m’ annual global irradiance 19
The southern part of Pakistan where annual Direct Normal Trradiance (DNI) is above
5 kWh/m’/day which is ideally suitable for photovoltaic technologies for irrigation.
In Pakistan, about 1.1 million tubewells exist out of which 0.8 million are diesel
operated and 0.3 million are electric. The use of tubewells have increased in Pakistan
because the surface water supplies are not sufficient to meet the irrigation require
ments. Therefore, significant withdrawal is done from the groundwater resources
that ranks Pakistan at 4th in the world. Overall, at global scale, estimated ground-
water abstraction ranges between 600 and 1100 km* yr. ' [21]. For the year 2000 the
reported al ion rate and 1 ground depletion per country with
range of uncertainty of India, United States, China and Pakistan is given in Table 1
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Moreover, the overall uzi::‘l)l-“swu s 'bm wri pekcot R i
ment of a diesel pump wp“v SReY SRARCOY and mmmcnnncccusl.‘ﬂnd ikl
sl w.“‘!l o 4 times hxghcr than a solar photovoltaic (PV) P“‘;l“lh i
favelow ixinten & .‘ “'“lj"l;z system is a cost effective, cnvlmnl\!um friendly an
e Y ance solution that makes it ideal system for pumping groundwater
par:n ularly for remote locations
[ Baton s )'nlvm‘- ”“:\‘L 1, solar in |.g.muniscuuplul with the High Efﬁtfﬂ';‘}f o
R o o o A ‘ ) for potential use of available water Hcca.usc? itis F ey
B e '“‘. i" olar-powered pumping systems can only be 1“5“““{".1“.'s
bubble ;u..‘{hf:. '”"n‘ ke with high-efficiencyirigaion s’wmss“dnsu"li,;:
st “““‘" .'ll'il and furtow irrigation methods. Fnr!“'“l’k';';;;'azr‘“
et roe vron 1 ’“ drip irrigation systems have been installed nan o
o three years (2016-2017 1 2018-2019) (22], Moreover, promotion of hig
value Agriculture through HEIS envisages installation of solar systems on Z0,00Q
acres, especially the water scares and saline groundwater areas. Therefore, therelis
great potential to adopt the innovative suhll‘i‘on for the areas where the solar system
""‘“" beeninstalled due 1o limited water availability and saline areas. Morcover, '
th Hanereasing trend in farmers that can he observed to use these solar pumps
surface irrigation in the plain areas, Moreaver, these solar pumps are used toirrigat
limited lands of farmers. Therefore, after fulfilling theiigation requirements the
enery can be used for other |ml|mlw.~. at farm level, However, there 15 little evidence
touse this available eneryy where option to connect with the grid lsnol:v.allahlf:.
Grid connected solay PUmping system is being considered economically viable |;1 3
the rural areas, For example, .|‘sl\|(|y shows that Levelized Energy Cost (LEC) t{)l'( Fd
grid connected SWi S through Life Cycle Cost (LCC) is 4-54% less than the o v%:llc
system depending on the size of lhu[uuup[2}],'I'I|crcfurc, it ISl\cccssarym“)’m
the alternate utilization of the available energy of solar pumping system for cmr“s
capacity utilization and economic viability, especially for larger il pumpm{":\\:“ i
Solar water pumping is based on photovaltaic (PV) technology that COmer™ (DG
sunlight into electric 1ty to pump water. The PV panels are cunm‘l:tu:(‘l to amoto!
or AC) which converts electrical energy into mechanical energy: This mECh:“';:hc
cal energy is used to operate a pump to pump out the water from the g!;\l"" .sis of
capacity of a solar pumping system to pump water is a determined onitheba hich
head, flow, and power to the The mp will draw a certain power which
' ] pump. The water pump ¢ of a pumping
aPVarray needs to supply. A typical solar pumping system el U P
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unit, solar panels, inverter, PV mounting structure and foot valves etc. The details
of the solar pumping system components and its design can be found in literature
[24,25]. Solar water pumps may be categorized as submersible, surface, and floating
water pumps. Submersible pumps are preferred to extract the required quantity of
water from deeper depths. However, surface pumps are useful to extract water from
the shallow groundwater aquifers. The temperature beyond 25°C decreases the solar
output. The dust accumulation also decreases the PV panels efficiency. If a sprinkler
cleaner/cooler is not installed then it requires the additional 25-30% PV panels to
accommodate the dirt and temp effects. H ; it depends on the air qual-
ity conditions of the region. The use of a sprinkler for dust I and reducing the
temperature effects has been found to imprave PV solar panel performance by 7-9%.
Moreover, solar powered pumping systems efficiency can be increased up to 20% by
manually tracking the solar panels. The use of automatic sun tracking improves the
pump efficiency but increase the system cost considerably [25].

2.2.3 Solar dryer

Preservation of crops to keep them without rotting and decomposition for lor}g
time is essential activity in agriculture. It is required to keep them fresh and nutri-
tious to carry them from fields to consumers. This process of preservation may be
fromd ic to industrial level depending upon farm size and crops distribution
strategies. Different preservation methods include freezing, canning, drying and
dehydration. Among these, drying of crops and food is simple and casy method
which can work at any temperature and environment. Drying is an casy way to
remove moisture from crops and food products in order to keep them with desired
content of moisture. It also extends the storage life and enhancement of quality for
‘ong time, Basically, drying involves some heating process to vaporize moisture

‘om crops and food products kept in dryers. In earlier time, drying was done by

utting crops in open sun, but this method was more likely to be contaminated

‘ith dust, malnutrition, food, insects and flies. Thus, from last few decades,
many sophisticated dryers are used to remove moisture from foods and crops.
Main to control is the temp of crops which is done by providing
certain amount of flow of heat. This heat can be pravided by hot air blow through
the crops, which may be very costly set up. Fortunately, solar radiations are better
source of heat, and solar thermal energy can be used for drying purpose to dry
crops, foods, vegetables, grains and any other crops’ products. These solar dryers
are made in different shapes, sizes and structures to enhance their activity. In these
solar dry Different types of solar dryers are in practice for various applications
depending on method of heat transfer, their geometry and structure, suc has [16];

i Active dryers

il Passive dryers
tir. Integrated dryer
iv. Distributed dryer
v.Mixed mode dryer
vi. Solar cabinet dryer

vii. Green house dryer
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Most of these solar d

Tying systems either active or passive can be identified in
further three sub-classe:

s of solar dryers [26];

* Direct (integral) type
* Indirect (distributed) type

* Hybrid (mixed mode) type

A most common solar dryeris based on racks design attached witha snl;:’ e
callector, which can collect solar energy in higher amount and can achieve E )
drying temperature in result. Solar collector could be a simple black box "";" ised
witha transparent cover. Natural convection or an ordinary solar fan cuulg :’“ 2
to flow the hot air rom solar collector to the crops placed on the !'acks :; | : 47
the Figure 5, 1y, agroindustry for large scale applications mechanized solar dry
used, which is an

# heat the
active dryer type, in which solar heated boilers are used to
air, and forced to by fans to Approach the crops’ beds [28].

2.2.4 Solar Sertilization

Fertilizers have centy al role in the
crops. For Ix-rnlwmxlnmlurnnnam
which is produced through
this process 140
production cong
proces

ield of

modern agriculture to increase the ):::irals.
monia is one of the most important cess. By
A well-known Haber-Bosch (hl‘"“"dwm“':ralti';r:mmunii
million tong of Ammonia is being produced per year ear. Torun the
sumes larg mount of energy nearly 2.5 exajoule pﬂ)m"'s of CO,
 hydrogen s obtained from methane which results 340 """,mn.l roduction
peryear (29, Dye to huge costs for establict ut of plants, ¢ |'[713(iunuf

of ammonia with <100 plang vorldwide are in function. For better utili rcome these
fertilizers decentralizaion Of traditional fertilizers is compulsory Iﬂ,m:;n convert
hardens solay energy-based fertilizations is a good option. Snlarnnf'_}vy 5. Such
dinitrogen into s, h nitrogen Products which became nutrients for crops-

Figure 5. )
Indirect solar dryer based on solar «ollector, vitcks and chimney [27)
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nitrogen products produced by the solar energy are called solar fertilizers. The pos-
sibility of producing solar fertilization at country’s level may be able to reduce cost of
nitrogen based nutrient production by minimizing costs of portation across the
international borders. Also, it will provide employment to jobless workers at country
level. Organizing solar fertilizers in developing ies will improve agriculture in
remote areas of each country and farmers could become comfortable and satisfied.
Above all solar fertilizers will reduce and cut off methane consumption and carbon
associated threats to environment. Solar fertilization production is simply based on
solar energy, water and nitrogen from air to produce nitrogen-based fertilizers near
or at the farms, which also an icad 2 2 of these solar
fertilizers will reduce iause. A study led that 250 petajoules of energy/
year could be saved by reducingl0% use of amumonia or urea-based fertilizers [30].
The developments of solar fertilization need good and reliable strategy for
dinitrogen fixation at ambient p These develof can be made by
the help of bioengineering, and catalysis research under precise conditions :mfi
approach [31, 32]. Such fixation of nitrogen in solar fertilizers can be accom plished
by efficient el hemical and ph hemical natural process, which are cxpcd:d
to have significant lower concentration of nitrogen. These solar fertilization with
lower concentration is characteristically safer and enable better nutrient managing
[33]. The solar fertilizer production is similar in some aspects to the solar hydrogena-
tion production, as light absorption, catalysts’ reaction and energy transfer from
absorbent material are involved in both processes, However, solar fertilizers would
be integrated with agriculture farm infy and for different application.
Some of the key aspects of such quired for production of solar fertilizers
include capture or absorption of solar energy, catalysis reaction and separation pro-
cess for production of solar fertilizers [34-38]. In this whole process of solar fertilizer
production sun energy from sun light or solar fuel is absorbed by solar cells and/or
photocatalytic particles which provide a potential to initiate an electrochemical reac-
tion to convert dinitrogen, oxygen and water in to nitrogen products like nitrates and
including ammonia in aqueous solution schematically shown in the Figure 6.

* Absorption of solar energy

As production of solar fertilizers is based on absorption of utilization of solar
fuel by solar energy from sun and converting it to chemic al energy by two

e H/
Solar N NH,
NOH,
0 4 NO,

5o -

Figure 6.
Schematic diagram of solar absorption, catalysis reaction and separation process for solar fertilizers’

production [29].
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ways; i, divect absorption of sun light in a ph

ysis process (pk
istry), and ii, indirect absorption of sun lightina PV-cIFnl'oly§|s gphum'\'o
icsand electrochemistry). A third hybrid approach (dlrel:'t + |nd|r=ct? is :
photoelectrochemistry in which electrical biasing is required ‘f"“{rp“"f“ of
sun light [37, 38]. These solar fuel technologies have good motivations olrmnl
production and utilization at decentralized remote Ioc:(fons or at agricul
sites as compared to centralized huge industrial production.

Ita-

Catalysis reaction

After absorption of the solar energy the c lecular d

o B
oxygen and water is the central process of production of solar [!:rllllullu;ll. For
this a catalyst is required to dissociate triple bond of dinin:ugen at favoral deon
temperatures. Most approaches for this nitrogen dissotiz(lqn have focused g
chemical reduction of nitrogen to produce ammonia. For nitrogen reductios

= ci f 5% for
one of the best catalysts is based on carbon which shows an efficiency o
electrical-to-ammonia in an aqueous solution [39].

Separation process for production

The chemical separation process for generation of reactants .zml convcrlt the
effluents to a fertilizer is an important step of solar fertilization technol l;{;)’- -
Because nitrates, ammonia and urea are water soluble which makea ch:js'i"'ibi"
for separation and concentration of products. Aqueous electrolytes a{le s
many electrochemical techniques for this separation process. Gcl\c‘[l y‘,nic“‘
S require sophisticated techniques and processes l“fll: [40].
This separation can be moderated with supported catalys

.5 Solar dairy farms

separation procest
lar cataly

2.2,

Milk value chain from small d
solar cooling technology
farm (SDF) owne
owners are ass

: o s
airy forms to market could be lmprﬁvtfnl:l); ::llr::,
Milk cooling technology is costly and '""’uy‘s SDF
have lake of facilities for this p\nrpos«nll,u{ally. llll-‘il‘“gi“g to
‘ociated in dairy cooperatives which are responsible l’_ulr(l‘“  atRaTeR
collect the milk from member owners and then supplycullcctcd mill umchmalt
dairy plants. Lake of facilities of milk cooling in hot weather under war

3 ing is
il ar dairy farming
conditions can lead to high bacterial contamination in milk, Solar dairy

based on solar technology

* Solar freezers or re

perators at dairy farms

1 ezers for
Anemergenc y and simple way of savi nilk s by using IL;:::’::;nsmission
cooling purpose. But, most of SDF exists in remote m,as‘:,sagﬂod option. lce
lines are not possible. In these areas solar pnwfn-d freezers better and effective
produced in these freezers could be used in milk cans for:ﬂs E ol alry
cooling. Different institutions are working for chﬂ!"PI‘:“ml Engineering of
farms specially for milk cooling. At Institute of Agricu “h“ been designed
the University of Hohenheim a solar milk cooling “Y‘"'f'. Tunisia. In these
which is based on the utilizations of ordinary Il’lllk‘CJ:;:: produceice for milk
designed solar dairy farms solar freezers are being use ixteen hours depend-
cooling. These milk canes can preserve mI“.( for six ‘]n:dmry farms have great
ing on amount of ice put in milk cans [41]. These sn!a“ remote and off grid
potential to improve dairy values and more efficient
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areas by using environment friendly and clean energy. Figure7 dairy farmers’
commentsand observations on the impacts that those farmers experienced due
to use of solar technology [41].

* Solar heating for steam generation

lization process is an imp activity at dairy farm for which low temper-
ature steam is used. Parabolic trough coll are y used to g
steam and other high temperature applications. At dairy ﬁnns solar water heater
could be installed to raise the water temperature from 27-67°C [42]. A lot of
furnace oil and other fuels could be saved by using solar heating at dairy farms.

2.2.6. Solar greenhouse production

All crops at agriculture farms needs proper environment including moister in
air, temperature and light intensity, These parameters have great impact on for
crops growth and yield, but we have not any control on them. All these parameters
are controlled and determined by the nature, which are never remain constant and
all time f; ble. A lot of variations exist in envi and weather, sometime
favorable and sometime very bad for crops. Fnr continuous production at agric ul-

ture farmsa f; bl and di are req {. Such a proper
and promising conditions could be provided at solar greenh e,
Solar gr:cnhuusc is a covered structure where rrops and vegetables are grown
under fi ble climate conditions and proper for the growth and
roduction of plants. In greenh a led mnl,gj" is ged for phatosyn-
1esis and also an ad; ined suitable for plants whether

itside is hot or cold. chuahlcs could be grown throughout the year in these solar

Negative Impacts Posttive Tmpacts

Gotting bce mas.
weed e

Village pebiic: abost
whe can jotn ot

New moecunty
vk efgulk petisgm)

Stco|Fee Higher wall
Risk of sy vm Howienold produersce
break down
Couts efmamsemance
rat repasnay Soa monctars benefir
+ Norushto band i puik ¢ Jeep ey bonger
¢ Emplemmgworka

i
Effectof mulU scule solar milk cooling [41].
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+

In these greent solar energy is collected and stored in many

refore they differ in designs. There are many parameters that effect

the growth of plants in solar greenhouses. Among these parameters’ inleqﬁ,i'ly nff
sunlight, temperature of greent O

g
waysand the

perature of surrounding
greenhouse and surroundings, nutrients and carbon dioxide etc. Grccnhouse.s‘
provide such an environment to plants that they can grow in controlled conditions
and optimized values of all these parameters.

Sunlight intensity

Sunlight, water and carbon dioxide are essential ingredients to produce carbohy-
drate and oxygen in photosynthesis process occurred in the chlorophyll of chloro-

plasts of plant cells. Initially chloroplast is responsible of absorption of sunlightand
then for following chemical reaction.

H,0+CO, + Sunlight — Oxygen + Carbohydrate ()]

These carbohydrates are used in the growth of the plants. In the respiratory
process the energy is released which is used for the growth of plants and fruits.
Better control of sunlight is responsible of efficient photosynthesis process anld
carbohydrate production. Sunlight intensity varies from beginning of day to time
of noon from 0 to 150000 lux vespectively. It also varies for weather difference like
in cloudy days light ntensity poes lower and some types of plants could notgrow
appropriately. For low and high sunlight intensity level, the photosynthesis process
very much effected and plant’s growth and yield are limited. Sunlight intensity 15
different required for photosynthesis in different plants like cucumber can grow
in high intensity of sunlight, while tomato, lettuce and carrot need lower intensity
of sunlight. Light intensity can be increased in the regions where light mlcnsuy.
islower by different methods like by painting the walls and roof of greenhouses.
Moreover, additional lighting may be required in the darken days (o increase the

light inter ity as well its duration. For this additional Iq;hlulgdi“"wm (ypes"(
lamps are used which are powered by solar cells,

* Temperature of greenhouse

Other than sunlight temperature is another parameter which should be ll:pl:'s““'“
for biochemical reactions in the different types of plants, 'l‘.-m|u~r.uurcnf%.ﬂl" A
surroundings and soil is very much dependent on sunlight intensity, hu-“('(lv l“):.(
velocity and carbon oxide in the greenhouse. Temperature may "‘.T"d uf Lr_“.ms
activities like food and water in root system, ll.ulspull.lli(m of minerals 1::75 i
and leaves, and photosynthesis process. Also, for different stages of devel ,npap or
of plants like germination, growing, flowering, fruit beg ning and frui
maturation, different temperature is required as shown in Figure 8.

* Humidity in greenhouse

& and
Humidity in greenhouse environment plays a vital role in ph?l:%::w:;(s'

health, as relative humidity ranging from 30 to70 percentis perfec nsll)ppﬂC““
growth, while comparatively higher relative humidity i.., more t : athogenic
15 harmful for plants’ health as it provides a suitable c'nvuuumﬂ\ll.l 'i:] e erion-
organisms’ growth, Solar greenhouses provide controlled Imnuf i zvh:n: generally
ment and surroundings of plants growing within the p‘rucnllou'ﬁt- eeature between
relative humidity between 55 to 65 percent and environment temp
20 to 25°C could be controlled.
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* Airtransport and carbon dioxide

Air transport affect the evaporation of water, availability u'f ©0,, c'uul!ng effects
etc. so the growth of plants is affected. The air speed the plant’s transpiration and
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A

Figure 10,
(A) Shed type solar greenhouse; (B) Quonset solar greenhouse [44].

r3 ! 1
water vapors from plant to outside air, of CO, for photosy The

air speed effects the plant growth as shown in Figure 9 that the leaf's growth is
effected by increase in air speed [43].

* Solar powered greenhouse design

The design of a solar powered greenhouse is different from an ordinary green-
house in following few aspects;

Glazing should be oriented in such a way that it can receive maximum
solar encrgy.

* Use different heat storage materials to hold solar heat in winter.

Use such glazing materials which minimize heat loss.

Natural ventilation used for cooling in summer.

Two primary solar greenhouse designs are; i, Shed Type, & ii, Q“f“‘“" Hut [t:]‘
The orientation of shed type solar greenhouse is based on its!cng‘h side along E:d
towest direction as shown in Figure 10A [44]. 1ts north wall is painted or cover
with some reflective material, The Quonset huts do not have any covered or insu-
lated wall. Their structures are so that absorption of solar energy and dnsfnbuhf:d
of wolar heat s enhanced. Although insulation of solar greenhouse walls is requi
to minimize the solar heat losses, as shown in Figure 10B [44].

3. Conclusions

Technologies at agricultural farms are improving mplfily to facllltal;hr;ncm‘:ltn-
bringing innovations in farming business. But this rapid increase of technol :ogymun]"p-
dent agriculture farming required lot of energy resources. Also, the E""HY.E i
tion increases the production cost of agriculture products. To overcome u.r: ir:%i
and cost issues cheaper, easily and abundantly available energy sources are h?:h 3
Fortunately, sun is a huge source of energy with abundant solar fuel on it, W]
can last ill the life of earth, Thus, the solar energy is the largest and cheapest cn:rg)"
resource available on earth. Solar energy can easily fulfill energy need and Fu‘]:p y:
agriculture farms. Solar energy-based agriculture farms can casily accnmprlisc“;l‘l;i;y
requirements and reduce cost production, Utilization of solar energy at ag)
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farms includes different types of machinery and equipment depending on task to
accomplish by using different dunctmsms of solar en:rgy like heann;, or converted
in some other form of energy, such electrical or chemical. These i mclude

PF

solar thermal and electric d h as solar spraying machine, solar g

heating, solar crop dryers, solar water pumps, ventilation for livestock, solar irrigation
pumps, solar electricity etc. These solar energy equipped machineries also include

radio frequency solar controlled sowing and spreading of seeds. Solar energy is a trust-

ful and reliable source to compensate all requirements of energy for future.
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Chapter 21

Experimentally Investigated the
Development and Performance of
a Parabolic Trough Solar Water
Distillation Unit Concerning
Angle-Wise

Fahim Ullah

Abstract

5
The PTG performance was evaluated at four (i, 250, 350, 450, =""| —:i“s’higmy
different adjusting Angles and it cle howed that the adjusting Angle

significant, affecting the efficiency of the collector. The PTC rccmvad;’nu.:: :;11!2'
radiation 513 kJ.m 2.hr-1 with the absorbing temperature of the absorber i
was noted 1230C, 1150C, and 1130C consecutively the months of the yt-llr “:‘ahr
adjusting angles of 250, 350, and 450 respectively. Distilled water [m“‘ll‘;;s"
water distillation unit was found to improve the laboratory’s quality ;'(I,‘wb with the
cquipment in the hospital. PTCS efficiency noted 26 9%, 26.3%, and N
distilled water up to 217, 313, and 343 mlm-2 day-1 for the adjusting “Exi‘mum
450, and 350 respectively. From the result, it concluded that to obtain md4So. The
distilled water, the PTC should be set on adjusting Angles of 250, e mawitha
average unit price of distillate from the solar still is assessed as Rs. 2'_- mificantly
payback period is 365 days. The unit distillate cost is seen to reduce sig

led water of
from Rs. 4.92/1. to Rs. 1.57/1.. 1t concluded from results that the distille
PTC relatively decent quality.

Keywords: Solar energy, Parabolic Trough Collector, B

iciency, Distilled water
and Adjusting Angles

1. Introduction
11 Background of the study

Most developing countrie

» i a vital energy crisis U'- 7]w1::;dd'::;,‘::l‘ndt|‘:r: and
energy has increased over the years because of the "“‘:1011\‘:1‘25( e ey
expansion of global industrie ecially food and feed. nd industry community
consumption is from power generation, tran:-?nna(mr;. am sl B gk and coal.
sectors [3, 4]. Moreover, most utility energy is mlfel; Il:!“m"v(_ Eerey
Many developed countries have their p“_hm“\ o (ll’?“t:m and economic develop-
Energy plays an essential role in the industrial u.\ll - fficient energy resources
ment of a country. A country will be prosperous if it has s

IntechOpen
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to fulfillits needs [1]. Besides the available energy resources, countries must work
hard to explore and conserving renewable energy resources. The total solar energy
received from the atmosphere and absorbed by Earth’s oceans and landmasses is
approximately 3.85 x 1024 W.yr-1 [2]. The total solar energy coming from the sun is
50 vast in one year, which is twice about the energy produced from the resource of
the Earth’s non-renewable, i.e., coal, oil, and natural gas [3, 4]. Pakistan is being
located between 23.80 to 36.70 north latitude and 61.10 to 75.80 East Longitude. Itis
rich in renewable energy resources.

Ahsan et al, [5] pted to find suitable to produce alternative
energy such as biomass, solar energy, geothermal, hydropower, wind energy and
ocean energy. Nanjing is a city found in Jiangsu, China. It is located 32.06 latitude
and 118.78 longitude and it is situated at elevation 22 meters above sea level. It is
rich in renewable energy resources. Solar energy has brilliant prospectus at a lati-
tude of 32 which can be utilized for making electricity by photovoltaic (PV) cells,
drying of products by solar collectors, water heating and water distillation systems
[6,7]. A total of 174,000 terawatts (TW) of energy reaches the earth at the upper

tmosphere to form the i ing solar radiation (insulation) [8, 9]. From this total
energy approx. 30% reflected to the atmosphere, and the remaining energy is
absorbed by the clouds, oceans and land masses [10, 11]. Figure 1 shows the
incoming, absorbed and reflected solar radiation from the atmosphere. It shows the
spectrum of solar light/radiation at the surface of the earth, which mostly spreads
across the visible range and near the infrared ranges. Most of the population lives in
the areas where the land received the insolation levels in the range of 150-300 watt/
m2 per day or 35-7.0 kWh/m? per day [11-13].

Hydroelectric and thermal solar energy has enormous prospective sources of
renewable energy. Energy plays a vital role in the industrialization and economic
development of 2 country (14, 15]. A country will be prosperous if it has sufficient
energy resources to fulfill its needs. In addition to the available energy resources,
countries must work hard to explore and conserve renewable energy resources. The
solar energy coming from the sun is so vast in one year that it amounts to twice the

Fi

igure 1

Schematic diagram of the incoming, absorbed and reflected wolar vadiation intensity.
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energy which is produced from the resources of the carth’s non-renewable energy
such as coal, oil, natural gas [16, 17). Renewable energy provides a clea{\ and
nontoxic energy source. The leey sources of energy are the sun, wind.lbmm:ss, g
waves and geothermal energy (18, 19]. Solar energy can be exploited in the form of

thermal energy by using different kinds of solar collectors for different purposes,
Le., dehydration of fruits & ve,

getables, water distillation and producing electricity
(19, 20).
Energy is an elementary need for agriculture and other industries [21, 2]. ’
Different resources, like wood, coal, fossil fuels and nuclear chemicals were used as
foundations for encrgy, but all these sources are getting rare [23, 24]. By using

resources like wood, coal and fossil fuels for energy utilization, we are adding
significant agents producin,

n g while environmental pollution and global warming.
Due to high prices and shortages in the future, scientists of the world have
established other ene;

TRy resources called renewable energy resources incll{dlng i
solar, tidal, wind and biomass [25, 26). Wind and tidal energy are present in st i
areas of the globe while solar energy is present universally. The sun is the EVEH(“.I(
source of energy for the carth. Energy from the sun is interminable and green ast
does not create pollution and global warming [27, 28). The sun gives us clectm;l .
magnetic particle emission called solar energy and this energy can be 'f‘m?s“me[
fhf.[rrrnl purposes like the drying of agricultural products, heating buildings, grc
Irigation purpose and for producing electricity [29, 30]. In the fourth Femul’)’ e u
different methods were used for petting dried fruits & vegetables, which were very
difficult to be perfor med. The dclly«lr.\;iunx of fruits & vegetables and other crotps
ljlrl('d by open-air sun drying was not satisfactory, because the products hvc;f“h
mluvlrd with bacteria, rodents, and insects, and worsen quickly due t0 the hig
ambient temperatures and relative humidity (31, 32].

1.2 Status of solar energy usage
. ; car 2016
Figure 2 showed the status of different sources of energy usage it u‘;]y;:c"gy
in China, Solar energy is the most promising technology n the Mo (.nh
plays an essential vole in the industrialization and economic dc\'clupmt:-s to fulfill
country. A country will e prosperous if it has sufficient energy oo ork hard for
its needs [34). Besides the available energy resources, countries MUst W

Figure 2

Status of different sources of energy usage
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exploring and conserving rencwable energy resources. The total solar energy
received from the atmosphere and absorbed by the earth, oceans and land masses is
approximately 3.85 x 1024 W.yr-1 [35). The total solar energy coming from the sun
is 50 vast that in one year it is twice the energy produced from the resource of the
earth’s non-renewable, i.e., coal, oil, natural gas [36, 37].

The concept of alternative energy is to develop other resources as a substitute for
petroleum and to reduce the central issue of global warming. China and Pakistan
import fossil fuels annually, equivalent to 40% of all total imports to fulfill the
energy requirements of the country while spending 7 billion dollars. From the
survey, it is clearly shown that by the year 2050, energy needs are expected to be
three times the current needs in China and Pakistan while supplies are less than
inspiring, For the utilization of this incoming solar energy, different kinds of solar
collectors were used for various purposes, i.e., dehydration of fruits and water
distillation.

1.3 Review of the literature

Renewable and sustainable energy resources are the best substitute for conven-
tional fuels and energy sources in a country’s energy security and sustainable
developed as well as its minimal environmental impact. China and Pakistan are
making attempts to promote and support the utilization of alternative energy and to
improvement in energy efficiency. Different researchers have conducted experi-
ments on the drying of different fruits and vegetables, and the desalination process
using different solar collectors. The researchers [38-40] found that hot air drying
reduces the risk of the development of Alfa toxins in fruits, They experimented
with a pilot airflow cabinet dryer with the greatest loss in ascorbic acid. They also
concluded that pretreated fruits take a thorter time to dry as compared to controlled
fruit. Figure 2 shows the Status of different sources of energy usage in 2016
£ Most of the energy consumption is from power generation, transportation, and the

ndustral ity sectors, M , the most utility energy is taken from fossil
oil, gases, and coal. Many developed countries have policies to find alternative energy.
Many researchers have attempted to find suitable resources to produce alternative
energy such as biomass, solar energy, geothermal energy, hydropower, wind energy
and ocean energy. The concept of alternative energy is 1o develop other resources as a
substitute for petroleum and to reduce the central issue of global warming,

1.4 Solar collectors

 Solar energy is a well-known process used for drying fruits and vegetables, while
it is also usable for other purposes, i.e., water distillation and ventilation, etc

[41, 42). Different types of collectors are used for collecting energy from the sun,
but the flat plate solar collector and parabolic trough solar collector are the most
appropriate for getting more tracking sunlight for the deliydration of fruits and
vegetables and water distillation [43, 44]. Other researchers [45, 46] have reported
that drying is the most dynamic process for better quality of fruits and vepetable
The researchers [47, 48] said that the flat plate solar collector is the best method for
the heating of water with convective heat flow having an efficiency of 35-45%
Several years of research showed that the flat plate solar collector is better for the
use of heating of farm shops, dairy buildings [49, 50]. Efficiency is the important
parameter of flat plate solar collector for the heating of water and dehydration of
different kinds of agricultural fruits and vegetables (51, 52]. The ability of the
collector depends on an opti combination of temperature and flow rate [53]
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¢ of a Parabolic Trough Solar...

Solar collectors can be utilized for different purposes such as the p“nﬁ".ﬂmn s
distillation of liquids, the drying of products, the h_Ei\(illg of water f"rv::::s
purposes, for lighting at night and for water pumping [?3]. The researcl e
(39, 40, 54] found that solar energy is one of the promising techniques in e
energy for getting the pure and clean water from potable water r:su\n'ccs;I =
somany techniques which are used for heated water to 1‘lr0l‘h‘C‘c clean a.r; I:o'ect
water i. e. solar collector, solar photovoltaic, ete. [55-60]. In this research p b(‘:lic‘
we have designed two solar collectors, i.e., flat plate solar colleclfﬂ‘ ﬂf‘d P‘""Ms
trough solar collector. Both were used for the dehydration of fruits, ie, ;N:{cv;l‘
apricots, and loquats, etc., and also for water distillation purposes with the
opment of a single-axis tracking control system.

Parabolic trough solar collector, e

This type of collector is used in solar power plants [61]. A lrougll-slupe:'ug:‘)"or
balic reflector is used to concentrate sunlight on an insulated tube (D";’:r‘ i
heat pipe, placed at the focal point, containing coolant which “l“?le'fhlzllcc(nr‘
the collectors to the boilers in the power station [62]. In a parabolic i c'l;.r to the
one or more parabolic dishes focus solar energy at a single focal point 1 ":,‘c;ns that
way reflecting telescopes focuses starlight [63]. The shape of a pmbo:d the focus
arriving light rays which correspond to the dish’s axis will return m‘“,ﬂ 1, and the
[61]. Light from the sun reaches the carth’s surface almost entirely par ,c,‘—_‘dia(iun
Plate aligned with its axis pointing at the sun permits almost all lnc()w:&ch collec-
2 replicated toward the focal point of the plate [64), Most e i
tors are due to defic lencies in the parabolic shape and lacking rcﬂcu‘lu . ’day' light
to atmospheric trickle are minimal [65-111). However, on a hazy or nlggz;duccs the
i diffused in all directions through the atmosphere, which significantly
efficiency of a parabolic digh [1].

Solar energy has
making

. ilized for
brilliant prospects at the latitude of 340, which -““l;tcc::h‘ﬂ“"'
clectricity by Photovoltaic (PV) eclls, drying of products by so Hlector with
water heating, and water distillation systems [5]. The wick type solar C:d in summer
load and no-load at the adjusting Angles of 100, 200, 300, and 400 “Th‘ winter and
and winter. The average yield of distilled water was 2300 ml/m2/day’ oduction was
3400 mi/m2/dayl in summer reported by (6, 7], The distlled e solar system’
182 ml/m2.hr. with the difference betwean glass and sea-water, and ‘1'1:4 water pro-
noted 21.3%. They concluded that in 48-hour, the d'“} efficiency still
! inereased from 3000 mi/m2 to 3200 mi/m2 by (8, 9)- |hcsnj:5mmmpm'
determined with different inclination adjusting Angles of 150, 300, ARCEEE ool
various conventional solay distillation systems’ energ ‘l"'cm“m“f’";liul h)’“ol"n'c
vinyl chloride material in collectors have increased the e iy was il
collector’s daily output was in the range of 2 to 4 1/m2/day, and t“:' s Angles of 450
lated by 279 tested the flat plate callector at the inclination l"l‘l.ﬁ‘lul?l 0800 AMto
With the horizontal facing due south, They studied the collector oo evaluated by [11]:
0500 PM during sunlig ing October
.rhl' “lV"llll l.'\ﬂl|||\l|| W, (350\"“"

efficiency was
duc

Bt hours, and output was increased by 'n|ld=)’ duri
as increased from 2240 mi/day to 5?“’ ':" Angles of
1o Decerber using the flat plate solar collector with the adjusting p to
different parameters conducted by [12) . and August up

The basin’s efficiency- type ,‘.),l.;r still was highest in lun%‘lj";l&"ml/mz.di)“ [Ewas
75% with solar irradiance, and the output of the basin w«“'d without using, the
further studied that the output of a solar still was dcm-]::m{fcrc"‘ tilt adjusting
condenser collector [13]. The solar still plant studied wit aximum output was
Angles of 150, 250, 350, 450, and 500 and reported e I:ml the maximum
obtained by adjusting Angles of 350 during May. ”"Yr')‘isd,k,] water is used in Py
absorber temperature at 01:0 PM to 02:0 PM [14, 15, various hcvcrach.L"“d'“C'
various industries, nuclear-powered ships as a coolant,
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batteries, automotive cooling systems, steam irons for pressing clothes and surgical
instruments washing, etc. An electric water distillation plant commonly prepares
distilled water, but it has a high initial cost and requires electricity.

On the other hand, solar energy can prepare distilled water [16, 17]. Different
designs of solar collectors are available that can be used for water distillation. Solar
distillation plants can work by the natural water cycle, and it can receive the solar
energy to warm the water so that the water boils and evaporates. The vapors are
then condensed in distilled water forms as it cools down reported by [18]. The solar
collector can be utilized for different purposes such as purification and distillation,
dried water heating, heating of water for different purposes, lighting at night, and
water pumping [19]. In the solar desalination system, water is converted to steam
using the sun’s energy, and then these vapors condense as pure water. After the
condensing of vapars, it’s free of salts and other impurities.

‘The solar distillation water plant is a cheap and straightforward method to distill
or purify water reported by [20]. This plant required solar radiation as heat that can
convert water into the vapors form. Therefore, for solar distillation, the 2260 kjkg-1
energy is required to evaporate the water evaluated by [21].

1.5 Significance of the study

There is a shift record in the adoption of solar technology due to a shortage of
electric power, Energy is the primary need nowadays and to fulfill the requirement of
people ta use solar thermal collectors to overcome the lack of solar energy. Solar
thermal collectors convert solar radiance to heat and then this heat is given to a fluid
which utilizes this heat to produce distilled water form tape. It was also used for the

farm purposes in the buildings to convert water to steam. The performance of solar

|Mlectors was a keen factor to use them efficiently for dehydration and water distilla

’n purposes. Energy is the input or the heat given to the collectors that are available

om the solar radiation daily and to apply for sume useful purpose, i.c. water distilla-
don. Efficiencies based on the first law and second law of thermodynamics

To overcome and maintain the problem of water distillation, rescarchers indi-
cate the prefer ability of solar collectors” i.e. flat plate solar collector and parabolic
trough solar collector are suggested for increasing the yield during the water distil-
li!wn. The water distilling is the most important parameters during the distillation
with the process of solar collectors. Most of the studies focused on the distillation
process with the using of flat plate solar collector and corrugated plate solar collec
tor, but few were focused on the design of parabolic trough solar collector and
concentrating parabolic collector. Producing of distilled water can be done using
solar energy, but there is a need for sophisticated technology for distillation without
affecting the quality of produced distilled water. The multistage water distillation
process is a well-known process used by many researchers for tap water distillation

Although a lot of research has been done in this field, there is a gap regarding
energy and cost-efficient use of water distillation. A considerable amount of energy
is consumed in order to maintain the water distillation process, To fill the gapy in
ﬁhr: dlata. aresearch program was carried out to experimentally investigated the

pment and perfe of a parabolic trough solar water distillation unit

concerning angle-wise; we aimed to get the necessary data to rate commonly used
solar collector designs and to identify the required modifications.

1.6 Objectives of the study

'l"hx- research project was carried out to study the experimentally investigated
the 1 and perfe of a parabolic trough solar water distillation

P
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unit concerning angle-wise. In the present research study, solar d:snllcd water unit
was developed in the form of PTC in the D of A

tion, FCPS, The University of Agriculture, Pcshawzr KPK Pakistan with the
primary objectives of the study are as follows:

* To fabricate the parabolic trough collector (PTC).

* To investigate the develoy of parabolic trough solar water distillation unit
concerning Angle-wise.

* To study the performance of PTC with Angle-wise (Efficiency).

* To compare the quality of prepared solar distilled water with the available
distilled water in laboratories.

2. Materials and methods

2.1 Parabolic trough collector

Parabolic trough solar water distillation unit consists of a parabolic reflector, as
shown in Figure 3. The reflector was made of a Galvanized iron sheet. The sun rays
strike on the reflector sheet and then reflect the absorber’s one focus point (used for
distillation). For constructing the PTC, the focal length was calculated by using two
methods. One is the software used to find the focal point, which name asa Parabolic
Talu:l ator 2.0 version, as shown in Figure 4, and secondly, the Eq. (1), studied by
22]

wsed to find the focal point of PTC. The cross-sectional area of PTC was
calculated using Eq. (2) reported by [23].

X x*
Y=— =— 1
16T STy W
Art -~ Wrtx Lt @)

The absorber consists of a black-painted pipe, which received water from a
storage tanl and then heated up and converts to vapors form with solar radiation

Figure 3
Geneval view of pavabolic trough solar water distillation sunit.
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Figure 4.
The dimension of parabolic trough.

intensity absorbance, The absorber area and volume were calculated by the
following Eqs. (3) and (4).

Ap=x%Dy 7Ly 3)
Va=xxP xLg (4)
Two storage tanks were used in the experiment. One for inlet water, which
contained tap water, and the other used for cutlet distilled water. The collector is
oriented along the east-west axis along the longitude and the altitude of the exper-

imental area, The tilt adjusting Angles of the collector adjusted with an adjustable
stand to collect maximum solar radiation [24).

2.2 Solar radiation intensity

The solar radiation intensity is the amount of energy received from the sun per
unit time per unit area on the Earth. The SRI was recorded daily, weekly, and
monthly with a Mechanical Pyranometer and recorded in Mechanical Pyranograph.

Eq. (5) is used to determine solar radiation reported by [25].
I 368« V, (5)
I3Pak ol fethitd Hoagh ot

The Performance of the I'I'C assisted for the solar water distillation unit was

:v:luated in terms of the quantity of distilled water obtained during a laboratory
The distillation unit (cond ) is hed to the absorber, and it

received water vapors from the absorber through the outlet opening.jet. The vapors
cooled down to low temperature in the distillation unit to become liguid form. For
sea-water distillation, we used this system, and it works well. Still, the scaling effect
came after the sea-water passing through the absorber, and also through the distil-
lation unit, it was blocked both systems with the microbes and some other type of
micro-organism. Still, we clean both the system after three days using the chemical
of concentrated nitric acid to clean that system for all the scaling effect cause.
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Efficiency is the ratio of heat available to the collector (input) and distilled water
(output). The PTC’s performance was evaluated at different adjusting Angles, i.e.,
250, 350, 450, and 550 without sun tracking system in a whole day for three
consecutive months of the year, 2012, i.e., June to October. The temperature data

was also recorded in this experiment. Eq. (6) was used for the efficiency of PTC
studied by [26].

Mass of distilled water (kg) x 2260 (&)

n (%) =

6.
Solar energy (kj) x 20 0

2.4 Testing of water quality

The purity of distilled water was tested with the help of E.C meter (Model No:
4310). Before using the E.C meter, it was calibrated with the standard 0.1 and
0.01KCL solutions, and the S.1 unit of E.C meter is expressed in Siemens [27]. When
the E.C meter reading is in the range of 0-30S.cm-1, the distilled water is free from
impurities, i. Mg, Zn, and Na. While the reading greater than 30S.cm-1

means that the distilled water contains impurities in the form ions reported in the
literature [28].

2.5 Economic analysis

The procedure described by [29] is utilized for economic analysis of the solar
still, and the main factors used in the analysis of the desalination unit are described
as; annual fixed Cost (AFC), sinking fund factor (SFF), salvage cost (8), anml
salvage cost (ASC), Annual maintenance cost (AMC), Total annual Cost (TAC) and
Cost per liter (CPL) and Md is the annual average productivity,

AFC - (CRP)P o
e ®)
Tr =1
S0 O
ASC - (SFF)S o
AMC - 0.1 AFC an
TAC -~ AFC - ASC 4 AMC {2)

(13)

3. Results and discussion

3.1 Solar radiation intensity

Solar radiation intensity data were recorded every week with aMtchf"E“l
Pyranometer during the consecutive months of the year. Mean solar radiation
intensity data were caleulated during the dagtime from 07:00 AM to 04:00 PM, as
showed in Figure 5. s

The graph line shows the highest mean value of solar radiation intensity
recorded up to 625.5 kJ.m-2.hr-1 at 01:00 PM, The data trend shows that solar
radiation intensity starts gradually increasing from the daytime 07:00 AM to
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Figure 5.
Mean solar radiation intensity for the consecutive mowths of the year, 2012.

01.00 PM and then started gradually decreasing from 01:00 PM to 04:00 PM during
e experiment. The results agree with the finding of (30, 31], who reported the
lar radiation intensity was in the range of 500 W-m-2 using the solar water
ssalination system with different plates. The data show that the highest solar
idiation intensity was noted at 01:00 PM due to higher radiation. Because in the

morning, the sun was clear, and radiation was highest; after the daytime 02:00 PM,

the sun was covered with the light clouds, so that’s why the radiation was decreas

ing. The results agree with the finding of [32], who reported that the solar radiation

intensity was 368.00 kJ.m-2hr-1 during October 2012. The results are in agreement

with the finding of [33], who reported that the solar radiation intensity was

368.00 kj.m-2hr-1 during October 2010, because in the morning time radiation was

least due to light clouds and air blowing in October, while the daytime from

10:00 AM the radiation was increased with the clear shy.

3.2 The temy of the parabolic trough coll
The mean range of absorber temperature of the PTC during the time of the day,
i.e., 07:00 AM to 04:00 PM, was recorded from the consecutive months of the year
at different adjusting Angles, i.c., 250, 350, 450, and 550 are presented in Table 1
The mean highest value of absorber temperature was recorded 1230C at
adjusting Angles of 450, similar to the finding results (4], who reported the air
stream temperature 1200C. Because in the morning, the sun was not clear, so the
temperature was the lowest while after the daytime at 10:00 AM, the temperature
was increasing with the increasing solar radiation, The data results indicated that
the mean highest absorber temperature was recorded 1130C at the adjusting Angles
of 250 and 350. The results agree with the finding by [34], who reported that the
absorber temperature of the PTC for the time of the day, i.c., 07:00 AM to
04:00 PM, was 180C to 1100C during September 2011. Results are similar to the
finding by [35], who reported the air stream temperature in the range of 800C to
1200C. Similarly, the results contradict the finding of (HP 1985), It was reported
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Table 1.

Adjusting angles wise range of mean temperature on PTC.

that the absorber temperature of parabolic trough solar collectors for the whole day
was 690C to 910C in October 2011,

3.3 Performance of parabolic trough collector

The mean highest output of distilled water was ranged from 472 ml.m-2.day-1to
782 ml.am-2.day-1 for the different adjusting Angles are shown in Figure 6. The
mean maximum output of distilled water was recorded 782 mlm-2.day-1 for the
adjusting angles of 450, followed by 734 mlm-2.day-1 and 718 ml.m-2 day-1 with
the adjusting les of 350 and 250 respectively. Similarly, the mean minimum
output of PTC’ distilled water was noted 472 ml.m-2.day-1 with the adjusting angle
of 550 because the sun path was at the range of 800 to 850 adjusting Angles for the
PTC, and we collect the date up to 17 days. Results are similar to the finding
136, 37), wha observed that the distilled water production increased up to 600 ml.
m-2.day-1 with the solar chi y power generation-sea water desalination of the
synthetic system. The results contradict the result [21, 38], who observed that the

average yield of distilled water was 2300 ml. m-2.day-1in winter on the single solar
wick type distillation plant.

Figure 6 shows that the average aggregate distillation yield of solar distillation
units corresponds to the average annual condition. Based on meteorological data
(solar radiation) obtained from the website’s information, it is assumed that the

T T - r

"
150
LB A I e i 1o
> 0 5 40 4 “a 58

Adjusting Angles ("A)

Figure 6.

Mean output of distilled water for the months of the year.
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average annual condition is equal to the average condition attained during the study
[50, 51]. From the results of the study, 625.5 kj.m-2.hr-1 has been noted as the
average daily solar radiation, The 550.2 kJ.m-2hr-1 has been noted as the average
yearly solar radiation in the area (as described on the website). It is reasonable to
consider the test period equivalent to the average annual condition since the aver-
age annual obtainability of solar radiation in the area is appropriate to be adjacent to
the experiment.

Likewise, the results are not in line with [39], who reported that water produc-
tion was 6000 ml.day-1 with desalination process low temp The dard
error bars are applied to distilled water data in the graph, which showed the
standard error between the consecutive months of the year and adjusting Angles.
The results are similar to the finding [40], who observed that the distilled water
production increased up to 600 ml. m-2.day-1 with the solar chimney power
g water desalination of the synthetic system. Results are not in line
with the result [41], who reported that water production was 6000 ml. day-1 with

desalination process low temp The results are similar to the founding of
[42, 43], who observed that the distilled water production increased up to 600 ml.
m-2.day-1 with the solar chimney power g i water desalination of the
synthetic system. However, the results are not similar to the result [18], who
observed that the average yield of distilled water was 2300 ml. m-2.day-1 in winter
on the single solar wick type distillation plant. Likewise, the results are not in line
with the result (WD & Tamme, 2008), who reported that water production was
600 ml.day-1 with a low-temperature desalination process. PTC assisted for solar
istilled water at tilt adjusting Angles of 350 and 450 worked efficiently for the
aximum output of distilled water for the three consecutive months of the year.

| The efficiency of parabolic trough collector

The efficiency of PTC at different adjusting Angles 250, 350, 450and 550 during
the consecutive months of the year are shown in Table 2. PTC’s mean efficiency per
day at different adjusting angles varied from 17.9% to 26 9% in Table 2.

From the data, it was noted that the mean highest efficiency of 26,9% was found
at the adjusting Angles of 250, followed by 26.3% and 26.1% was noted at the
adjusting angles of 450 and 350 respectively, while the mean minimum efficiency
was noted 17.9% at the adjusting Angles of 550, The data shows that the PTC was
performing well at the adjusting angles of 250, 350, and 450 compared to other
adjusting Angles. PTC’ low efficiency may be due to cloudy days at the adjusting
Angles of 650 so that the absorber’s temperature was not reached to the required
amount for the distillation of water. It was concluded from the result of the mean
efficiency of the three consecutive months of the year that the PI'C is efficiently
working at the adjusting angles of 250, 350, 450, for the distillation of water. The
reason may be a rapid change of sun rays striking on the collector, which affected
the absorber’s focal line at adjusting angles of 250, 350, and 450 compared to 150, 550

. Adiuuln" angles Sr AT ¥ Dw Fo o

71% " ; 14801 139 y 0573 146 §527 69

350 14892 VI |;7- 770700 7391 5403 261

a5 16126 1 irlli 2416 ; 2606 5889 263

550 uma 1 9869 1572 3552 179
Table 2.

Mean dfficiency of PTC assisted for solar distilled water,
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650, respectively. Results are near the findings by [18], who reported that solar
efficiency still was 16.1%. Likewise, results are similar to the finding [44]. They

reported that the efficiency increases by 9.29, with the increasing absorber area
from 0.51 m2 to 0.62 m2.

3.5 Description of water quality analysis

The water twisted by the parabolic slot solar collector is estimated for quality
from numerous characteristic points of view. The water management laboratory
department at Peshawar Agricultural University in Pakistan verified feed water and
distillate samples from various angles, i.e., 250, 350, 450, and 550. The samples were
verified for pH, electrical conductivity, Alkalinity, total dissolved solids (TDS), and
chloride content. Table 3 reports the characteristic seats and average values of the
three random samples composed of feed water and distillate samples from different
days. The table also includes acceptable limits for available properties from llhc
studies reported [45]. PH represents the acidity of the water sample, determined at
agauge of 0 to 14. A sample with a pH of 7.0 designate neutral values, slower than
7.0 designates acidity, and above 7.0 is considered to be essential solutions. The
study results noted the range from 7.26 and §.18 pH values of feed water samples,
while for distilled water, the pH was noted with an average of 7.46.

Conductivity (E.C) (m/s) is the capability of an ingredient to conduct current,
ich is proportional to the absorption of numerous melted salts (obtainable in the
form of ions (cations and anions)). The average value of 901.20 m/s was noted for
the inlet’s electrical conductivity from the study result simple. It was found that djc
conductivity of the distilled sample was very little up to 19.75 and 28,52 m/s associ-
ated with the inlet, Similarly, Alkalinity (mg/L) is the capability of water to cnun»‘
teract acids. From the present results of the study, the alkalinity value of feed wlltr'l'
samples was detected in 400 1o 412 mg/L, while 14 to 24 mg/L values were rerqrflv
for the distilled water samples. As a result, significant differences in the I\Ik.:lum:,'l
of feed water (406 mp/L) and distilled water (18.80 mg/L) samples were dcl.eclel.‘

Total Dissolved Solids (TDS) (mg/L) assessments are indicators for assessing the
overall quality of water, I herefore, the TDS test provides a qualitative mnasurcl. ’
although it does not Approximate approximates in the sample. It was dcrcctcdtlﬂd
in feed water samples, TDS values recorded hetween 463 mg/L and 470 mg/Lan
2.69 mg/L to 13.88 mp/L was noted for the TDS of distillate samples, v»:luch dln-tn;hc
onstrating enhancements in water quality achieved from solar energy. h"mhr‘)'d
concentration of chloride in water raises electrical conductivity and, consequen! n)’f-
its corrosive ol ter The present results of the study indicated that the n‘ngﬂn

5.00-71.90 mp/L, while for the distillate sample, tlwvalu';]:’
noted in the range of 10,90-13.40 mg/L.. Therefore, it can be inferred ﬂmlf' I
duatity of water obtained from solar energy is sil suggestively better quaityi
addition to the above products, the production of distilled water tasteless, T
and colorless, Thus, distilled water produced from parabolic trough mll:;’ mad usting
potable, The results agree with the finding (46, 47; they repored it the &)
Angles of 350 and 450 is the best for the PTC for producing maximum GSii
water, The performance of PTC was best at the adjusting Angles of 350 for
maximum output of distilled water reported by [48].

saline water w

P IN the
3.6 Comparison of D. W regarding e, C with available distilled water
agriculture university Peshawar (AUP)

i al Mechani-
Distilled water obtained from PTC in the Department urfur_"fl:‘::’:m e
zation was compared with the other distilled water, prepared Wi
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different Departments of the University regarding E.C is shown in Figure 7. The E.
C of distilled water which was prepared in the Department of Agricultural Mecha-
nization through PTC was 18uS cm-1, which is in the range of the E.C of distilled
water 1545 cm-1, 163 cm-1, 19uS em-1, and 20pS cm-1, which was collected from
different departments of the University (AUP) which they prepared through EDU.
From the E.C meter of the distilled water, it is clear from Figure 7 that the E.Cof
distilled water prepared by PTC is similar to the prepared distilled water through
EDU. Standard error bars are applied to the E.C data of distilled water of different
department wise, which showed how much error is present in the data. For
Peshawar-Pakistan climatic conditions, the annual average daily yield from the
parabolic trough solar distillation unit can be assumed to be 782 ml.m-2.day-1 [49].
Nevertheless, the economic assistances analysis described below will highlight

the effects of design parameters, djusting parabolic trough solar distillati

unit angles. The solar distillation unit is expected to function for an ordinary of
153 days per year (established on the yearly sunshine period in North Peshawar-
Pakistan). Table 4 encapsulates the outcomes of the economic investigation.

o B e T

Apes Chien BBy WAMA 1ol
Department of the AUP

Figure 7

Electric conductivit

y of distilled water in departments of the university

Mie parameters Value

s, 10,000

Arnal ralvage ¢ R, 110 per anann
Annual fixed cost s, 2000 per anpum

Annual maintenance cost Rs, 200 per annuim

wal water pr

uetivity 261520 Lam 2

et price of distilled water Rs, 131

annual co s, 1800 annur
Cont of water produced s, 268/L-day

Vayback period 365 days

wic analysis of solar distillation wnit.
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Based on cost analysis, the assessed unit cost of fractions is Rs 2.64/L2. Corre-
spondingly, the payback period is 365 days (Because a sunny day of the year is
supposed to be 153 days). The decrease in the angle of alteration of the solar distilla-
tion device has little effect on the desalination device’s production rate. N(—vrnhvrltu,
in this study, the angle adj has been an ial factor affecting Suh.l distil-
lation devices' daily productivity. Therefore, the impact of distillate production on
water costs was investigated, taking into account the increase in distillate production
in the four cases considered under the present study. .

Assess the consistent rate per liter of distilled water, as shown in Figure 8. The
study results concluded that the cost per unit of distillation had been suggestively
decreased from Rs, 4.92/1. to Rs, 1.57/L.. As a result, the cost is significantly reduced
(approximately 68%) distilled water achieved with the increase in distillation

L lting imp in the solar distillation design, with
adjustment angles, i.e., 250, 350, 450, and 550.

4. Conclusion
Water and energy are the basic needs for us to lead an everyday life on Farth
Solar energy technologies and their usage are the most important and useful for
developing countries to sustain their energy needs. For the distillation process, the
use of solar energy is one of the essential techniques. From the results of the
laboratory experiment, it was concluded that:
* APTC can be used for the production of a reasonable amount of distilled water.

* For the maximum amount of distilled water for PTC, the adjusting angels were
recommended 250, 350, and 450.

* From the results, it was cleared that PTC maximum efficiency was noted
26.9%, 26.3%, and 26.1% for the adjusting Angles 250, 450, and 350, respectively.

* The cost per distiller has been expressively compact from Rs 4.92/L to Rs 1.57/L
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ith
* The average unit price of solar distillate is still evaluated at Rs 2.64/L-m2, Wi
arecovery period of 365 days.

s 7 ion drawn
After careful considering of the experiment, the following suggestion
from the results of the study:

: to the
* The PTC is a cheap source of making solar distilled water as compared
EDU plant.

* The collector should be place

5 i solar
d in open space for absorbing maximum
radiation to get maximum di

stillation,
* The collector’s focal

i t
point should be re-adjustable, and the reflecting sheel
should be used

as good quality.
3 . y be
* For increasing collector cl'ﬁcicncy, a sensor revolving system should
developed concerning direct reflection of sun Tays.
Y . - cting Angles and
* To repeat the experiment for the whole year at different ad]um"EA gl
day timings.
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Chapter 22

Precision in Agriculture Decision
Making Based on Machine
Learning

Ratnmala Bhimanpallewar and M.R. Narasinga Rao

Abstract

~ Farming is the one
Increasing the
chhnology is
enhanceme:

of the major occupations in India. Increase in pUP“h.:m::;d_
demand of food, whereas soil degradation causing decrease |d‘);‘"
cnmrihunny‘ in agriculture domain through software and h:rs“inble
nt. One of the software-based contribution s for predicting lhc better
crop. Same field can be suitable for one crop and not for another one, so.ll ISI 2
to choose the one which canlead to better yield. There are many "‘:tdlmv: ntgs( and
rithms available. Algorithms which can work for suitability analysis ""‘jl 5 format.
choose the begy one. Such predictive algorithms need dataset in IPI""’Pn:!:ing
Once the quality data is available correct predictions can be made. Dam m[‘ninu;l
machine leay ning are the branches comprise of algorithms, which can I?c based on
|‘)4'i(-l\| Inu dataset. Here we are introducing algorithms for decision making
1eld data,

Keywords: hine-le

o Igorithm,
arning, agriculture, suitability, yield, dataset, g
fragmented land, ¢ rop

Lintroduction

Agriculture js
are the ¢ xpert

5 "innﬂfs
cperienced

the main occupation in India and no doubt exp

fail 5o nee

o cdcl'“iu"s |“ly
at doing everything, T hey cantake the deciion S ons we are con
410 do some analysis for good results, One of t (»Id’“ Jt needs toanalyz®
sidering here ix “which crop to be adopted to have better Y itable crop/crops:
allthe featurcs on which yield is dependent and predict the ehich cantot prepare
The basic feature j.e agriculture land is the natural featur€, or(hcst‘rmuslssu;S
artificially and that too increase in the soil degradation O sl quality ne of
farmers are fac g {11 There are multiple reasons f‘""“'}t},yitm farmers ¢
them i, une of fertilizers without knowledge. For "“".'cf:‘ncbdlm e et
unbalanced quantity of fertilizers [2], without klww‘]‘u‘l’;h crop issuitable fnrnc‘
Even young farmers cannot take decision .|Imulvw(. adopting some ",oi‘:mldy
Hituation (soil quality, environment etc.). l“"mllr.l\ ::np]c for this from Lnsch.wcrsl
using chemicals for better yu-l(l.\vrh.\vun,;(nud‘x.".c;nc¢'-1b“v°'ds'1“l et the
at Kolhapur district (3] which was resulted in e o able croplcrops i enits
impacts we are thinking about vrunmnwndlng(;'l:_r the pattern of histor
genuine decision we are using historical data.

1y
: propriate
identified successfully, predictions can be done 3pF
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There are many algorithmic approach ilable for predictive analysis,
machine learning is the branch which makes computer to learn from the dataset
available. We are discussing about the 1) Role of machine learning in precise deci-
sion making about agriculture, 2) How to classify suitability level of crop/crops and

feature values,

2. Apricull g e king 0 t

Since old days farmers are taking farming decisions about agriculture by experi-
f choosing the crop to be adopted.

ence, Here we are di ing about the decision of

Though agriculture is a major sector in India, same trend is going on. Automated
and advanced systems in the form of software and physical machines are i d
and available for use in developed ies, some of them are available in develop-

ing countries like India as well. Available facilities are either unaffordable or not

easily approachable. Some systems are developed for some particular geographical

area, it cannot be adopted for India as it is. Software techniques available in devel-

gped' countries are not applicable due to fragmented land, because those systems are
e 2 ahnd

ped o 2 g 2
In India Krishi Vigyan Kendra (KVK) are the centers made available for farmer’s
id. It is responsible to spread technical knowledge among farmers. They

conduct training, awareness programs to achieve some goals set as below:

1.Develop advisory services for farmers.

2, Conduct training program on different trends.

3. Conduct training programs for different level of people working in agric ulture.
4. Agriculture field testing

5.D ion for recent i

Itis playing an important role for needy farmers. Multiple KVK centers are
there, 50 they can work according to the location to develop location specific solu
tions, It also has contribution in providing quality products like planting material,
seed, organic material, livestock related products etc. As above mentioned, all
agriculture related centers are available to facilitate people working in agricul
ture sector.

Despite all the knowledge centers, testing facilities available, farmers are
continuing with traditional methods. The major change they have adopted in after
Green revolution, Green revolution has shown drastic increase on yield [4, 5], Other
than using high-yielding varieties of seeds and the improved quality of fertilizers
farmers are not interested to adopt new technics. There are many reasons behind it,
as discussed further.

The one who work in farm are not well educated, not aware about the ongoing
innovations. Even if they become aware, they cannot afford it. Economic condition
of most of the farmers in India is not sufficient to purchase the automated systems
available in the market. At another end, the educated, economically well, and aware

people not much involved in actual farming and related occupations. The tradi
tional farming methods are dependent on natural Uncertainty in the
nature directly effects on agriculture production, so not getting yield as expected.
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Thus, since lon

3 i iti mall/
g ago there is no improvement in the economic condition of s
marginal scale

farmers in India,

3. Existing systems

Decision making system available in other countries. One of the Pﬂlf“l“ gy
slonmaking system js Agriculture Land Suitability Evaluator (ALSE), isthe zpfor
specific evaluator at Peninsular Malaysia [6). Here crop SP“iﬁc_mﬂns' “w“ culti-
mango, citrus, puava, Papaya and banana as well. Base for decision making is chas
Vation history, cultivay 101 knowledge, land characteristics, climate futurts ils:bﬂil}’»
annual precipitation, dry season length per month, land slope, nutnenty ility
and retentio, Some othey features a’rc used for land availability and ;umbll::)s
evaluation in Tuban Regency, Java Island (7]. Spatial mulli~criteri? mlbw];nd

done based on Parameters like, land elevation, slope, slope dmmm‘i, i
use/land cover, land c.np.nl)ili(y, Integrating soil order, climate, and accessi lh:‘Y
Outcome Prepared was land yge pl:n’\ by the spatial pattern. This is (hem‘u’ontd
ing most fertile land ip, the country. The weights are assigned to ;ha\t! m“:,"‘,c
rteria with the help of cight experts invnlvn:d for sub-criterions. Cnle':cﬁtgriﬂ"s
Scores are assigned in the ange of 0-10, accarding to involvement f’fm repare
under each ¢y iterion Weighted sum overlay method used thoscwtlshts'“l:i;fy
suitability map. Smmhilily analysis for crop Soybean in Indonesia (81, “’l: nee
the loca) need, Regulay domestic consumption of soybean was more wV‘st;l‘“’
Werenot fulfilled, 7y, vesearch was conducted in Karawang Regmcy'ﬁ,_lds and pre-
Indonesia 1 identify Suitable area for soyabean plantations in paddy ries from
Pared plan for j¢ The SUitability classes defined according to FAO F‘leg‘;ﬂc“d i
Suitable (S2) 1o 1,0, Suitable (N) I'r;|> v«’-lu-.n crop suitability analysis o1 criterions
North Carglin, 9] e study under taken was rain-fed wheat. Five soil-
considered weye l).b clin)| ate, soil-features, snil-ofll‘"'('m“:;;ncan!id'“
1 soil-chemiy enteen \.ulx‘«:rucl‘la under |h;|,TlnsﬁY‘""'md isuseds
BEOBTaphic inform g, ystems ('(;m) as base and the square 100t mt;cwht"
alled multi-criteriy oy Percentage of land suiabiltyfor oae L
washighly suitable. 1g gog and moderately sutable- 768%in Dup o
EXIStg yield simu gy method was also based on Mna«mremnul..edwimfm
. l("'.‘.'i -:‘::‘H';‘ e ;l‘\.l.‘» ( ‘ll ‘:\ e study for ml::!;‘-\“:;::‘l")::::: e rs,;,,,nmema 5

A1€a, predictions are pive i 4 a.
Agriculture (USAD) N‘,m..",ﬂ A:,.:..nl;u.\l Statistics Scl""{‘“ (:':mfd "”d‘”ndﬂ
cussed system, suitable for un‘h.q-,uu-nm\ Jand not for frag
Decision maling ,

The cas,
50l -feril;
Mry and gey,

Yetem available in India
As discuns d abow
scale fieldy i, by tra¢

alll
jamainly for 40
’“.Il\y reas

still the decision making in '"iﬂ,,,gcrpt“ I the moment
litional way. So, farmers are not

e
[ty in patu!
s like decreasing quality of sotl, uncertainty
Atomated ma

A an
 scale Indian hm‘d’:l""dcm i
hines are not used I»yumnlllln‘""“|l ﬂukrs"""'mbc
dependent oy labors, There are many reasons which
labors as below
chines.
hase ma’
1:Poor econamic condition, so unabletopure s ke ractor 304

sl
e big 3
2.In fragmented lands, it s difficult touseth
tractor accessories
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3. Unaffordabl

cost of d
4.Unaware due to lack of interest.

ization people
farm ion i ia, due to urbanization 3
- : S, ficiency. So, labor
e s t'he mu;“:;ci‘;ﬁ‘ G i hb‘:;‘:: i: lowers the
i b “-"b:’"h ul::l:‘:::: farming expenses and aga
cost is increasing whicl
economic condition of farmers.

B 3
A Fossloatiinm yphase
o . e e £ jate crop which give
choosing the appropriate L:D'l;'hg reason
Decision making is in the context "f. sons like soil, environment.
in available natural co!

tudy
first we need to stud
trolled. So, sh monitoring
behind it is soil and environment cannot be[::l:hu collected thr_nuikh :;:—edictiuﬂ
about the technologies available to B heieare b
and reconding the sofl and e'm"mmmu'lgz.ble method and "’,‘s will give the level of
techniques we can study to choose the sui Suitability analysi e ingly. The crop!
suitability analysis based on historical d::' take the decision :Ic:

itabil d then user teer yield.
mublmy’ fOYrC‘:UP’m_mm can be adopted fm;:’:‘ as below:
nupv;hl::::‘gd:‘:li:izl(hh :zviwry system into sub p:

e e

4.1 Collecting data
4.11 Hdentifying the features . features affecting mxl c::»ll;[)l';rllx:h:’;gh
The first important taskis to ndzlnum'“ 1 mw.wiz‘(:ﬂ;j""" variety of
P!r'lhe guidelines a‘:’:n::zl: ::.:z‘:'hz allowing recurrent
::::Z-mmu ranges of the possible features.
:.Topogr;phy
b Temperature
<. Soil type
d.50il Quality
e Rainfall
£ Soil moisture
#pH

hEC

i. Soil nutrients: Nitrogen, Phosphorus, Potassium
- Soil micronutrients
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All above features and some features can be added or removed as per require-
ment and availability of data like humidity, soil texture etc. Some of the features
remain constant for the period of a year or more than that ex. Topography of land
does not change for years. Some features need to measure for the period of a season
orless than that ex. rainfall required at the beginning thatis seeding phase of the
crop is different than the growing phase of the crop. As usual weare considering
two seasons of cropping i.c. Kharif and Rabi, There are three main phases of the
crop seeding, growing and maturity. Each phase has different requirement for
ninfall, soil-moisture, temperature, nitrogen level, phosphorus level and potassium
level. We will discuss about the influence of features on crop growth one by one. To
consider these values for analysis purpose we need to normalize the feature values.
Some uf'lln: feature values are considered in the numeric form and some need to
convert into categorical form. Textual values cannot be considered asit s, it needs
tomap to the numeric categories. For better understanding of the technique letus
take an example of the crop wheat.

a.Topography

Topography is nothing but the slope of the crop land. The field having slope
less than 10 degree is good to use for cropping. It is a natural feature which
can be controlled nrnﬁcinlly, With or witlmu(’amlysis we can saY‘his isvital
feature contribut ing towards decision making for crop suitability: Sloppy fields
.Im- .'f“' £ood at holding the water at higher ends and may have clayey soilt
ower end this uneven nature is not suitable for crop gruwlh.SumcuflhecropS
with less water requirement can be adopted provided the slope s less. o
““'("'I‘“l!' aphy values for algorithm purpose we have categorized it Plane
\‘llll‘l.u r. is always most suitable for every crop so, the categorization is doneas
ane, 2- slope less than 10 degree and 3-slope more than 10 degree.
Temperature

:.‘,::;;;‘:‘;‘I”‘ 3 natutal parameter. Geographical location of India s such that
B sofar energy is available, This feature values need {0 consider phase
wise. Suitable ranges of te mperature is discussed in Table 1. 1f temperature
goes below or above the range crop yield get reduced. The values of tem-
:‘:‘11:::-“; can be considered as it is in the numeric form with unit °C (degree

Soil type

Pype of the soil plays a Lw-..h-m.mpyu-m_w.m-rhnlxl-"s"‘l"“""i<
dependent on the .

o . and for
s0il type. For some of the crops clayey soilis goo

. salubility
Temperature Soil quality e
. Levell
M Good
Levell
2% Good .
Levell
20 ¢ Good -
Table
Sample tuple in dataser
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some loamy. Few crops can be grown in sandy soil as well. Soil type is tex-
tual value, cannot be considered as it is. Here we are categorizing it acc.o?'d-
ing to water holding capacity. First category is 1- Loamy, 2- Clayey, 3- Slity,
4- Sandy.

d.Soil quality
Quality of the soil is dependent on multiple features like soil nutrients,
micronutrients, texture, water holding capacity and it may varies according to
the chemical used, erosion occurred etc. Krishi Vigyan Kendra helps to

know the quality of soil in terms of levels, With reference to fhzl we are consid-
ering the soil quality levels as 1- Good, 2- Moderate, 3- Marginal 4- Low.

e.Rainfall

Rainfall is the natural feature on which other features dependent. Water
requirement for different crop is different. Precipitation has some annual pat-
tern, sometimes it may vary. Here we can directly consider the numeric yalues
or range of it for analysis purpose. This feature needs to measure according to
phases of the crop

£ Soil moisture

Water holding capaciry of the soil, supplied water decides the soil moisture
level. Good quality and type of soils has enough moisture carfu:m, Not unl;lr
rainfall but irrigation sources also contribute to decide the soil moisture values.
Here we are taking its numerical values as it is phase wise.

g-pH
d in pH units, Different

It shows acidity or alkalinity of soil and is X
crops can bear different level of acidity in suil and water. This numeric al value
is considered in the range of 0 to 14.

hEC

Soil electrical conductivity is of amount of salinity, one of the indica
tors of soil health, Excess salinity levels occur in arid and semiarid regions For
this feature as well numeric values considered directly. The range of it is from
061110259 dSm - 1.

I "

i Soil ients; Nitrogen, Ph " It

Major soil i are nitrogen, phosphorus, | ‘Ihis feature is artifi
cially manageable. Deficiency can be resolved by adding the fertilizers avail
able in the market but excess amount available can not reduced in any way. If
farmer get their soil tested, they come to know the existing level of nutrients
and amount of fertilizers to be added. But they do not approach for it and add
the fertilizers without knowing the requirement. This is leading to soil degra
dation. Once we know the suitable crop and existing amount of nutrients, it i
easy to recommend the appropriate amount of fertilizers ta add and avoid the
soil degradation up to certain extent,
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J Seil micronutrients

i i ested into labora-
There are subcategories of soil micronutrients. Soil cab be t

d one
i 3 can understan

tory to know the availability of micronutrients, so thatwe

aspect of soil quality and take future decision.

epall the
These are some basic feature we have considered here. We :‘:;‘dlt:cl:;ol;, 2)
information, while recording these feature values: 1). what wa 2 4) what was the
what were the date and time? 3) what was the cropping 5“50“‘some other features
crop/crops adopted? and 5) what was the final yield? There a:;il:ble casily. If more
affecting on yield hut cither has less effect or values are not a
factors are considered, results get quite improved.
4.1.2 Collecting data using feature values
cted. Either we
There are two different sources from which dataset canbe wllc“::rfcurd the
can have sensor-based device which will sense actual field fcal:"isn:cgmud with
dataset. According to features we want to monitor; device can be ntrol the data
Tespective sensors (available in market) and microcontroller W::; monitoring
recording [14) ang storing process. This method can be referres
feature values

¥ ine
: e or offli
lable onlin
- Another method is to prepare dataset from avai
sources called as gathering feature valyes,

4121 Monitoring feature palues

¢ since long

Environmental data is available with the mﬂmmlnglﬂl d:l;:;:::‘; Rain! l.]
ago. Parametery required for agriculture are with the d‘.“"r“f.‘“ whereas for g~
Y meteorological department is area wise, city Wi Soil ftﬂmrcsalsnv:fyl'
PUrpose rainfall need to measure at specific location. rs used. S0 (htg“’v;;c
one farm to another farm 44 per the crop adopted and km-‘"l‘;lv:' crop. Crop sPect
TEPOIts prepared cannot be referred asit is for deciding suitat the field specific
monitoring system can be used as described below to measure
features

culture

A monitoring

Sle
nearby features

the
10 5ense
sories [14]

m with microcontroller and accessor

ike

a.Rainfall sengor

b.Moisture sensor

c.pH nensor

A EC ge

e Environmental sensor

£ NPK measuring kit

Al the

re is lot
1d. Thel
tual fiel
the ac!
recessories like above can be used to monitor

ice used,
(he dev!
ding 0 - 1 d one ot

. So accort f fiel
of variety in the accessories available in the mal’:’:" g on |ht=‘;“:]:h“n will get
scope of monitoring that feature get v.\ncs,l)l'l:l dvsuumw
more than one system needs to plant in the sam¢
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monitored to get more accuracy in the feature value. According to components used
cost of this monitoring system get varies. The frequency of feature monitoring can
be every second, minute or hour as per the code written, thus it is always editable
as per user need. Data can be gathered in the tabular form, so that it can easily
converted to SQL database for further analysis. Backup of data can be fetched from
device as an when required. As we know microcontroller like raspberry-pi has own
memory in the form SD card from which data can be fetched or we can make the
provision for data transfer by using some network protocol, as raspberry-pi has
default support for Wi-Fi, we just need to do the configuration and coding accord-
ingly. This kind of data backup need only once in a season. It is better to maintain
the data along with date and time (time is optional in some cases) and exact place of
the data recording,

4.1.2.2 Gathering feature values

Metrological department already has the system to monitor the environmental
features accurately, Also, Krishi Vigyan Kendra available at different places provid-
ing the values of soil and water features after soil and water testing. The drawback
of this method is we do not get the data belongs to same location for which we want
to do the suitabili y analysis. Metrological depar has their setup at certain
places only not at every place we might use for suitability analysis. KVK reports are
also from the different fields, we cannot guarantee that all the soil samples collected
are belongs to same location for which we want to do the suitability analysis. Here
definitely we can filter out and choose the dataset belongs to same region which
will give appropriate prediction, So, we collect the available and authorized data
from metralogy department, Krishi Vigyan Kendra and the offices working under

cult i jes and g intai data related to farming. This
data is compiled further to fetch the values of identified features under Section 4.1.1
and crop yield value. Data need to maintain in tabular format so it can easily map to
SOL database for further analysis. It is mandatory to maintain the data along with
date and time (time is optional in some cases) and exact place of the data recording

4.1.3 Preparing dataset from feature data

The frequency of monitored features can be changed by averaging the value for
required interval. Same data can be customized for different purposes like weather
prediction, crop suitability analysis, to understand the pattern of field features etc
Here we are talking about crop suitability analysis. Cropping seasons play important
role in the crop specific suitability analysis, So, the interval for data analysis is also
aseason. Under season every crop goes through the three main phases seeding(s),
growing(g), maturity(m). Each phase needs some basic requirement like in the
seeding phase favorable temperature for wheat is 20°C -25°C, in the growing phase
itis15-30°C and in maturity phase it is 14°C 15°C [12] at state Punjab in India
whereas the it can tolerate the temperature in the range of 3.5 35°C. It means if the
crop gets that feature values in expected range in all the phases it will lead to better
yield (i.e. high suitability level $1 or §2) otherwise yield may get reduced than

expected (i.e. low suitability level 3 to N2). As per the crop season and the phace,
in}erval of data collected is decided. Some of the features need to consider phase
wise (ex. Rainfall) and for some features single value need to consider (ex. nitro
gtn..plwlphunu, potassium (NPK). Along with the above identified features under
Section 4.1.1 we also need to get to know the season, yield and crop/crops adopted
for the fields considered through data gathering.
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4.2 Analyze data for decisi king

Collected data is further analyzed to understand the crop specific s“'m‘:;h'wcd
for variety of crop for particular season, the one which is more slllﬂblf'li a VI:nnl
toadopt. Here the logic is- based on historical data collected From :nwmnmiml
data we understand the pattern of environmental features for current season e
current phase of crop and predict that aggregate/common values in the rsP‘Cnh“
season. Some of the features like NPK, pH are available as the current vnluct: e
feature, 5o it can be taken as it is not any prediction required here. Standard E:
values/ranges required for crop is already well known to the farmers whoare1 oS
farming business itself. For new farmers, the guidelines are available for tm?ﬂelign‘es
feature values suitable are mentioned crop wise and phase wise under the g;n
available (12, 13]. Guidelines are available in the form of books, eports, o pa
resources, also offline centers like KVK are always available to guide. The in
tion provided by such resources is static information. pased on
Here we are discussing about analyzing the suitability level gf crop ba th
current situation dynamically. For such decision making, historical d‘nw;] The
few current feature values can make available as discussed under S:monl‘;ﬁon
suitable methodologies need to choose and customize for agriculture a]l’Pt'im“ R
Suitability results need to compare with the existing results available, (Ilin i
astesting in machine learning, Variety of methods can be applied and the
methodology

which gives more accuracy can be used further. Once the
able, the methods bas

data 1s=v='d‘
equirts
sed on data analysis are more suitable, Extracting thereq
nformation from available dataset is called as Data mining. d historical
Data analysis means, identifying something based on currentan titative
data. Broadly it is categorized into two categonies qualitative and qﬂij‘l‘ e
analysis. If you want 1o et the answer for why, what, or how we neet I:FLI’]“"
qualitative analysis. If you want to know some statistical «xrcalfﬁ‘fnali level
then go for quantitative analysis. Here we are discussing about suitabi :{YN;unnS,
analysis, According to Food and Agriculture Organization nflhrl)"‘:l:brfn used.
suitability level is a categorical value [15], so quantitative approach b J,l analysts,
Quantitative approaches further categorized as text analysis, "‘f"s‘;'ttw,wanl'°
diagnostic analysis, predictive analysis, and prescriptive analysis. "n,ﬂlpn‘d""
predict the s uitability based on historical and some current values, 5‘; “gwillllhf
tive analysis. If we have the historical databaseofthefam festures SOREEC o
yield, yield of the crop/crops can decide respective suitability level ©
storing into dataset

ield s Yir
st yield isY
Fax. For crop € in particular farm area for season §, expected hr‘,gbg#rvTune in
Tones/Hector and lowest expected yield is Yy Tones/Hector (itca
worst condition)

Then, inte

val between two adjacent levels Y, caleulated as,

(1)
Y=Y, -Y. /4
Five vanges of yield from higher to lower, are computed s
(2)
Levell is = Yy
3)

Level2 is(Y, and)=Yj - Y/
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Level3 is(Level2 and) = Level2 - Y, “)
Level4 is(Level3 and) = Level3- Y, )
Level5 is < Level4 ©)

Example,
Expected high yield Y, = 20 Tones/Hector and lowest yield Y. = 3 Tones/Hector.
So,

Interval.
Y, =Y, -V, /4=20-3=17/4=4.25
Level1 is >= 20 Tones / Hector
Level2 is(20and) = ¥, - ¥, =20~ 4.25(15.75 Tones / Hector)
Level3 is(15.75and) = 15,75~ 4.25(11.5 Tones / Hector)
Level is(11.5and) = 11.5-4.25(7.25 Tones / Hector)

LevelS is < 7.25 Tones / Hector

There are five suitability levels defined by FAO [15] as below,
S1- suitable.

$2- moderately suitable.

53- marginally suitable.

NI- not suitable due to physical reasons.

N2 not suitable due to economic reasons.

Now if we know actual yield ¥ then, suitability level decided as,

If Yield falls under Levell then,suitability level - > 61 7)
If Yield falls under Level2 then suitability level - > 52 (8)
IfYield falls under Level3 then, suitability level - - 53 )
If Yield falls under Levels then suitability level - > N1 (10)
If Yield falls under Levels then, suitability level- > N2 (11)

Thus, we can get the values for suitability level for historical dataset.
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5.Machine learning: Methods and applications

Machine learning is the analysis technique which enables computer tolearn
from experience. Here experience is in the form of dataset. More the accuracy in
dataset more accurate the results are. Here accuracy has the different dimensions.
Itdepends on multiple things like 1) Duration of the dataset captured (ex. Data
gathered from last 10 years is better than the data captured for last 1-2 years), 2)
Features considered (IUs better to consider maximum characteristics on which
crop yield is dependent), 3)Frequency of the data recording (ex. The values of
the features in field varies after certain time, so it's better if we could record every
variation in dataset), 4)Duration of the data considered for analysis (ex. To do pre-
dictive analysis for the crop in kharif season we need to consider data recorded in
Kharif scason only, the data recorded in rabi season will work as noise). S)Missing
data (if missing data is more in proportion then accuracy in data decreased). We
can prepare the dataset from historical data available and the monitoring device.
Learning from the historical data and comprehending for current situation 1s
known as supervised machine learning, one of the best predictive analysis tech-
niques. Supervised machine learning is further categorized into regression, clas-
sification, naive Bayesian model, random forest model, neural networks, support
vector machines,

_ Classification is the method where we divide dataset into defined classes. Cl_ass
is nothing but category of the instance, Ex. Ina school student are categorized info
different classes. The class is decided based on features of the studentlike age, result
of the previous year, date of birth ete. Based on marks of the students, further they
can be categorized into pass class and fail class.

6. Role of machine learning in agriculture decision making

Some of methods are alre
methods based on s
onb

ady used in agriculture, those are decision m‘“l;‘f;rd
“ome mathematical computations, More or less Ihﬂ;:r/r\ land
features of machiy learning. Few examples we will discuss here. )
evaluation is done based on features belong to climate and site-soil [16.]‘“-‘5 ic
stics and neural network model techniques. This i b“'s:ahnd
method not user friendly, so not used widely. Decision support system (6] D25
on soil features like topography, nutrients, history of cuhivalinm.Pr".upmn|u";1‘
Static categorization of the feature values is done to evaluate suitability level: .
drawback of this system is also a static nature. Konstantinos G iakosmmlim:
in detail how machine learning played role in agriculture precision lllmugl“(' |1
yield prediction, discase detection, soil and water mavn‘l!d"c:t rold
Patricio and Rieder (18] mentioned that artificial mlclli[‘,‘"(nphysm:{lw":amem
in improving accuracy in agriculture, During 2013-2017 data aptored bY SRR
was analyzed using support vector machine classific l’tllllll,M?]llln}" el
has discussed contribution of machine learning and computer VSOn i BB
[19). Machine learning helps for better "'“d“c"w;y.: agricul-
precise systems. In developed countries machine learning """"ad“c:in classifica-
ture too early for different purpose like farming predictio sdunc‘l’d l,;gdictiun
tion 20, 21], Artificial Neural Network technique used for crull}"“l rrmng
[22). Even for study regarding plant disease statistical and machinele
approaches has been used [23-27),

developed using statis

management,

in decision maling,
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Decision making about suitable crop

As we have discussed under Section 4, we can get the feature values fora
particular crop in a particular season as per the list of features identified under
Section 4.1.1 and also, we can compute the level of suitability of the same crop using
the methodology discussed under Section 4.2. Here, crops specific suitability is
considered as output class, Suitability level is further divided into five classes [15],
so classification method of machine learning is chosen. A ling to the di i
under Section 5, we can say that supervised technique classification is suitable for
crop specific suitability analysis. We can treat the computed suitability levels based
on yield as class-value for that particular record/tuple and all other feature-values
asinput-feature-values of the same tuple. Any classification technique, which can
classify the records into more than one classes based on input features called as
multi-class classification technique. Any multi-cl classificati hnigq canAbc
used and further customized [28) to get the appropriate suitability analysis. Similar
to ;:'P“! classes computed using Eqs. (7)-(11) input classes can be computed
as below.

If input feature is categorical value then no need to compute the levels, it can Pe
directly mapped. Example soil quality is one of the features need to consider ha\fmg
three different having categorical values good, mod and average. Then it will
be mapped to input levels as below:

Levell Soil_quality = Good
Level2 Soil_quality = Moderate
Level3 Soil_quality = Average

Let us consider the input X, is environment feature temperature at Punjab
state in India. Lowest temperature is considered as 0°C and highest temperature
observed is 50°C. We know in the grawing phase of the crop wheat for high growth
rate the favorable temperature is 20-25°C, Wheat cannot tolerate the temperature
below 3.5°C so, Level5 is less than or equal to 35°C, It cannot tolerate the tempera
ture above 35°C 5o, Levell is above 35°C.

Thus,
Highest value is 3s°C
Lowest value is 3sc

So, as per Eq. (1) interval is calculated as,
X = (35-35)/4 - 775,

Xy is 35

Xyis Xy - X, = 35-775 « 195
Xy is X;- X, = 27-8 < 1175
X, is Xy-X «21-84

To convert into input class levels, the dynamic levels will be computed. If the
avzllab!e dataset has tuples as shown in Table 1
To simplify we will round up the values. The levels will be converted an below,

Levell » -35°C.

Level2 < 35°C and » = 20°C,
Level3 < 20°Cand » -12°C.
Leveld < 12°C and » -4°C.
Level§ < 4°C.

448



Precision in Agriculture Decision Making Based on Machine Learning
Dor: Ilnp://dx,d.ni,avg/xa.s772/inlcdmpm.98737

Decision making ryee,

Now, ag pert
level in Leyel)
above data 1y loy

Based on
formed. 1f 1y,

Always the |

ore

Soil_Quality

Moderate

Temperature

ing input
it the mapp

Uples in databage for suitability level 1 of outpu

2, thus fo deci

on
;i te result based
Ccision tree classification "ll;:-’:::l]:;wn T ﬁ‘mll.m“
"85 Table 1, partial decision tree wil imple decision tree has
Ple datagey available as per Table 1, simp!

feat

e incl A
tree will b

Ures will be considered levels of the

ast leve]

d vel. Forn
: itylyield le
Of the tree will output class Le. ol
number of nput fea

7 Conclusion

We can cong
making. M

classification 5
quality of input
data values lile
with some prep
‘l‘-lhllﬂ.lurpun

449

29).
res tree will have n + 1 level [29]

lud

ision
Jicd in agriculture dect®
i a)
© that machine learning can be app
ore the by),
can be takey Here

the decision
ilable bettet
“Anced and appropriate dataset i e

ton
0 hweused, CAECE
the machine lr.nmm;‘;l il{l’,'::im formation is depe
Bl

! We can say quality of deci approa iy
dataset, Advanced decision "::(e ':::umerlc" ’fv:;,,f agriculture
“Ategorical, constant and dise ider all these varie

rocessing) values, We can const

Cessing and decision making.

B EEE






i Learnm;
Precision i Agriculture Decision Making Based on Machine Learning

DOL http://dx.doi org/1 0.5772/intechopen 98787

References

[ ¥ood and Agriculture Organization
of the United Nations (FAO). India

Country Programming Framework.
2016; Available from:

http:/fwww.fao,
orgl3la-bp575c.pdf
12) FAO_Chaplcr 6 - Causes of land
degradation Internet). United Nation:
FAO; Available from: hup://www.fau.
org/dncrcplvd}h()ul\"i3(»()!7.0(1.
htm#Contents

[31Timuspuim-;'l'()l Kolhapur Cancer
news dated Aug 30 2018, Times of India
[lmemcll. 2018;1-18, Available from:
ltp:llumvmfindx.\.lmh.nmw\_‘nml
ll‘\ic\v:}.lmwl(l(\‘)77()l‘i.
cms?utm
source rnuu-muhnu-n-sl&u\m,
medium text&utm CAmpaign=cppst
(4] Ameen A,
Journal of Advances
Research Green Rey,
QR Code “Correspondence nfq Int)
Adv Sci Re. lhmnu-xl 2017;3(12):129.
37. Available from Wttps://do;.
orp/10 74 39/ ijasrainn 4410
51 Flachs A, iy,
Agricultuy,) Eth
Ethice

Raza S, Intey national
"0 Scientific

lution: A Review

yelopedia of Food and
ics

Encyel Food Agric
2016,( November)
16) Elsheikl, R, Mnlumml Shariff ARB,
Amiri ¥, Ahmad NB, |\.x|.|-.nmh<|m SK,
Soom MAM, Apyi wlture Lynd
B\uhlh\lll\'\ Valuatoy (ALSE): A decision
and pl.uum..- SUpport tool for tropical

and subtropical ¢ Hops. Comput Electron
Agric [Interney] 2013,93.98 110
Available from http:/idx doi

OrR/10.1016/j ¢ OMpag.2013.02.003

17 Widiatmalca, Ambarwulan W,
Setiawan y, Walter C, Agse ssing the
suitability and availability of land for
agriculture in tuban regency, Bastfava,

Indonesia. Appl Environ Soil Sei.
201652016,

18) Widiatmaka W, Ambarwulan w,

Firmansyah |, Munibah K, Santoso PBK,

451

Sudarsono . Land suita_blhty :ngm
dynamic system modelling to tn‘ s
priority areas of soybean plan:]m.
paddy fields in Karawang, VéVe
Agrivita. 2014;36(3):235-48.

irzadi

arimi F, Sultana §, Shlru_ ~
g:l:(akan A, Royall DlandS:llt::g
Evaluation for Organic Aiincrium
Wheat Using GIS and Mul t;cmmﬂ]A
Analysis. Pap Appl Geogr [ :l el
2018 Jul 3;4(3):326-42. A\'A;S :”‘ o
hnps:/ldoi.org/]OJOSO/H
18.1448715

[10] Doraiswamy PC, H;“::;IS t];;.r].
Jackson T}, Akhmeflm 5 e
Stern a, Crop condition alt‘ iz‘; MODIS.
simulations usillg u"d:;‘o4.9;54s.59.
i!emu(r Sens Environ. 20045

adurai K,
{11) Chandrasekaran '?"»:(Tauk ot
Somasundaram E. A g
Agranomy. 2010. 1-856 p.

itle
[12] Services IA-1 ?ndA l;l(;‘;l;mn Sk '
[Internet], Nagarjuna e o
Hyderabad, India, 2020.
hetp.//wwwikisan.com

ity, Krishi
113 Agriculture Umv";(l](ggk
‘lhrsh:uu 2008, Pune; i
ewar, M. R
jmanpallewar, e
atnmala Bhimat i
ll\‘l?u I}\i‘n::guu, A prulutgm B
aras 9
s agriculture Nt i
'"“I'":l:‘\;mm' lnlunlzlu;' b
;{'" i‘:;;mng & Technolog!
g
(2.7):179-182 s
e Soils
y hapter 3 el
“I” “"l\n(c);(?un:? A F‘ran:;v ;- Aviihlglﬂ
classi ﬂ]. 19, ;]ﬂ
. 31 }:;-ll‘./rylv‘ww,fan.arglllﬁ
il
:tl':;r;(l-»{)ll.lmn

E. Diaz-
e La Rosa, F- M ‘yglb. e
[16) . DM ernandez, ":!,:cisioﬂ
Pereira, d evaluationt S DSS) for
Rosa, Alan em (MicroLE! - With special
su}'P":::"] soil protection:
agneu



Technology in Agriculture

reference to the Mediterranean region,
Environ. Model. Softw., 2004;
19(10):929-942.

(17) Konstantinos G, Liakos, Machine
Learning in Agriculture: A Review,
Sensors, 2018; 18(8):2674:1-29.

118] Jha K, Doshi A, Patel P, Shah M,
Artificial Intelligence in Agriculture,
2019,2:1-12.

[19) Uddin, Mohammad Shorif,
Computer Vision and Machine Learning
in Agriculture, ISBN
978-981-336-424-0.

[20] Washington Okori, Joseph
Obua,Machine Learning Classification
Technique for Famine Prediction,

Py dings of the World Congress on
Engineering, WCE 2011, London, UK,
2011 Jul; 1T

(21] S.R.Rajeswari , Parth Khunteta,

Subham Kumar, Amrit Raj

Singh Vaibhav Pandey, Smart Farming
redmmn Using Machine Learning,

[25] Kim KS, Beresford RM,
Development of a disease risk
prediction mod:l for dnwny mlldew
(F arsa) in Yoo
Walter M Phytopathology 2014 Jan;
104(1):50-6.

[26] Rumpf, T., A.-K. Mahlein, U.
Steiner, E.-C. Oerke, H.-W. Dehne, and
L. Pliimer., Early Detection and
Classification of Plant Diseases with
Support Vector Machines Based on

5 | Refl G
zx:;ﬂe;n'onics in Agriculture 74.1
(2010): 91-99. Web.

[27] M.P.Raj, P,R,Swaminarayan,
J.R Saini, D.K.Parmar, Application Of
Pattern Recognition Algorithm In
Agriculture : A Review, Int.J.Advanced
Networking and Application,

2015; 6(5).

128) Ratnmala Bhimanpallewar, M. i,
Narasinagrao, A Machine Learning
Approach to Assess Crop Specific
Suitability for Small/Marginal Scale
Croplands, Inter 1 Journal of

al Journal of i
Tedmulngy and Exploring Engineering
ISSN: 2278-3075, 2019 May;
8(7):190-194

[22] Miss.Snehal, S.Dahikar,
Dr.Sandeep V.Rode, “Agricultural Crop
Yield l’ndlmon Using Artificial Nruul

Applied Engineering Research, 2017
Nov;12(23):13966-73.

(29) Ratnmala Bhimanpallewar, M. .
Narasinagrao, Evaluating the Influence
of Soil and Environmental Parameters
in Terms of Crop Suitability using
Learning, Indian Journal of

N I Approach”. 1

Journal of Innovative Research in
Electrical, Electronic, Instrumentation
and Control Engineering, Vol 2, Issue 1,
January 2014

(23] Gutierrez D. D., Machine Learning
and Data Science: An Introduction to
Statistical Learning Methods with R.
Basking Ridge, NJ: Technics
Publications, 2015

[24] Mehra, Lucky K. et al., Predicting
Pre-Planting Risk of Stagonospora
Nodorum Blotch in Winter Wheat Using
Machine Learming Models, Frontiers in
Plant Science, 2016 Apr; PMC. Web. 16,
7 (2016): 390

452

Agricultural Research, 2021;
DOL10.IB805/1)Ale. A-4942



Chapter 23

Tomato Leaf Diseases Detecjcion
Using Deep Learning Technique

Muhammad E.H. Chowdhury, Tawsifur Rahman,

Amith Khandakay, Nabil Thtehas, Aftab Ullah Khan,
Muhammad Salman Khan, Nasser Al-Emadi,

Mamun Bin Ibne Reaz, Mohammad Tariqul Islam
and Sawal Hamid Md. Al

Abstract

Plants are a major source of food for the world population. Plnmdlsc‘:::"'
contribute to production loss, which can be tackled with mn(inuml;m““E;vl)'
ing. Manual plant disease monitoring is both laborious and crror-Prﬂ_“f'“ce (A0
detection of plant diseases using computer vision and artificial intellige methe
€anhelp to reduce the adverse effects of diseases and also helpst© ""‘,":xtcn‘i"‘y

s of continuous human monitoring. |m|ussludy,w:lg\: .
studied the performance of the different state-of-the-art convo ““;n;mhilrm"
l‘i;’.l“v\v::ll‘x"\‘(:l;‘d’t\" ) classification network architectures . ResNet
tomato dise

thortcomings

o classif
and InceptionVa on 18,162 plain tomato leaf ||mgr5|l:;1i|‘1i‘7):
& The comparative performance of the mﬂd"ls.m‘hl althy ¢
sification (healthy ang unhealthy leaves), six-class da&s»ﬁcalmn( Tll‘)’ and variot®
various groups of diseased Jeave ), and ten-class clssification “‘:J“Pcri“"' y
types of unhealthy leaves) ae 150 reported. InceptionV3 showes ﬂ;n courd gof
formance for the binary clagsification using plain leaf i-nan6~?w‘:,,ithanit e .;-
150 outperform for six-class classificaiot or ten-cl38 t.hs':n
Net201 achieved an accuracy of 8050 B0 o cassfyinh.
cation. 1t can be concluded thay deep architectures performed :o(thteil’m
the diseases for the thyee experiments, The performance ¢ ‘nc )
tal studies veported in this \\-mlcuqurluumllwc-)usli"i!l“'ra
Keywords: !

deeple arnings
oty
Martapriculture, automatic plant disease deted
CNN, classification

. DenseNet201
9799%. Finally, Dense

1. Introduction

Thousands of years

ica

tothe dnmfs;‘th.\r

apo, the development of agnml(u:i::': 1pr Jem’

tion of main food crops and animals today. One of lht;::.(disr‘

humanity faces today is food msecurity [1] of w“““";: 2 coun u,;[iml\ed

12). According 1o one estimate, plantdiseases colltiu s

loss of around 16% globally ‘31.'“"‘p,hl“‘l""w"um ( Plant pa

to be around 50% for wheat and 26-29% for soybe
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classified into major groups of fung:, fungus-like organisms, | bacteria, virus, viroid,

virus-like algae, and parasitic plants. Artificial

intelligence (AI), hine | (ML), and i viilun have provided sig-

nificant help in pp ion from bl
(4, 5] and biomedical applications [6, 7] The apphcmuu of Al has seen a

great boost during the COVID- 19, pandmuc period for the detection of lung-related

diseases [8-11] and other prognostic applications [12]. Similar advanced technol-

ogy can be us:d to mmpu the adv:n: effects of plant diseases by their carly-sugc
plication of Al and comp vmuu to

and diag the ap
ic detection and diagnosis of plant di is being ively studied
because manual plant disease ing is tedious, ti g, and labor-
intensive, Sidharth et al. [13] applied a B. ial Foraging Of -based
Radial Basis Function Network (BRBFNN) to ically identify and classify
y of 83.07%. C: lutional neural

plant disease achieving the classification
network (CNN) is a very popular neural network architecture that is used success-
fully for a variety of computer vision tasks in diverse fields [14]. CNN architecture
and its different variants have been utilized by hers for the classification and
detection of plant diseases. Sunayana et al. [15] compared different CNN archi-
tectures for disease detection in potato and mango leaves achieving an accuracy

0f 98.33% for AlexNet and 90.85% for a shallow CNN model. Guan et al. [15, 16]
used a pre-trained VGG16 model to estimate the disease severity in apple plants and
achieved an accuracy of 90.40%. Jihen et al. [17] used LeNet [18] model to classify
healthy and diseased banana leaves and achieved an accuracy of 99.72%.

Tomato is a major food crop across the globe with a per capita consumption
of 20 kil per year and rep abo\n 15% of average total vegetable
42 kil of per capita

'onlurnpunn North Americais c
er year while Europe is consuming 31 luloguml of tomatoes per capita per
zar [19, 20]. To meet the global demand for tomatoes, it is imperative to devise
:chniques for improving crop yield and early detection of pests, bacterial, and
viral infections. Several works have been done in employing artificial intellig
based techniques to improve tomato plants’ survival by early detection of diseases
and subsequent disease management. Manpreet et al. [21] used a pre-trained
CNN-based architecture known as Residual Ny rk or ¢ ly called
ResNet to classify seven tomato diseases with an accuracy of 98.8%. Rahman
etal. [22] proposed a deep learning-based fully-connected network to clissify
Bacterial Spot, Late Blight, and Septorial Spot disease from tomato leaf images
and achieved an accuracy of 99.25%. Fuentes et al. [23] to classify ten diseases
from tomato leaves images considered three main families of detectors: Faster
Region-based Convolutional Neural Network (Faster R-CNN), Region-based
Fully Convolutional Network (R-FCN), and Single Shot Multibox Detector
(SSD). These detectors were combined with different variants of deep feature
extractors VGG16, ResNet50, and ResNet152 for Faster R-CNN, ResNet-50 for
S8D, and ResNet-50 for R-FCN for real-time disease and pests’ recognition and
achieved the highest Average Precision of §3% with VGG16 on top of FRCNN
Agarwal et al, [24] proposed a Tomato Leaf Disease Detection (Toleld) model, a
CNN-based architecture for the classification of ten discases from tomato leaves
images achieving an accuracy of 91.2%. Durmug et al. [25] evaluated AlexNet and
SqueezeNet architectures for the classification of ten diseases from tomato leaves
images and achieved an accuracy of 95.5%. Although the disease classification
and detection in plant leaves are well-studied in tomatoes and other plants, the
reliability of leaf images with varying back-ground on large image classes are not
well-studied, since the real-world images can vary greatly in terms of lighting
conditions, image quality, orientation, etc, [18].
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This chapter has the following main contri (1) ig; i
Gtion tasks for different variants of GNN architecture for binary and different multi-
class classifications of tomato di Several experi ployi ndiﬂm“!CNN
architectures were conducted on raw images, Three different types of classifications
were done in this worl: () Binary classification of healthyand diseased leaves, (b)
Six-class classification of healthy and four discased leaves, and finally, (c) Ten-class
dl!ﬁﬁ&linn with healthy and 9 different diseases classes, (if) The performance
achieved in this worlc outperforms the existing state-of-the-art works in thif d“"“"".‘

The rest of the chapteris organized in the following manner: Section 1 givesa brief
ntroduction, literatyre review, and motivation for the study. Section 2 describes the
d'_“""'“ types of plant pathogens. Section 3 provides the methodology of the study
wnlh'(cchniual details such ag 1’]1:: dataset description, pre-processing techniques, and
d?mls of the eXperiments, Section 4 reports the results of the studies followed by

ISCussions in Section 5and finally, the conclusion is provided in Section 6.

£ the classifi-

A Pathogens of tomato leaves

in 1l TP" isthe predominant plant pathogens and it can nuscmulup"dls'naﬁmrk
e mg carly blight, septoria leaf spot, target spot, and leaf mold. Fungl 22
Plants through different sources such as 'mfec(cd <oil and seeds, Fungal mftmnﬂsnil
“.ﬂn Spread from one plant 1o am;lhrr through animals, humans, m:chincfy' ‘"5_‘
(onamination, The fungal attack vectors include plant pruning Wﬂ““ds':l‘s‘:c.mz
e nd others, The early blight disease uflomalophI'IKSlSCluims :dult
"B Which affects the plant leaves, If it affects the seedlings pati .mvﬂ'
plant’s stem, anq {ruits, it is called collar rot, stem lesion, and fruit ot re?p}:lhut
26, 27). Numer. 08 methods have been devised for the conualafcarl?’bhg;nde
the most effective methods are cultural control i, efficient soih !mmc;::‘:in!s.
'\":""‘Yr“"" " 10 reduce infections and also with the uscoffu"E‘“‘:‘flhn]rasei
Loptarialeaf spot of tomate plants is cawsed by fungus [28, 291, W -‘; 1 gycoallaloids
tomatinase ¢ nzyme that SP“lh“‘,,huK|,gu‘miunof"’“laluﬂcmu:h yu.efung“*
o hatine (30, 31), 7 he target spot disease of hmuluI’l"‘msism“wI I:ysionsaf“!')"
132, 33). Symptoms of u-n-:‘\]»;q discase i tomato plants 1€ RECTOE F Py
Drown color in the center {34, 3. The lesions spresd toa arger i h‘
and result iy eay rax

leaf Stomata,

it directly
« the fruit dire

' ¥ defoliation 34, 35). The target spot also damage
vyvnh-un,-.\l\ln!lu*‘

) 1s is caused by
) Tuit pulp (34, 35, The leaf mold mms;"“::.:s"s. Bacteria s
the fungus 36, 7.1t oceurs during periods of extended lea w:dsiuchlsi““u

"' plant pathogen, Bacteria enter plants through W"‘:“m“““ Plantssur-
bites, pruning, , s, and also through natural openingssuch & dity, soil conditions,
rounding environmental conditions such as temperature, hum! ortant factorsin
availability of nutrients . weather conditions, and "irnwm.mudi'"‘x“ Bacterial
determining the baetg tial growth on the plant .\ml(Iwrn’l“;llwlmqurcl\l“"

A plant disease caus 1 by bacteria I.‘ﬂJ'Jl.MnMsal::“im

plantd Late blight disease of tomatoand l“’"'olp ves tipsand plant stems
140, 411 Ve appearance of dark uneven lenishes 08 SR, gevastating
are a few of gl symptoms, Tomato yellow leaf curl vlll\ls'(l“u“ghano[htrln.std.
Virus causing tomato disease, This virus attacks the P d:'“d i) m_ch;scl;ssnﬁca.
Although tomato plants are unhealthy diseased le:velsl different lyp"“r»wmat:,
tion of healthy and various diseased leaves. In st yw'hileiusmtl)’l“"hm"“
leaf dises e classified into the group of diseses
cla
prima

alko a maij

asey

iments the
fied., Similar experiment
os were classified- SIS S0 e
o unhealthy and healthy leaf images e been reported in seve the
y hosts for the virus, this viral infection has plants (42, 43).In

toes, and egE]
plants including beansand pepper, tobacco, pot
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last few decades, due to the rapid spread of the disease, the research focus has been
shifted to damage control of yellow leaf curl disease [44-47]. Another viral disease
that specifically affects tomato plants is caused by Tomato mosaic virus (ToMV).
This virus is found worldwide and affects not only tomatoes but other plants as well,
Symptoms of ToMV infection include twisting and fern-like appearance of leaves,
damaged fruit with yellow patches, and necrotic blemishes [48, 49].

3. Methodology

The averall methodology of the study of the paper is summarized in
Figure 1, This study used tomato leaf data from the plant village dataset [50, 51],
where tomato leaf images are provided. As explained earlier, the paper has three
different studies: (i) binary classification of healthy and unhealthy leaves; (ii)
six-class classification of healthy and different disease group leaves were con-
ducted; and (iii) ten class of healthy and several different diseased leaves were
carried out. The classification is done using pre-trained networks- ResNet18,
MobilenetV2, InceptionV3, and DenseNet201 that have been comparatively

ful in previous publications [8, 10, 11, 52-57].

3.1 Datasets description

In this study, plant village tomato leaf images dataset was used (50, 51], where
18,162 tomato leaf images are available. All images were divided into 10 different
classes, where one class is healthy and the other nine classes are unhealthy (such
as- bacterial spot, early blight, leaf mold, septoria leaf spot, target spot, two-spotted
spider mite, late bright mold, mosaic virus, and yellow leaf curl virus), and 9
unhealthy classes are categorized into five subgroups (namely-bacterial, viral, fun
gal, mold and mite disease). Some sample tomato leaf images, for healthy and differ
entunhealthy classes from plant village dataset are shown in Figure 2. Moreover, a
detailed description of the number of images in the dataset is also shown in Table 1,
which is useful for classification tasks discussed in detail in the next section,

T3 ]
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Figure 1.
Overall Methodology of the study.
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seNet201 Using the mean and standard d;::‘dlﬂ images.
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3.2.2 Augmentation

use the
model bec? for the
i i a biased f images for ¥
Training with an imbalanced dataset will m‘:‘pl"b" pumber nu'an“f asimilar
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image aug ion. The scaling process invol larging or shrinking the image’s
frame size, and 2.5 percent to 10% image magnifications were used in this analysis.
Image translation was accomplished by converting images by 5-20% horizontally
and vertically.

3.3Experiments

Four pre-trained CNN models were investigated that were originally trained on
ImageNet Database 58] to classify tomato leaf images. Three different classifica-
tion experiments were carried out in this study. Tables 2—4 summarize the details
of the images in the experiments for three different classification of leaf images
separately, Two of the four pre-trained networks are shallow (MobilenetV2, and
ResNet18), while the other two are deep (Inceptionv3, and DenseNet201) to see
whether shallow and deep rks are appropriate for this application. Table 5
presents a summary of the parameters (Batch size (BS), Learning rate (LR), Epochs
(E), Epochs patience (EP), Loss function (LF), Optimizer (OP)) for classificati
in experiments.

All of the studies were conducted on an Intel Xeon Processor E5-2697 v4,

2.3 GHz with sixty-four GB RAM and a sixteen GB NVIDIA GeForce GTX 1080
GPU using the PyTorch library and Python 3.7.

Databiase Types Total No. d and Unsegmy ¥
dimaged o imstcounlfold  Validation  Testset
s et conunt/ count/
fold fold
Plant Weky 191 1470140 I "
it Unealchy (9 16570 1930 19326 )
oo i diseases)
Tables.

Summary of the binary dasfication experiment

Database Types Count of For grented d exp
v Train set coum/ Validstion et Test wet
(2] com/lold count Hold
Plantvillage  Healdyy 1 147"« U4 17 "
dataset
Fungi an w6 A0 1025
Hacteria ny 1507°2 « 3064 170 425
Maold 1m0 1375°3 - 4125 19 w2
Virue 5730 2 aw 146
Mite 1676 12073 - 3621 134 "
Table 3.

Summary of the wx-class classfication experment

3.4 Performance matrix

Important performance metrics for classification experiment is stated in

Eqs. (1)-(5):
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Database i

Plant
Village
dataset

Accuracy= ﬁm (0
Seasitivity = (T::I,F)N ) 2
Specicys (rgﬂm g
G (T}’.’;PI?‘P) 4

—

Healthy
Early light
Septoria lea

spot
Target spot

Leal mold

Bacterial spot 0y 1532°2 < 3064

170 B
Late bright 1910 wEas m om
mold
Tomato Vellow 557 Wy A T TR
Leaf Curk
Virus
Tomato Mosakc 3 W M8 i
Virus
te
Summary of the ten-dlass classification problem

Parameters for dassification model

Table s

Summary of parameters for dlassification experiments,
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& (227P)
R seore = TP AN + FP) (2

Here, true positive (TP) is the number of correctly classified healthy leaf images
and true negative (TN) is the number of correctly classified unhealthy leaf images.

False-positive (FP) and fal gative (FN) are the misclassified healthy and
unhealthy leaf images, respectively.
4. Results

The perfc of various rks in the different experiments is reported in
this section.

In this study, three different experiments were conducted for tomato leaf images
and the comparative performance for four different CNNs for the three classifica-
tion schemes is shown in Table 6. It is apparent from Table 6 that all the evaluated
pre-trained models perform very well in classifying healthy and unhealthy tomato
leaf images in two-class, six-class, and ten-class problems.

Among the networks trained with leaf images for two-class, six-class, and ten-

problems, Dy 1201 outperformed other trained models except without
segmented two-class and with segmented six class problems where InceptionV3
was the best-performing network. Moreover, shallow networks ResNet18, and
MobilenetV2 both showed comparable performance to most of the deep networks
for the classification of images.

DenseNet201 outperforms others and for six-class and ten-class problems
showed y ivity, and specificity of 97.99%, 9799%, 99.54% and
98.05%, 98.03%, 99.76%, respectively. On the other hand, InceptionV3 produced
the best result with accuracy, sensitivity, and specificity of 99.2%, 99.2%, and 96%,
respectively for the two-class problem. Figure 3 clearly shows that the Receiver
operating characteristic (ROC) curves for two-class, six-class, and ten-class

By T Acuxy  Prechln  Sensivky  Placore  Specificty
ol ilnﬂqll A P miy w37 952
MabileNet 9mAL 9142 o e 9545
DenseNet201 "o g b I 95,56
tnceptiomy 992 " 2 9925 9%
Six-Class ResNe1s 90k 9684 a7 ) 1%
Plessoudie. ™ et 9674 9% 76 974 74 92
DenseNet201 999 9799 7 a7 9954
s Inception 9165 9767 Uz Lz A1
Tm Class ResNet1§ %75 %77 9079 a7 ey
e MabileNet i om 9719 rny w7
DenseNet201 9805 9503 mon om0y w7
llnqﬂlull\‘] 35 797‘47 g s M ww

Table 6.

Summary of the tomato leaf disease classification performance using original leaf images
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The confusion matrix for the best performing networks for the different clas-
sification problems are shown in Figure 4. It can be noticed that even with the best
performing network InceptionV3 for two-class tomato leaf images, 69 out of 16,570
unhealthy tomato leaf images were miss-classified as healthy and 74 out of 1,591
healthy tomato leaf images were miss-classified as unhealthy images.

For the six-class problem, which consisted of one healthy class and five differ-
ent unhealthy classes, only 27 out of 1,591 healthy tomato leaf images were miss-
classified as unhealthy images, and 385 out of 16,570 unhealthy tomato leaf images
consisted of one healthy class and nine different unhealthy classes, only 32out of
1,591 healthy tomato leaf images were miss-classified as unhealthy images and 382
out of 16,570 unhealthy tomato leaf images of nine different categories were miss-
classified as healthy or any other unhealthy classes.

5. Discussion

Plant diseases are a major threat to global food security. Latest technologies need
to be applied to the agriculture sector to curb diseases. Artificial intelligence-based

hnologies are ively i igated in plant disease d ion. Comy
vision-based disease detection systems are popular for their robustness, ease of
acquiring data, and quick results. This research investigates how different CNN-
based architectures perform on classification of tomato leaf images. The study
was divided into 3 sub-studies of 2 class classification (Healthy, and Unhealthy), 6
class classification (Healthy, Fungj, Bacteria, Mold, Virus, and Mite), and 10 class

Accuracy 94 K5%, Precision 94 51%,

Plmetal (9] o1%) s
Sensitivity- 94 8%, F1 Score —~ 94 81%

Mohit et al. [24] O P ;ihédm !l‘;;;.;u;y S Accuracy 91.20%, Precision 90 90%,
- (2020) Sensitivity 92 90%, V1 Score 9160%
H. Darmug etal, [25] Plant village datases (10 classer) Aecurscy- 95 50%
(2017)
_ Kekeetal [60] (201) Plant village dataset (2 classes) Acesracy 97 20%
Belal et al. [61] C018) Plast village dstaset (2 chasees) Acruracy H 00%
Oubami et al. [62) Own dataset (6 classes, 666 Accurscy V54
_aum) 1maprs)
Fuentes etal. [63] Plant village dataset (9 classes) Accuracy %6 00%
(201%)
Madhavi etal [61) Own dataset (2 classes, 520 Accuracy ¥ 00%
(2020) Images)
Proposed Study Plant village dataset (2 classen s (Winary Class)
classes, and 10 classes) 185162 Accuraey 9%, Precision. 9921%,
imapes Senctivity 99 %, P1 Soore- 9929%
(8ix Class)
Accutscy T199%, Precision T79%,
Sensitivity 979%%, ¥ 1 eore LATAN
and
(Ten Class)

Accutacy- 98 (5%, Precision. 95 05%,
Sensitivity 98 03%, F-1 Seore. 98 03%

Table7.
Results in the paper compared with other state of the art renlts
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classification (Healthy, Early blight, Septoria leaf spot, Target spot, Leaf mold,
Bacterial spot, Late bright mold, Tomato Yellow Leaf Curl Virus, Tomato Mosaic
Virus, and Two-spotted spider mite). Overall, the DenseNet201 model outpu‘-v3
formed every other model except for binary classification, where the Inception
model outperformed other models. In the binary classification of healthy and
diseased tomato leaves, InceptionV3 showed an overall accuracy of 99.2%, while
DensNet201 showed an overall accuracy of 99.67%. In 6 class classification,
DenseNet201 showed an overall accuracy of 97.99%, while InceptionV3 showed an h
overall accuracy of 9765%. In 10 class classification, DenseNet201 showed an overa
accuracy of 98.05%, while InceptionV3 showed an overall accuracy of 97.35%. The
results in the paper are comparable to the state-of-the-art results and are also sum-
marized in Table 7. Although the Plant Village dataset used in this study contains
images taken in diverse environmental conditions, the dataset is collected i aspe-
cific region and is of specific breeds of tomatoes. A study conducted using adataset
containing images of other breeds of tomato plants from different regions of the
world may result in a more robust framework for carly disease dﬂtction'm to!nzfa
plants. Furthermore, the lighter architecture of CNN models with nan—hnn‘ﬂ‘)' !
the feature extraction layers might be useful to investigate for portable solutions.

6. Conclusion

The stages of the process into the infinite possibilities of machine learning
foragriculture applications, complete with case studies. ResNet, Mnbll{Ndh o
DenseNet201, and InceptionV3 are examples of state-of-the-art prE-lr“"“"'d c
models that do an excellent work of classifying diseases from plant Jeaf images.
When compared to other architectures, the DenseNet201 was found tobe bc“ut’l
extracting discriminative features from images. The trained mudelscanbeused bﬂc
detect plant diseases early and ally. As a result, p amnnsﬂ“m"
adopted faster. This research could help with early and automated disease dﬂ;ﬁnnc
in tomato crops, due to the use of cutting-edge ml'molu,,r,yIlkcslm“l"l""'ﬁlmI
cameras, and robotic platforms. The proposed structure can be combined Wi )
feedback system that provides appropriate insights, treatments, disease preve
and control technigues, resulting in improved crop yields.
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Chapter 2

A Nonlinear Fuzzy Controller
Design Using Lyapunov Functions
for an Intelligent Greenhouse
Management in Agriculture

Lukman Adewale Ajao, Emmanuel Adewale Adedokun,
Joseph Ebosetale Okhaifoh and Habib Bello Salau

. s under
The importance of agronomists in large-scale production o[faold o However,
considerate environmental weather conditi cannot be f{rrﬂ on sail depletion
lobal warming is a threat to food security due toits ¢ ed intelligent
system degradation. In this work, the design of the propos m activity towards
context is to observe, model and simulate greenhouse control F""d:vimnmcnnl
the management of the farm crop growth as the afﬁ'c.lcd sahclll‘t‘:main, factors that
parameters. Characteristically, temperature and humidity . air environment o
determine the ¢ 1op yield in a greenhouse but the case of a dry fand l,mducn\’“Y'
beyond 30°C — 359C of high air humidity will ffect crop Fm“:nmeq\l"“‘ isused for
A Mamdani technique of fuzzy logic controller with nnn»lmt““m"("rlus approach 1
intelligent greenhouse design in the LABVIEW virtual rlmronn| by setting some
human thought process in the system contr o s)tah“'u“m‘
that guide the greenhouse functions. For the syste osed, The simulation
achievement, a direct method of Lyapunay functions was r'_"‘"|’hu,,.i‘1iwesw is
“hows that, the average temperature of 185°C lﬂmmcm during winter-
achieved for a decent environment of crop growth "".d dt\'f“’ll;"ggunumris
verage temperature and humidity achieved ;; ¢ and T of tem-
respectively. For every season that i\ly\')‘ﬂl“} Jing and water spilled.
and humidity will require automation of ool opening
Keywords

n logic,
clligence, Fuzzy
Agnicultural technology, Artificial intelligenc
Greenhouse, Nonlineay system

used to mimic the
logical rules

model result
However, the

27.59Ce

70

1. Introduction

I Iy
. development which usua

Agriculture is an important aspect of any "’mm"s‘(l.:,‘.:lwlpmducgaqu;nm:r]:f
TequUIres appropriate seasoning irrigation and |mfhu“”emg“m“ (fcmhmz L
food products [1). The seasoning control w‘phummuumh,dcvclupmem,n;\ ix i
irrigation) technigues has proven efficient in plamllr,i i e -m :-
large crop production (2. Computers and rlrrllmnudum e ki
development and mechanization of agricultural pri

intechOpen
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pplications of ubiquif hnology of Internet of Things (IoT). This advance-
ment and dynamic methods of control theories application helps improving the
TR (mechanization) and the p The recent integ:

m (embedded sensors and robotic)

syster

shaped the agricultural technology and their commercialization. ]

So, the studies have indicated a strong link b griculture and
growth as the backbone of national sources of income and commercial development
[3]. The increasing demand in food pti ionwide as resulting from
i d daily populati plosion that necessitated the provision of p n
agriculture monitoring [4] and to ease the farming process as well as abnormalities
in the farm environment. Although, farming is an essential means of increasing
food production, recently its cultivation is d ing and b ing i ly pro-
portional to the rising population. This is partly due to the phenomenon of global
warming [5]. As a result of changes in climate conditions and its threat of conser-
vatory, the need arises for an agricultural development control system to manage
this condition for high yield of crop production [6-8]. 5

The changes in climate condition increases the tropical storm intensity and
frequency due to rising temperatures and climate pattern that change mutually.
Whereas, the warming of temperatures ocean and sea levels rising escalate the
disaster storms growth with excess heat trapped in the atmosphere. It is observed
that dissolving of heat energy and excess of carbon dioxide gas has significant
damage on the ocean, Like oceanic acidifi that affect reproducti and ff:r—
mation of animal shells, oceanic heat waves affect coral reefs with the frustration
of fish migration, and oceanic dead zones created as a result of deoxygenation
process (9, 10].

Consequently, there is a need to prevent and manage common emission releas-
ing into the atmosphere with effect on agricultural crop growth and environmental
degradation effect. This threat of emi leasing contrib i ly to the
effect of climate change which affects the successful cultivation of farm crops [11].
The United Nations' World Meteorological Order (WMO) confirmed that the world
planet is about 1.1°C warmer, and is forecasting an increase from 4-5°C towards end
of the century. Others factors of agronomy-house sustenance depend on the envi-

I weather condition which includ temperature, humidity, winds, light
i y, and solar radiation. The | averview of primary sources of green
house gas emission is given in Figure 1, which include industry, transportation,
building, agriculture, forestry, electricity and heat production [12]. While the
sources of releasing those gases, are Methane (NH,), Nitrous Oxide (NO), and
Carbon Dioxide (CO) from the industrial processes, fossil fuel, bush burning,
forestry, sewage disposal and other land use [13).

A Greenhouse is a controlled place where plants are grown under control condi
tions of ambient temperature, humidity, water vapor, light intensity, and carbon
(iv) oxide [14]. The environmental conditions for greenhouses can be varied
according to the plants need to get most out of the plants and for high efficiency
Since the envi I condi of the greenh need to be adjusted for
optimal growth, the size and cost of labor increase propottionally to the size of the
greenhouse and the number of plants [15, 16]. A greenhouse is a structure designed
with glass walls or transparent material and a glass/transhucent roof used to grow
food crops and plant cultivation (such as tomatoes and tropical flowers under
controlled environmental conditions [17, 18],

The efficient management and monitoring of greenhouse plants condition
require the integration of an artificial intelligence system (Al) or automated control
system (ACS) based on context-aware software design (CASD), Therefore, a

of artificial inl:ell‘lgence (AI) and computational intelligence (CI) into the agro-
A anics] srapiifie dodl sk i
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£ evission) to the atmasphere will be meresses of 259%, and mitrous
peveentage of 147%, methane (CH,) with perentag
132%.

Gl‘t':n\luuxc Devel

is proposed in (19] tosafe-

opment Rights (GDR) framework is p jon to the E;liml“dm'g'
Buards the righy of development as possible global ‘“lu.nm;l context for (China
Chlll«-ngcx, 1tis shown that GDR approach is an inlem’uonmedunismnf AgEens
and the USA) which Pprovide funding for the dcv:lOP""l':‘“mB“, The GDRisa
AOUSe a5 an approach 1o address global climate change chal A countries. In another
foundation for future evolution and industrialized dwc‘ﬁpmen\ of asmart
Approach of control and keeping hothouse cool is ‘.'" t!:cm [20].

fontroller fo #rid stabilization using optoclectronic 5y intelligent S"‘"hmw

This book chapter contribution aims at p"'““""gax,‘,-onnullu using

fontrol based on the non linear consequent fuzzy lag}‘mns greenhouse Pm“‘:un
for agricultura) technology. The system helps to mOT:he system C""‘m"m:"
and acts based on the specified fuzzy rules to control Thus, there i3 ""dr::
fondition without or with litle human inlervf““"“i technology that can recu
intelligent preenhouse control system in agricultura human intervention.
human labor ¢ Ot increase productivity, and reduce

2. Related works

time monitor-
mentof a el condi-
The global warming crisis necessitated the dﬂ;,‘i(z“'"‘"ﬂl "l;";::‘::of farm
g and control system for managing change in "m role in the wthnﬂ“btddld
Hons, This temperature change plays an l"‘l’"]“‘ apP'“'d' (su of automation
“rops. Therefare, the use of computer trrl}"“ :fi);inli' e desh house management,
Bystems and Al) has been newly adopted in re rature ﬂs'u;{muhlionw
fontrol and monitoring system of ambient le':‘l’i‘ns |Evimk mainly focuses on
The preenhouse contral system is dcvelnl*:m in (2] ““md sensor to detect ang.
for data collection and analysis of cunu""ins 2 thermostat ulated and implemented
adjusting the temperature environment us as "X‘“

control the hotness of the greenho

ess W ized sprinkley
use, The proc frware. i

jew 50! soil features using
in the developing system platform of lﬁ:;;‘:! Jand b“:fda:'l‘wﬁﬂi hi (Fen
irrigation system for predicting use of_rht sgnificanc® hezzy
fuzzy logic decision approach in [22).
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ch fardwcunnmwn:n:nm of soil properties

in land eval is a suitable ap
mdpmdg:naccumd:mﬂmﬁnnmduforptdicdng
d method of cull

m using an embedd, ‘symdcvelopmmt:pprmchm[?.’o] 'l'hns

industrial | greenhouse model is developed for plant exp
Title Strength Limitation
Design of an Intelligent Successfully developed a remote  Absence of an intelligent
Management System for ‘monitoring system for technique. Although the

b on ing. control method is remote, it

the Internet of Things [24], protocols. Users can remotely i also manual.

control and manage greenhouse

parameters such as temperature.

and humidicy.
Smart greenbouse monitoring A system capable of remetcly No intelligent technique
using Internet of Things (25 presents. Lack of control

3 web app!

Research an the control system of  Successfully developed a Zighee  Absence of intelligent
the i greenhouse of 16T based system capable of remotely  technique. Control is
based an Zighee [26] monitonng and controlling manual.

LB SNt of parameters o 5
Internet of Things based Implemented 2 suart greenhouse  Absence of an intelligent
Mm:mm::‘ —Gﬂl!;;“l-_dy technique for the control of
and automatic control [27). and par

The
rystem is capable of stnmatically
the parameters if they
are out of the specified range. s
Intelligent Developed an muelhgent Absence of itelligent
hudmlmmd'l‘hpﬂu‘n preenhouse saing Cloud service comtrol technique.
[28]. fox semmonely enomitoning
greenhous variables The system
15 alsn capable of wsomatically
comtrolling the parsmeters if they
138 beler o1 sberve gpecifnd
hle sl N5t S
Stmart greenbouse using IoT and  Suceessfully Absence of intelligence and
dloud computing [16] monitoring interface for comrol technique
greenhouse parameters using bl

hiots and dloud computing
Dﬂlsn -nd nmplcmrmmm of s Successfully developed & mmart Absence of ielligent
smart greenhouse [18). greenhouse comtrol system 1o technique

monitar and control the

Intelligent Manitoring Device for
Agricultural Greenhovse sing
10T 29],

with an Androld Application

parameters in 2 tomato farm. The
wystem automatically controlled
actuators to regulate greenhouse
variables

The author proposes & monitoring
system for greenbouses using
wireless sensor networks and loT
The proposed system incorporates
a microcontroller that transmits
information that can be monitored

ﬂni;mrc of intelligenm

technigue Mo control
techmieue apecified
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ir-conditioning, soil condition, and irrigation

the University of Alicante to control ?“.C.undmon:ing“:o::,ic::ymm ‘model designed
in the system. The optimization services m_t:gm:al “:ndlll.'ﬁﬂn of smart environ-
help in the detection and prediction of agricultus };] ice does ot aondar o
ments, But the optimized smart cnvironynenl greenho anid winter, Otherauthors
trolling the system conditions during rainfall, summ;l:. eeligeoratatl greenhouse
that contribute to the development of autnma(ed an 1m '
control and monitoring system is analyzed in Tl‘{k R part of intelli-

From these literatures, it is observed t,h“ the hmmuo:ludc\ improvement. A.lsa,
gence incorporated into the system with hncm’lfd f“ny“nhousc with automatic
the season management of crop cultivated areain ‘hthg" ‘et aims to fill those gaps
control technique are not studied. Hence, this book ¢ lpnuollel‘ system for the
by implementing a non linear consequent fuzzy logic co system withan
decision-making process and ic control Onh‘ﬁ‘is book chapter is orga-
approach of context-aware software design or_lml"g)" he general background of
nized into 5 sections, The ntroductory part discussed t Ic']ghc research methodology
study in Section 1, Section 2 presented the related works tical modeling of the
Is presented in Section 3, while sub-Section 3.1 mathema 32 presented a linearize
greenhouse control system in sub-Section 3.1, Sf‘b'scmu:m.ham control. Sub- e
and non-linear consequent fuzzy controller design for gr of non-linear consequent
Section 3.3 contained Lyapunov function for slalnh.utmnd implcanmion of non:
fuzzy controller, Syb-g ction 3.4 presented simuhnoi:ii'f in LabVIEW. The s
linear consequent fuzzy controller based-greenhouse S:stlﬁ:" 41 contained Inte
results and disc Ussion are presented in Section 4, sub- mulation results. Sub- ol
'S¢ management bhased nonlinear mnlml.sl bility of nonlinear con
Presented simulation results of a Lyapunov sn‘,ns for future works:
"M, Section 5 gives the conclusion and recommendati

gent greenhoy
Section 4.2

3 M('llm(\uh)';y

Comext-aw,

(sensor) ane
problem de
ing what the ¢
information |

t require:
| conditic
nonlinear fuzzy

achieved stabil,

par

environment

ameter to influence thy
manipulate themy, inca

the §

5 i the ability to sens¢
Are systems are software s)"““m, ll:sl[!""'i:::"l'l:“n“ "'q“i" :mn-
1adapt 1o the environmental mndm““‘(.[r‘::‘g design involves dclr
10 130, 31) through a fuzzy controller. 5 e resPﬂ"d“’““:owmc
YEtem needs to sense, make ad‘:::‘;:.‘:n.idny. and Iht::;:‘:l,nl using
o 1 temperature d ma
m((‘-‘::"xll)\‘c‘;-;r‘rl\lunuxr system ‘l”":;;“‘;,;:uno\' fu""‘“':w
contraller system with direct mﬂ‘l“:i n need a focus :ﬂ,‘.l:mi and
tabilization, The system I;“"‘l‘-h“{;::‘l{:;‘; if'c.m sense the elet
e designed value

it to
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design for an intelligent greenhouse control system includes practical problem
ndamﬁcanon, insight to the context, elements components required in the sense
ion, and logical g rules for infc ion as ill din

l-'l;ln'e 7 X
The fuzzy logic Il hi (32) isting of crisp input rules,
Fuzzification (knowledge-based or linguistic rules), fuzzy inference engine (logic
rules), and Defuzzification (ourput crisp values). The input of a fuzzy control
system p can be adjusted to the system (fuzzy mechanism)
perfonnznne using the Egs, (1) and (2)

0" = a(Pg, Py, P1,Ps ..., Py) (1)
o = ,,(p‘--".P.) [©))

where, 0'") is define as a set of input parameter to adjust at time t, T, and P, is
the parameter collected at a time T,. ‘

The nnn—homogenmy consequent of the fuzzy logic controller system technique
is adopted in the design to sense the grecnhouu emnranmem and adzpted fora

unique solution of a design problem. A visual gr P g system-
dtﬂgﬁl form and software devel called Lat y Virtual
E g Workbench (labVlEW) was used to achieve the context-

design. It is very efficient and commonly used in engineering as a context-aware
system design for data acquisition, uuzrumzm :muol and industrial automation

system. It is a multi-threading and ds system that is auto-
matically engaged by the in- buih -chzdulzr dunng the execution flow structure
(nodes) of a graphical block diagram. The ion wires will propagate the

variables and execute the process immediately all its input data reachable,

This system is used to control the temperature and humidity of the greenhouse
system using a non-homogeneity control system. The temperature and humidity
inputs parameter are set and the system keeps both values constant regardless of the
outside temperature of the controlled system. This is achieved using the combina-
tion technique of the linearized system with non-linear fuzzy, and adopt Lyapunov
function to achieve system stability in the model. This model helps in controlling
the opening greenhouse roof for rainfall and lumllme. and/or by turning on the
sprinkler to reduce the temy as d in the algorithm of Table 2. The

P

Algorithm Iar greenhause temperature vanagement
(Roof openimg, closed and water spilled |
#is the time, t; Is minimum air temperatare, 1, s the marimum s temperature
Procedure for greenhowse roofing control (sime, 1,41
1+ air tempernture valve
If time between B - 00am and 8 - 00pm, then
Hag = @r temperature average
1<t thn
Control greenhouse roofing (Clased)
dseif tz1
Cantrol greenhowse voofing (Open small)
else
U tag - 1<t then
Control greenhouse voofing (Clased, No water npill)
elie f Loy ~ 1200, then
Control greenhouse roofing (Open, Water spill)

Table 2.
Greenhouse temperatures management and control
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1o 4 - s ba + ination technique of
decision-making process of the system is achieved using a combinati
linear and 1i approach ci

q of the fuzzy logic contmll.er system. Tv'hc
sub-system irrigation and ventilation classification help the ngr(lmo.rms( todmliil:ﬂal,:
the setpoints of the control input variables. This irrigadon»vcmllal{cn mn' ¢! <k
intelligence unit that is used for the senses and responds to immediate action by

. iR o i e
introducing the prediction and optimization facilities that are supervised by th
agronomist as presented in Figure 3.

The calories required for heating the air in the greenhouse is calcula‘(ed as i)
expressed in Eq. (3). For the determining value of temperature, it rcqu!rcsx:"ali
heat of 0.30Kcal to achieve a one-meter cube of air. It is observing that 1kW he:

can produce 860Kcal, and a heat source of 30 W can produce 25.8Kcal heat per
hour, and equivalent to 0.43Kcal heat per minute [33].

@ = MCA ®

where @ 1s the heat, M is the mass, T is the heating temperature (0.24 Keallkg):
27 15 the difference in temperature.

3.1 Mathematical modeling of greenhouse control system

The behavior of the greenhouse microclimate is dynamic and combinations of
physical processes involve mass balance and energy transfer. The physical processes
involved are used in estimating the greenhouse climate. The amount of energy
leaving the greenhouse can be calculated as expressed in Eqs. (4) and (5)-

Erpeal

)

Sut Points Value

'
(e valwe &
aatreller

e
1 o tiaton

Figure 3

Intelligent greenhouse monito

A control florochant,
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Eioy = Ex + E; + By + B + Evuud (5)

where, E,..,; is the total energy balance (W), Eyuy is the amount of energy
entering the greenhouse (W), E,, is the amount of energy leaving the greenhouse
(W), Ej is heat loss due to conductive heat loss (W), E, is the heat transfer due to
ventilation (W), E,; is heat transfer due to infiltration (W), E, is heat transfer due
to the longwave radiation and E,.. is heat loss due to condensation (W).

The conductive loss P all the heat transfers through the greenl
cover from the internal to the external air, conductive heat transfer through the
covering material and radiative heat transfer can be expressed as in Eq. (6). The
thermal wave radiation exchange from the interior greenhouse to outside can be
calculated as given in the non-linear Boltzmann relation in Eq. (7) and Eq. (8).
Therefore, the ventilation of heat lost in the greenhouse is proportional to the rate
of air exchange and the differences occur between the inside and outside air tem-
perature [34], and the loss can be determined as in Eq. (9).

Ei = Ah(l; = 4o) )
E, = Awaeld; — Ja) @
E, = GpG,(4 = q) (8)
and, G = arJe,A, ©)

where J, is outside air temperature (K), 4, is inside air temperature (K),  is the
conductive heat transfer coefficient (W/m’), A is the area of greenhouse cover
(m?), Q, is radiation loss, ¢ is the combining emissivity between the cover and sky,
o is Boltzmann constant, p is air density (kg/m*), C is the specific heat of air
(kg K), G is airflow due to ventilation (m’/s), w is the wind speed (m/s), r, is
percent of the ventilator opening, k, is the slope of the curve showing the ventila-
tion flux divided by wind speed variation and A is area of the ventilator (m’)

The heat energy is transfer within the intelligent greenhouse system as a result of
infiltration of energy loss which is due to the exchange air through cracks occurs in
the greenhiouse and is considered. Since the infiltration rate is based on the volume
of water vapor changed per unit cover area (roof and walls). This volume of water
vapor is directly proportional to the wind velocity and the temperature difference
from hoth inside to outside the greenhouse can be determined as in Eq, (10). Then,
the sources of heat gain from the greenhouse model include solar radiation heat
which is the most determinant of heat gain by the intelligent greenhouse system
during crop growing and system heating from the environment [35]. 50, the energy
of the greenhouse can be calculated as in Eq. (11), the heat transfer from tubes to
the greenh i is d as in Bq, (12) and the internal tempera

! P
ture increases are within the range of (0.3-0.7) which 0.3 was chosen

Eu = 05VN(4, - 4s) (1)

E, -~ Agtl ()
Q= MCy (s~ i) (12)
where, H,,; is the infiltration heat loss (W), J; is the temperature inside the
grranhausl;(K), 44 18 the outside temperature (K) of a greenhouse, V is greenhouse
volume (m’), and N is the number of air changes per hour (h '), E, is solar energy

radiate ipm the greenhouse environment (W), 1 is total external solar energy falling
on a horizontal surface of the greenhouse (W/m®), A is an area of greenhouse floor
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(m?), 7 is radiation light transmission to the greenhouse cover, y 1s constant of the
proportion of solar radiation that radiates into the greenhouse. Q, is heat gain from
the heating system (W), m is the heating water flow rate (kg/s); A, is heating water
inlet temperature (°C), 4, is heating water outlet temperature (°C) and Cy is the
specific heat capacity of water (J/kg K).

3.2 Alinearize and non-li

quent fuzzy ¢ ller design for

greenhouse management

A closed-loop or called feedback controller transfer function is adopted since the
output of the intelligent control system glt) is fed back into the system through a
sensory measurement device (sensor) 7. The comparison is for reference value zif),
Where the controller system a takes the error ¢ (difference) between the reference
pomt or set values and the output to adjust the inputs y feedback to the system
ulmlur control 5. From the perspective of implementation of the controller with a
linear approach and time-invariant, the clements of the transfer function a(s), A(s),
and y(s) do not depend on time where a is controller, /J is the system under
controller (plant), and sensor measurement denotes y [36-38].

We can analyze the systems using the Laplace transform on the variables as
expressed in Eqs. (13)-(16).

@ls) = fls)uls) (13)
uls) = als)e(s) (14)
els) = «fs) — y(s) - qls) (15)

By solving ¢ls) in terms of ¢(s) can be expressed as given in Equation

fls)als)
ols ELI8) o L (16)
2 (\ + ]»‘(nulnr(n)xm =Rl

The closed-loop or feedback transfer function of the greenhouse control
system is expressed as Ris) in Eq. (17), where the numerator is identified as
open-loop (forward gain) from ¢ input parameter to ¢ output values, and ‘,he y
denominator is a feedback loop that goes around the system called loop gain. So,if
|H(s)arls) 1, that s, it has a standard model with each value of s, and if ()| =1,

then gls) 1w approximately equal to 1(s) and the output system is close to the
reference input

Ris) Pls)als) un
14 plsjals)als)

The flowchart technigque for a linearized
optimization function of the
trated in ¥

and non-linear fuzzy model f9! fl\r:
cenhouse control and management model is illus-
ure 4. This mechanism operates as a reference model to the vfun-hucar
system and is connected in parallel in such a way that the linear system passesacross
the non-linear for better stability. X &

The state-space model for ||z- non-linear fuzzy controller 15 givenin kq (18),
which increases the fuzzy rules quantity exponentially with "u"'lmt.lm.m:.::"
sures. The delayed in the state-space model for the fuzzy controller is g:z' o
Eq. (19). Where (1) is the state vector of x(r) X", vlt) isan input ve h"(m) e
b(t) € ™, & is the number of rules, w(r) is the available premise vector, o
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membership function, a; and fi, are the linear models, and the convex sum is given

as: bilw) €10,1), Y7, bilw) = 1.
) ="y duleolt))aux(e) + a(8)) 18)
Cl

This state-space model for the fuzzy system can be expanded to determined
the time delay dependent as given in equation, where £(t) is the delay time depen
dent, and 6, (w(t - #(t))) is the delay states that dependent on fuzzy membership

nctions,

Ttk
£(0) = 37D ulat) b lwlt — £(6))) (Apuex(t) + Tt = 1(1)) + Pragvlt = 7(0)))
ketm 1

(19)

The notation of r(t) = r can be expressed as Eq. (20), and the closed-loop
fuzzy model for non-linear time-dependent is in Eqs. (21) and (22). This is to
reduce the number of fuzzy rules and to serve the purpose of measured-state and

on-li d-state (34,39, 40).
Voo = YN Balwlt)) B (el ~ 206))) Wi (20)
ke1m
X(t) © ax(t) + Jpuxlt 1) 4 fl0lt - 1) 21)
x(0) = aux(t) + Dot 1) + f,, Gylexlt) + f ot - 1) (22)

The x(t — 1) is the state vector for time-delayed, v(t — 1) is an input vector time-
delayed, G is the system matrix, x(t) is a function of linear combination for each

input to the model, and y/(&x(t)) is a vector function. The boundary condition for
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the existence of vector function in the model can be expressed as y, k =
1, ...,roccur in by, such that; 0 < ¥

wll) = | ws() @)

w()
33 Lyapunov function for
controller based

stabilization of non-linear consequent fuzzy
-greenhouse

For the stabilization and dynamical nature of the system, a Lyapunov n‘on.-lll:”
function (LNF) is adopted to operate the system model as a linear with a limites -
range of function at €very region. This approach of LNF helps the model to s
auxiliary nonlinear feedback which can be operated as linear for collntul deﬂg’:cm
purposes. Since 3 Lyapunov direct method of stability criterion for a linear sy;on .
can be defined, Suppose u = 0, and the exist two-point p > 0 m‘! e Ojn‘u:—i: th'zl
linear system s Asymptotically stable at the beginning for any B (24),
existed given a unique solution that used for stability analysis as given in E?i g
with ©(6) = Y% 0, >0, where 9 < 0. But the choice of q can be made
arbitrarily which is mastly set as q = 1, an identity matrix p for all suu'csswc(?s).
principal minors of p is positive using Sylvester theorem as expressed in Eq:

x(t) = ax(t) + fu(t)

_ )
YU = yx(t) + bu(r)
Py Py Py
. )
PPy Py Py, Py>0. Therefore AlP]>0 !
Py Py Py

i inEq. (26)
However, the parameters for the fuzzy model-dependent can be givenasin Eq
X all)x 4 g0y 4 0w 6
T A0 4 B00)d 4 B0
Y o v A0)x 4 b0y,

where all)

—l a B, i
a0, fy(0) < Y30 0(0) g l0) _,?-'; “ﬂ"]; ’f""
"
1) < 3Ty 0 Big(0) = Y 01(0)Beags Beul) = 2of - “)\1}
s 1\ a) .
1y 0) < 3T 400)yy 10 By(0) = 3 0i(8)0y0, 0= 101(0) 0 Onl

< ith the ith system are
Phe associated weighting function of numuh-,fd fuzzy ‘”l‘::‘(,,' and premise
caleutated thiough the degree of fuzzy membership f“"‘;“:’;“w properties in Eq. 27);
variable with a closed interval of (0, 1] which must satisfy thes

Z0\a 2 > 27)
0
: & 0a) - 1, ) 0ila)
020, ),_l," ( 2
atrice: ol in the derivation with a new
The state-space matrices function can be rcplaud in the

laced
here a, P can be rep!
introduce operator as expressed (Eqs. (28) and (29)), ¥

an
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with @, and the subscript s refers to all signals (x,d, £) and 5, is the dimension of
signal .

Ol wy —an
s B - = S 8)
Ople we—1y
"=y — 01 ... 0 — o] (29)

The notation in Eq. (29) can be expressed as given in Eq. (30) using fuzzy
s AR Dl :

wl0) =Y O, = wn + P, = Puf (30)
1
Therefore, the Lyap fuzzy model function for the system stability is given
with g(0) = 50, @, > 0, where <0 as expressed in Eq. (31)~(33).
8- L pll)x (31)
d (Zo,p, +a’ (B)plO) + v(ﬂ)ulﬂ))t (32)
J=i

L.1" | Sop, ol0)

=T ¥ 33)
i Iu’lh] x[ }[u’ﬂ)

From the cxpreuwn given in Eqs. (27)-(29), these symbolizations can
e achieved as given in Eq. (34), when the fundamental matrix will be

vepresented as X, while Y is the out factor, and Z = [/, 7(”!] Then,
% [ Le P ATy,

(550 0
Low, po] [l 0 20 @ [l 0
; Y 0 0 (¢ fe D
0 0 0 Ju Ol
o o @) 0
(34)
Therefore, the dition of Ly stability exp in Eq, (34) is compa-
rable with YZ"X(YZ) < 0. So, thie matrix YZ can be reform as given in Fqg, (35)
0 B
vzZ-pros|o P, (35)
ot m

But the variable X which depends on the fuzzy weighing function derivative can
be solved using conservatism of LMI-based stabilization conditions as in Eq. (36).
The constraint notation is 3"} 0, = 0 and g, + F ~ g, 2 0,j €112, m).

482



A Nonlinear Fuzzy Controller Design Using Lyapunov Functions for an Intelligent...
Dol http:/dx.dot orgl0.5772 fintechapen.98409

"

i"m, = OF + i.ﬁ,(p; | F- @,)g(i‘}-'g Z(ir(W; LR~ p,) (36)
=1 2 g 2
So, if @ = ,F 4

a0y, + F y,u,) and @, := — & F + 2";,1”.1(7‘1 i ‘TJ‘)'
the stability of Lyapunoy fuzzy weighing function is guaranteed by the expression
given in Eq, (37).

(YZ)" X, (YZ) <0k = 1,2, (1)
where
@, 0 [
Xpy=10 0 o
@ (@) 0

For the fuzzy system controller to be asymptotically stabilized, then it is given
that u = U(0)Q (0)x with U(g) ~ Y140,U; and Q(0) = Y77.,0,Q,. The
Lyapunov fuzzy #"Q '(0)x and the system ol
Ul6)Q "(0)x, and the condition for stabilization ed
described as in Eq. (38) with a similar derivation of LMI-base
tion condition [41, 42].

system function is given as ¥
troller can be expressed as u
d

0 can be finally
stabiliza

2-0,Q, 4+ A0)Q0) + Q@)AT(0) + B, (6)U(0) 4 UT(o)BL0)>0  (38)

1

3.4 lmplementation of non-linear consequent fuzzy controller
based-greenhouse design in LabVIEW

The Fuzzy Inference System (FIS) consists of two inputs (temperature and

> ic
humidity) and two outputs (electric roof and water spills). A Mamdani fuzzy logi
technique was implemented in this stud

itability
y due to its wide ,\cccp\.\nlltl and sun:n;:or a)ll
for this application. The triangular bership were

= {
" or. N i jon values o
inputs and outputs. ‘The input “Temperature' had membership (\mc}m}\ e
‘cold’, ‘normal’, and ‘warm', while the wput ‘Humidity' membership fw
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values of ‘dry’, ‘normal’, and ‘wet’. As for the outputs, the membership function for
‘Electric Roof signified the level of the opening for the roof. The output member-
ship function p is ‘closed’, i-open’, and ‘open’. The output ‘Water
Spills’ represented the amount of water to be spilled by the sprinkler. This parame-
ter has membership function values of ‘low’, ‘moderate’, and ‘more’. Besides, the
greenhouse control system was designed to consider each of the four major seasons
(spring, summer, fall, and winter). As a result of this weather variation, each season
has different membership function values for the weather conditions. The block
diagram is illustrated in Figure 5.

4. Results and discussion

4.1 Simulation results of an intelligent greenhouse management based
nonlinear control

The intelligent greenhouse control system was designed and simulated in
LabVIEW using li quent for the ller. Two major interf:
environments were used to achieve the design of the system, the front panel, and
the block diagram interfaces. The LabVIEW environment also provides a tool for
fuzzy logic designs and the fuzzy logic designer has three interfaces, namely:
Variables, Rules, and Test System. These interfaces respectively give the user an
interface to specify the inputs and outputs of the system, provide the IF-TH EN
rules, and test the system to analyze the performance. In LabVIEW, an algorithm
was implemented for the intelligent control of the greenhouse. This algorithm
was impl d using a block diagram for the simulation of a nonli based
intelligent greenhouse control system.

The interface has a knob that can be used to select a particular season. Also, the
temperature and humidity can be altered to view various results, Selecting, different
values for temy and humidity result in diffe outputs for roof opening
and the water spills through system actuators. These outputs are determined by the
fuzzy logic controller, Depending on the season selected, the outputs of the FIS will
differ even with the same inputs. This is mainly because each season uses a different
membership function for its decision-making. Considering these scenarios, experi
ments were conducted for each of the four seasons with the same input values. This
was done to analyze varying results of the seasons and to examine the effectiveness
of the control system. During this summer season, the dynamic sensor deployed to
the envi is temy and sensors for monitoring the tempera
ture and | lity of the greenl at P e input of 25°C and the
relative humidity of 85%, The membership function for temperature has three
stages cold, normal, warm, It observed that temperature starts to normalizes from
22.5-32.5 degrees celcius to get constant temperature input. Therefore, the roof is
open at 50%, and water spilled at the relative bumidity of 40.1%, The simulation of
fuzzy controller based intelligent greenhouse during the summer season was
presented in Figure 6, and its fuzzy membership functions, The surface view of the
dynamic system testing is presented in Figure 7.

In this work, a knob is designed to mimic the outside environment based on four
possible weather conditions in a year (summer, spring, rainfall, winter). The con
stant temperature parameter set is 25°C and humidity at 65%. The membership
function for temperature has three stages cold, normal, warm. During the summer,
the temperature starts to normalize from 22.5-32.5 degrees Celsius to get a constant
temperature value. Then, from the understanding of physics, an increase in tem-
reduces humidity and relatively controls the sprinkler to turn ON and

r
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model for the summer season. () The
that the average temperature of (17:5°C

bership function. (a) A greenhouse simulation
Without requiring voof opening

? shows
msdlation model eslt of an intelligent greenhouse environment
) and humidity (55%) are conductve for crop growth and development
or water spills,

e rer—

Vigure 7.
Surface view of the dynamic system testing,

SRR N et
Series Tempeeature () Wamidity (%) Water spriodler flove (%) umte_-go_':\'ﬁ‘}_‘:’_.
1 10.00

000 000 O s
2 20,00 40,00 2080 208
" 10,00 2000 9043 o Al
. 4000 10.00 10000 345

Table 3.

Results for the suwmmer season

canse the roof opening. All these ealculations are handled logically by ‘h:“‘“m":z
logic controller in the software-context based on the input and Fing, winter
variables, Tables 3-6 presented the results obtained for summer, 5p!

g results
and fall seasons respectively, and the graphical representation of the
obtained is 1o Figures 8-11.
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Series Temperature ("C) Humidity (%) Water sprinkler flow (%) Electric roof opening (%)

1 10.00 60,00 0.00 0,00
2 20.00 40,00 50.38 3030
3 30.00 2000 8079 7050
4 40.00 10.00 100.00 100,00
Table 4.
Results for the spring season.

Series Temperature ("C) Humidity (%) Water sprinkler flow (%) Electric roof opening (%)

1 10.00 60.00 50.00 50.00
2 20,00 40.00 B80.80 7063
3 30.00 2000 9070 70.63 =
4 40.00 10.00 100.00 100.00 0
Table 5.
Results for the winter season.

Serics Temperature (°C) Humidity (%) Water sprinkler flow (%) Flectric roof opening (%)

1 10.00 60.00 0.00 000

2 20,00 40.00 7580 _ 6000

3 30.00 2000 0 70.00

4 40.00 10.00 100.00 10000
Table 6.

Results for vuinful seusom

Figure 8.
Graphical rey of summer season p

In this context, a knob is designed ta mimic the outside environment based on
four possible weather conditions in a year (summer, spring, rainfall, winter). The
set is 25°C and humidity at 65%. The membership
function for (empemure has three stages cold, normal, warm. During the summer,
the temperature starts to normalize from 22.5-32.5 degrees Celsius to get constant
temperature value, Then from the undcrmndlng of physics an fncrease in temper-
ature reduces h y and relatively controls the sprinkler to turn ON and the
cause the roof apcmng Al these calculations are handled logically by the fuzzy
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Figure 10,

Goraphical ovtput for simulation of winter season parameters,
120
100 4

80 w Series]
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© Senes?
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Temperature  Humidity (%) Water sprinkler """"m:)
(00) flow(s)  opening

Iv‘_l'nrv 1",
Ciraphical output for vimulation of vatufall season parameters.
ssible output

logic controller in the software-context based on the L2 g i
variables,

ental and season
The results for each season depending on different environt controller. This is
Since each season

!
behavior which ig processed by non-linear consequent a0 h se
achieved using different membership functions o ek irements, The variation
has its unique weather conditions and temperature €4
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based on the season’s implementation is to ensure an effective performance of
controller during the different seasons. Furthermore, it can be observed from the
results that irrespective of the season, higher temperatures lead to wide roof open-
ings and high-water spill levels. This is done to reduce the temperature to the level

specified by the farming environs. Also, low temp result in no roof openings
or water spillage, since there is no need to lower the umpenmre further, But,
during the summer season, the average temp and humidi ired is

(27.5°C865%) respectively. For every season that beyond (305"6&75%) of tem-
perature and humidity will require automation of roof opening and water spilled.

4.2 Simulation results of a Lyap stability of nonli control system

The nonlinear fuzzy controller system for managing intelligent greenhouse was
simulated in the MATLAB mvimnm:m to achieved the stabilization of linearizing
system, when its asy ptoti ly stable using Ly function. From the state-
space of fuzzy model given in Eqs- (18), (25) and (26), the characteristics equation
is derived as |1 - A|, and the description is given [42]. 1f(¢,3) = |¢1 — A|, the
system is universal and stable since the eigenvalues are positioned at the left-half
side. Also, the eigenvalues (3) follow a trend when plotted a multi-dimensional of
fl£,3)as lllumud in Figure 12. This eigenvalue (3) help to achieved a steady with
better d i good quality and fast responses of the
system as it moves closer to the trend of red spotted lines. The system controller
undergoes processes to achieve stabilization when the eigenvalue is 3 14107 at
periods of (0-0.50) seconds using Fast Founer‘l'nnsfann (FFT) analysis.

For instance, we lered the time of nonl system to com-
pute the equilibrium points and steadiness (stability) of the system as given in
Eq. (39). The control system pathways based on the dynamic nature was verified in

the MATLAB simulation environment for the chosen valueof g = 2, ¢ = 3, 7 = 4,
and g = 5.

Figure 12.
A mults dimensional design of eigenvalues f(¢,3 )
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0=g(2—x) + ; o0
0 = sy — 25y = xy(1 = xyx1), when sy = 0,and x1, =1

Therefore, we substitute x;#; = 1 into the first equation, as x; = 0 does not
satisfy the condition. It gives 2g — g1 + %1 = 0 — %1 = ;I'T

Then, the equilibrium point of the system can be obtained when ¢ # 1, which
give expression in Eq. (40);

2 et (40)

The set point environment of the linearizing system can be derived as given in
Eq. (41), and the characteristic polynomial of the system is given in Eq. (42):

s
e i ST,
) = TR 1 x(t) = z 5, | =) (41)
1-2q0 -], Dt g
(g -1°
Al PYRI. il PR, oSy (42)
e B L 7 T

This expression in (42) can be resolves as given in Eq. (43).
47'

e 220 ()

4 (43)
(g~ ”’” g-1)

Alg)=g"+

Therefore, if the polynomial coefficient is both positive then equilibrium point is
stable when g > 1, else is unstable when at least one eigenvalue g <1

The simulation results for the system control pathways for nonlinear system
using Lyapunov function with given stability conditions ¢ = 2,9 = 3, ~ 4, and
¢ = 5are shown in Figure 13,

5. Conclusions

The greenhouse control system was implemented using the Fuzzy Logic Con
troller design with non-linear consequent as an intelligence in the decision-making
process of the system, The membership functions include two inputs (temperature
and humidity) and two outputs (roof opening and water spills). The intelligent
greenhouse system was designed to cater for each of the four major seasons (sum
mer, spring, winter, and rainfall) and this was achieved by implementing different
membership functions for each season, The development of an intelligent green
house control system was simulated and implemented in LabVIEW. These technol
ogies, FLC and Virtual Instrumentation in LabVIEW are widely adopted to enable
computing and communication to migrate out of the gray box into ordinary objects
(standalone system). However, it is significant that building of an intelligent sys-
tems to model human activities or interactions is important to the agricultural
technology development. The results obtained show varying performances for each
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season to cater for different weather conditions. Future research
i“CUF})OI—.ning a heating mechanism to raise the temperature for v

and hybrid intelligent techniques using optimization technique forab
performance
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Chapter 2°

An Overview of CAN-BUS
Development, Utilization, and
Future Potential in Serial Network

Messaging for Off-Road Mobile
Equipment

Hannah M. Boland, Morgan 1. Burgett, Aaron . Etienne
and Robert M. Stwalley I1T

act

A Controller Area Network (CAN) is a serial network information technology
that facilitates the passing of information between Electronic Control Units (EFUS.
also known as nodes). Developed by BOSCH in 1986 to circumvent challenges in
hare connected systems and provide improved message handling in automo-
biles, the CAN interface allows broadcast communication between all connected
ECUs within a vehicle’s integrated electroni system through distributed cumml.
equipment. Since the early uses of CAN in car enginc
management, improvements in bitrate, bandwidth, and standardization pm\ncﬂ|5
(such as 150 11898 and SAE ]1939) have led to CAN utilization in various industry

applications, such as factory awtomation, aviation, off-highway vehicles, and
telematics. Alternative wired and wire

and decentralized measuring

s technologies have been used to connect
and networlc with CAN-BUS (such as Ethernet, Bluetooth, Wi-Fi, ZigBee, etc.),

further expanding the diversity of applications in which the serial network is
employed. In this chapter, the past, present, and prospective future developments
of CAN technology, with focused attention on applications in the agricultural and
off road sectors are broadly examined, CAN technology fundamentals sl.\m!.m\s
creation, modern day uses, and potential functionalities and clullcngt‘sﬁl"‘f‘n" 30
CAN in the wake of precision agriculture and smart farming are discussed in detail.

Keywords: CANBUS, Serial Networlk, Agricultural Sector, Flectronic Control Units

1. Introduction and Background

A Controller Area Netw

nervous system of aliving

based network that collects
ay

ork (CAN) in a vehicle or machine 1s .\mlu‘.',ous tothe

ism. The nervous system of the body is a neuron=
gnals from sensory receptors, passes chemical ll:;'v

to and from the brain, responds to stimuli, and initiates actions. Expandmg
the analogy, sensors in a controller circuit are the equivalent of receptors, an

an electronic control unit (ECU) can be visualized as a sensory neuron systefn

intechOpen
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dedicated to a specific function, bridging ication b ptors and
the central nervous system. CAN-BUS systems create communication pathways
between the electronic control units within a vehicle, allowing the transfer and
interpretation of collected data. Prior to the invention of CAN-BUS, there was no

efficient means of cross-communication between ECUs, CAN-BUS is efficient
i h a prioritization scheme

by relaying the most important ges first, g
of source ID-encoded m using the binary unit system (BUS). This is an
extremely robust arrangement, with a high ability to both detect signal errors and
to function when hardware is cross wired. This is fully distributed, which
allows for a single access point for all the desirable inf i llected. CAN-BUS
is a relatively simple, low-cost system that reduces the overall harness weight and
amount of wiring needed in a vehicle, improving the integrity of transmitted data
in comparison to harness-connected electrical structures [1].

While CAN-BUS has been an effective communication technology in many
past and present applications, future utilization of the network system continues
to be a subject of h and develog In agricultural uses, this tool aids in
precision agricultural appli and in the realm of data communication within
larger farm systems. Vehicle autonomy is another area in which CAN-BUS may play
an important role as an inter-c i B Additionally, there is still
significant untapped p ial for integrating CAN-BUS ging into both more
off-road control systems and wireless technologies.

The purpose of this chapter is to familiarize the reader with the importance of
CAN-BUS in commercial off-road vehicles, applications, and future p ial usage.

In order to fully understand the benefits of CAN-BUS, the origins of CAN-BUS and
its sub i d. A high-level analysis of CAN-BUS

its q pplications will be

hnology, standards, and ation p Is will be | d to better
familiarize the reader with ial technological concepts. Current applications
of CAN-BUS and a comparison with al ive el ic control sy will be
provided. A final quali luation of CAN-BUS capabilities will allow for a

deeper understanding of why it is the dominant technology in modern vehicles and
what innovations may be needed to expand its breadth of application in the chang-
ing technological landscape of off-road equipment

2. History
2.1 CAN-BUS development

CAN was developed in 1986 by BOSCH as a means to overcome the limitations
in harness-connected control systems [2). Their goal was greater functionality in
message communication in automobiles, which could be accomplished through
distributed control. A distributed control system connects multiple, specific
instrumentation into a system network that facilitates the transmission of data
and information, adapting to the needs of the automation control scheme used
It ines ind) I, decentralized measuring control equipment into a main
network node, creating an interconnected network capable of controlling a larger
system [3]. In developing the CAN system, the control equipment corresponded to
nodes (or ECUs), which were connected to a two-wire bus, completing the network
connection. The system prevented message collisions, thereby preventing the loss of
crucial information, a common issue with other existing technologies at the time.

While other technologies could achieve the goal of inter-node communication,
they required complex wiring systems, with each ECU individually connected to
other ECUs to provide a communication pathway [1]. The point-to-point wiring
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of all ECUs was unnecessarily complex and caused difficulties in data and message
management. In CAN-BUS implementation, all the connections are made directly
on the same area network. Through utilization of microcontrollers, the system
complexity decreased dramatically, allowing for a reduction in wiring, a simplified
manufacturing assembly process for connecting nodes, and an overall increased
system performance. Due to the improved efficiencies and system simplicity that

this ujchnuln-,;y offered, CAN-BUS became a viable alternative to the complex point-
to-point wiring harnesses used at the time (4],
111987, both Intel and Phi

ps developed the first CAN controller chips, the Intel
82526 and the Philips 82C200, respectively [2]. The first iteration of this technology
was a chip that managed messages by assigned priorities. This allowed the more
Hmportant messages to be received with significantly less delay. Notably, this first
systemincluded error detection, which would automatically disconnect faulty
nodes, while still allowing uninterrupted communication between working nodes
[5]). The hierarchy system allowed for the most crucial information to be passed

along first, making the system particularly useful in applications with high safety
requirements [1].

In early CAN development, there were two hardware implementations that
cover the bulk of installations: Basic CAN and Full CAN, Basic CAN utilized a single
message buffer to ive and transmit messages. The dard CAN ¢ 11
implemented a specified number of message buffers (usually around sixteen),
wherein the programmed algorithm read the received messages and wrote mes-
sages to be transmitted [6]. In Basic CAN, the received message is passed through

acceptance filtering, which then decides whether to process a message or ignore

It Soltware is used to control the acceptance filtering of a node in Basic CAN. Bit

masks for message identifiers make it possible to ignore certain messages by ignor-

ng specific identifiers, in order to reduce the software load requirement at the

individual nodes (7).
Compared to B

or receved mess

asic CAN, Full CAN is a bit more complex. Every transmitted

215 accompanied by eight to sixteen memory buffers in the Full
CAN scheme. Hardware, rather than software, performs acceptance filtering in

thinsystem, reducing the overall software load significantly. Individual buffers
are configured to accept messag

s with specific identifiers, and unique buffers
forindividual messages allow more processing time for the messages that are
received. The transmitted messages can then be better handled according to their
priovity levels, Data consistency is also improved through this one-on-one buffer-
to-message configuration [7]. Unfortunately, Full CAN is limited in the number
of frames that can be received, and it requires more computational chips at each
node than Basic CAN, Early CAN controllers by Intel and Philips were constructed

under the Basic CAN or Full CAN configurations, with Philips favoring the
former and Intel the latter. Modern CAN controller:

s combine the frame handling
and acceptance filtening strengths of both, so the distinction is no longer made

between Basic and Full 2]

A major milestone m bringing CAN-BUS inta industry was the development
of the CAN in- Automation (CiA) working group in 1992, GiA isan international
organization comprised of manufacturers and users with the goal of creating devel-
opmental content based on members” interests and initiatives [2). One year later,
the International Organization for Standardization (150) published 150 11898,
which defined controller area network communication protocols for the automotive
industry. 150 is a non-governmental organization, without corporate affiliations,
comprised of individual st andards organizations from 165 nations, It develops
voluntary international standards and improves the world’s trading, ‘?ummial by
providing common standards across the globe [8). The implementation of an 150
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standard for CAN-BUS was an important step in bringing coherence and market-
ability to the serial network system.

As the bandwidth requirements of the automotive industry continued to
increase, the CAN data link layer (which will be covered in later sections) needed to
be updated. BOSCH began developing the CAN FD (flexible data-rate) protocol in
2011, working in conjunction with kers and other CAN experts. This updated
protocol surmounted two of the most restrictive early CAN limitations: the data
transfer rate and payload. CAN FD allows for a bit rate (transmission speed) of up
012 Megabits per second (Mbps), twelve times faster than the previous maximum
transmission limit. The data field message payload was expanded up to 64 bytes in
length, an increase of eight times beyond the previous payload size restriction [2].
CAN FD incorporated a simple, yet powerful ideology: when only one node is trans-
mitting data, the bit rate can increase as no nodes need to be synchronized. The

nodes are then resynchronized following the data ion and data integrity

check, just prior to an acknowledgement of data acceptance [9]. By 2015, 1SO 1189,
had been updated to incorporate CAN FD, and it has continued to be the standard
CAN system in commercial implementations (2].

2.2 Early applications of CAN technology

CAN-BUS has played a major role in industry since its debut in 1987, In the mid-
1990s, companies like Infineon Technologies and Motorola began shipping large

q ies of CAN-BUS llers to Europ mark-
ing the advent of CAN utilization in the automotive industry, In 1992, Mercedes-
Benz was noted as the first f; to impl the controller within their

processes, when CAN-BUS was first incorporated in their high-end passenger cars
for engine care management (2],

BMW was next to implement CAN-BUS technology in 1995 They introduced
astar topology network with five electronic control units in their 7 Series cars,
Then, they took the implementation even further and employed a second network
for body electronics. This allowed two separate CAN-BUS networks to be associ-
ated through gateway connections. Following BMW s example, other manufactur-
ers soon began implementing two separate systems in all their passenger cars
Today, many manufacturers have multiple CANBUS networks associated with

their production vehicles [2]. An ple of veh gration is presented in
Figure 1.

Figures.
Hiustration showing the multiple node comections to CAN-BUS tn a modern vehicle.
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101993, a European consortium led by BOSCH prototyped a network which
would later become CANopen. This project was eventually passed to CiA for further
development and maintenance. In 1995, it was completely revised and became
the most important standardized network in Europe within just a few years. The
CANupun network protocol offers high configuration flexibility, which has allowed
s installation in a multitude of applications. The networks were first used for inter-
!\al machine communications, specifically in drives, but they have since been utilized
mmany other industries, Within the United States, CANopen has been implemented
for use in forklifts, letter sorting machines, and other network processes [2].

As mentioned in the previous section, introduction of CAN-BUS into the 5
automotive world required the dardi fp lsand testing stand
l? ensure CAN system conformity. 1O 11898, the first international standard for
Lf\N. was based on the BOSCH CAN specification 2.0, and it standardized the
I"Elhfspucd physical layer for the system at the time [10]. As network technology
continued to develop, allowi g for different data i
toler,

speeds and fault
ances in the physical layers, new revisions to standards and interfaces for

hicle-specific applications were needed. This led to the development of SAE 11_939
for heavy- duty vehicles and multiple other 1SO standards (some will be covered in
the CAN-BUS Standards Development section below). Due to the rapidity of CAN
maodification and development in the early 1990s, no error-free, complete standards
or CAN specifications were available for CAN chip manufacturers. “This led to the
establishment of CAN conformance testing houses, where all CAN chips could be
tested for compliance to the BOSCH CAN reference model using the testing plans

outlined in ISO 16845 [2]. These steps were important in allowing the new technol-
ogy to be widely applied in a variety of markets.

ve!

With regard to the marketing of CAN-BUS into the agricultural industry, in
2000 the German Mechanical Engineering Professional Society (VDMA) founded
the Implementation Group of 1ISOBUS to promote the ISOBUS controller. The
German Agricultural Society (Deutsche Landwirtschafts-Gesellschaft, DLG)

*d with the development of the first tests and a testing facility for ISOBUS
compliance, which remains the primary test house for device compatibility. In 2()09-
veveral companies joined to form the Agricultural Industry Electronics Fuunda.hﬂ“
(AEF), a non-profit organization which further promoted the use of CAN-BUS
controllers, lly the implementation of 1S0 11783, Since then, there have been
many plug-test nized at various locations., The first plug-test for CAN-BUS in
North America was hosted by the Nebraska Tractor Test Laboratory in 2010 [11).

‘This review of the development of CAN-BUS and its early applications illustrates
some of the current and future directions for the technology. Besides the novel use
of a distributed communication network, these development clfu|1s||zv:fmly.
positioned CAN-BUS as the leading serial network system in off-road vnh.lclcs.. The
establishment of international societies and standards has been essential in this
effort. The societies are dedicated to enforcing CAN standardization across the J
industry and to enhancing the functionality and quality of CAH technology through
researchand development These organizations will likely continue to \?hy an i
mportant role as CAN systems are utilized in new implementations going forward,

o

3. Technology fundamentals

3.1 CAN utilization: messaging basics

To gain a more complete grasp on how CAN 1D messaging works “c‘ldt:\w:Vﬂ““
different ECUs can interpret these messages, it is helpful to understand the
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structure of CAN messages, from both a data and hardware perspective. This sec-
tion covers the physical architecture of the BUS, the different components of CAN
messages, CAN error-handling,  high-level breakdown of CAN layers, and pro-
vides an overview on how CAN-BUS systems support effective messaging channels.

The physical archif orlayer of a C ller Area Network includes two
wires, CAN High (CAN-H) and CAN Low (CAN-L), which carry all CAN messages
between ECUs and connect to BUS terminators at each end. The BUS terminators
are powered and grounded, providing the necessary voltage to allow serial network
operation. The most standard form of CAN wiring in modern systems is the twisted
quad cabling configuration, in which a terminating bias circuit (TBC), with a
power wire and ground wire, is wound together with the CAN-H and CAN-L signal
wires between the two terminators [12]. Both of the signal wires have set dominant
and recessive voltages that correspond to the CAN system type (high speed or low

). The system reads the voltage difference between the two wires as a bit-value
of “0” when the voltages are dominant, or a value of “1” when the voltages are

ive, creating the mechanism of sending binary messages through the system
hardware [13].

A maximum of 30 ECUs can be attached to a single section of the BUS, and the
overall number for ECUs connected to the network is limited to 254. The maxi-
mum number of available ECU addresses is limited 10 256, because the maximum
length of a data signal is 8 bytes. The 255 address is left null, and the 256 address
indicates for a message to be accepted by every ECU connected to the network [12].
Since CAN-BUS is a broadcast p 1 ges are not sent (0 specific nodes,
but rather, every ECU connected to the network receives every transmission from
all other nodes on the same network. Various ECUs typically have filters on their
geeiving ends, so that the local computer only accepts the messages that pertain to
s operational needs [14). This open communication between all connected nodes
elps to improve the manufacturing process and implementation of the system,
reating vehicle-wide interconnection. Since all the nodes are linked by subsystem

functions, there are no redund. b any two specific ECUs.

As shown in Figure 2, a basic CAN message has eight key parts: 1) Start of Frame

(SOF); 2) CAN Identifier (CAN ID)); 3) Remote Transmission Request (RTR);

4) Control; 5) Data; 6) Cyclic Redundancy Check (CRC); 7) Acknowledgement
(ACK); and 8) End of Frame (EOF). It should be noted that the “CAN frame” con
sists of parts 2 and 5: the CAN 1D and the Data [12]. The SOF is a 1 bit “dominant
zero” at the beginning of a CAN message which signals that an ECU is about 10 send
amessage. This alerts other ECUs connected to the CAN to “listen” for the message
transmission, The CAN ID contains information on the message priority (lower
values indicate higher priority) and the source address. The identifier bit length
varies by version of CAN, with CAN 2.0 being 11-bits and later versions relying on

Standard CAN Data Frame Structure
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2
%
¥ 4 064 7
2 v
sor L PATA . MR oy
et of Remeste Addwonl.  Fnd of
Frsne [— dgunent Fimw

Trenemsssion

Figurea.
CAN BUS mesiae structure,
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extended 29-bit identifiers. The RTR is another 1-bit piece of the message indicat-
ing whether a node is sending data to or requesting data from a specific ECU. The
Control portion of a CAN message is 6 bits in length, 4 of which are the data length
code (DLC), which denotes the size of the data message to be transmitted (0-8
bytes) [13]. The Data segment of the CAN message makes-up the bulk of informa-
tion being communicated, and it contains all the CAN signals to be extracted and
decoded for use by the receiving ECUs [S].

J TP!c four message parts prior to the Data portion are all used to give the receiv-
gg ECUs adequate information on whether to receive the data being sent and what
kind of data to expect. The last three parts of a CAN message are used to ensure that
the data was transmitted successfully. The CRC is a 16-bit portion of the data that
checks the data integrity, while the ACK is a 2-bit acknowledgement that the CRC
fmfnd 10 issues with the data, allowing it to pass. Finally, the EOF is the 7-bit cap on
a ,(‘AN message that signals the end of the transmission [13]. A breakdown of these
cight parts highlights the strength of CAN messaging, in that it provides both front-
end and back-end context for the data being sent. Message types used in CAN-BUS
include the data frame (a data transmission message), the error frame (a message
that violates CAN formatting to signal an error in data transfer), the remote frame

(3 message to request data), and an overload frame (a message transmitted by an
overloaded node to trigger delays) [5].

System robustness and error handling are the two major benefits of the CAN-
BUS system architecture. Error handling is the methodology of detecting flawed
messages that come across the CAN-BUS, in which the original sender destroysa
faulty message using an Error Frame, and then re-transmits the correct message.
Al CAN controllers connected to the BUS listen for potential transmission errors
whenever a new message is sent along the BUS [15]. When an error has been identi-
fied, the node that discovered the error will transmit an Error Flag throughout the
system, halting all CAN-BUS traffic. The other connected nodes will each receive
the Ervor Flag and transmit eight recessive bits, known as an Error Delimiter signal,

10 clear the BUS before taling appropniate action in response to the error. The most
common response to an Exror Flag i

is to discard the erroneous message and continue
to transmit and receive other messages streaming on the BUS, This allows for what

15 known as fault tolerance, or the ability for the system to function around an
error state [15), An example of the error handling message structure is detailed in
Vigure 3
Fach node keeps a vecord of detected ervors through two different registers.

Errors that the ECU was responsible for sending are accounted for in the Transmit
Frror Counter, while faults that it detected in other nodes’ messages are logged in
the Receive Frror Counter. Several protocols have been defined which govern how
recorded errors imcrement or decrement the counters, When a transmitter detects
2 fanlt error in a message, it increments the register for the Transmit Errors at a

{aster rate than the receiving nodes increment their Receive Error registers, since

' Exror \
Frame )
\
Primary Sccondary Varor
CerorFlag | Ervor Play, Delimiter

Figure

of an evror kandling message structure.
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the transmitter causes system faults in most cases. When a node’s Error Counter
exceeds a predetermined value, the ECU enters an Error Passive state, in which its
error detecty ities will not be broadcast on BUS traffic for other nodes to see.
When the counter rises above a second, higher preset value, it switches into a BUS-
Off state, ing the ECU from participation in BUS traffic [15]. Through this

process, CAN nodes can both detect faults and perform error confinement.

An Open Systems Interconnect (OSI) reference model is utilized by CAN-based
network solutions, This same standard is applied across all modern communica-
tion technologies. This model is standardized in ISO/IEC 7498-1, which defines “a

basis for the coordination of standards develop for the purpose of

systems interconnection” |9). The adapted CAN message model comprises three of
the seven OSI layers: the first layer- the CAN physical layer, the second layer- the
CAN data link layer, and the seventh layer- the CAN application laycnl'rypic)a]ly,
ayers) are

081 layers 3 through 6 (network, transport, session, and p
not explicitly i ion layers in CAN to

not explicitly impl d. Iti for the appli
incorporate functions of network and transport layers to allow this adaption of the
05l model without sacrificing functionality [16].

Higher layer protocol functionality, which spans between the network and appli-
cation layers, is an important factor in CAN network design. Network management,
which includes the protocol for turning CAN nodes on and off, can be included in
this functionality. Node supervision in event-driven networks is another common
function in network management [17]. This supervision is required to detect nodes
thatare missing due to several possible fault conditions. Missing nodes could be
caused from a BUS-OFF state, a temporary power loss, or a permanent power loss.
Application layers can search for missing nodes using one of two methods. For
nodes that do not transmit messages periodically, a client/server service can be
programmed so that a connected server sends a state message to the monitoring “;‘li-
ent” aftera consistent period, providing a “pulse” Any interruption to the pulse that
exceeds a set time limit indlnt'::l ol;-"inec‘lm! m.:;’m node. However, if the node
does transmit messages in a periodic fashion, this detection can be done implicitly
[16]. An example of this time-out utilization in error reporting is given in Figure 4.

One of the most significant higher-layer protocol services in CAN is breaking-up
d'au for transmission and re-assembling it on the receiving end. While this func
tion is typically associated with the transport Layer in OS1, in CAN, this parsing of
datais another role executed by the application layer Examples of protocols that
Provide this service include CANopen, DeviceNet, and J1939-21 [17). Device and
network design have become simplified through the utilization of software routines
Fhll execute standardized higher-layer protocols. These protocols are typic ally
implemented in software through protocol stacks Standardized versions of these
stacks are commonly available from a variety of manufacturers. Examples of these
standardized protocol stacks include CAN Application Layer (CAL) from CiA,
NMEA 2000 from the International Electsotechnical Commission (IEC), and CAN
FD from CiA.

CAN-BUS, as an overarching protocol for vehicle system-to-system communica-
tion, helps the vehicle make informed decisions about component level mainte
nance and control by ing an efficient ication pathway, To facilitate

effective information flow, there are often multiple levels and separate systems of
CAN that control specific regions and subsystems of the vehicle. This improves
information handling capacity, and it helps to simplify the system into subsets
that only contain the ECUs that need to communicate with each other. There is no
reason, for example, for the ECU controlling in-cab climate control to know what is
""PPC'""K with the left rear tire pressure sensor. These controllers are divided onto
different specialized networks, enhancing system efficiency.
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Implicit message time-out reporting utilizing CANopen.

Inaddition to separating networks into subsystems, there are also different
types of CAN-BUS systems that allow for different speeds of communication. The
high-speed CAN system uses the CAN-H and CAN-L wires described above and can
communicate at speeds up to 1 Mbps. The ECUs that require this high communica-
tion speed are safety critical systems, like the engine electronic control unit, the
brake controller, and the air pollution control systems [12]. These are wired ina
linear serial bus configuration terminated by resistors. The other type of CAN-BUS
system commonly used is low-speed CAN, which can only reach communication
speeds of up to 125 kbps. This is an cighth of the high-speed system rate and is
appropriate for fault-tolerant or comfort systems like cab climate control or interior
lights. A star serial bus configuration may be used, where multiple CAN applica-
tions are terminated at nodes (4], By splitting-up the networks, there is a higher
level of reliability for safety critical systems to get their messages broadcast across
the network This can aid in the avoidance of accidents or in notifying a driver of an
in-process component failure, like the loss of engine oil pressure.

To further improve efficiency of the CAN-BUS system, every ECU on the net-
work s also assigned an arbitration 1D, or an identification number. This 1D dictates
which ECU is given priority in the case that there are conflicting messages or mes-

sages sent at the same time. This priority framework is a large part what makes CAN
so efficient. Important messages from the engine regarding fuel input, for example,
are not delayed by a message from the oil pump that oil life has decreased by one
percent. In having an established priovity level of messages, the system can be sure
that system-critical messages ave broadeast and veceived across all interconnected
FCUS This system of broadeasting the highest priority message has been a main
contributor to the suceess of CAN-BUS technology and its dominance in the market.

While CANs ave ef fective at communicating data between ECUs, they can also
be utilized to record the operational metrics of a vehicle, Instead of directly measur-
ing the data with precision instruments, i results can be caleulated using,
the thearetical velationships between a specific metric and other parameters that are

measured with internal sensors on the CAN. These internal sensors are commaonly
found in plug-and-play tools that are widely available on the market for on-board
processing and diagnostics, They generally have low customizability, but th'!y are
very simple to install when compared with more specialized, auxiliary sensing
equipment [18], While estimates from these embedded controllers are inexact, very
accurate measurements can be obtained via this method, by first calibrating the
internal sensors with precision external sensors, as shown in Polcar, Cupera, and
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Kumar'’s study on fuel consumption measurement [19]. This allows a reduction in
both the number of sensors and the overall cost required within a vehicle’s con-

trol system.

Through its methods of system i ion and i CAN-BUS
i izad data acllictioniand. in virtually all mark peciall
in the ! 'industry.By plitting: ,,thewrious bsy to create an
efficient b the | control
that n«d m wmmumm, CAN-] "BUS has become an mvahubl: lddl(mn to mod-
ern agr quip and i to ad: the cap y for on-board
I-time data collection, p g farmers with sophisticated technologles for
improving their operations.
3.2 CAN-BUS standards development

Thus far, this chapter has made references to CAN standards, such as ISO 11898
and SAE J1939, but it has not given an explanation as to why there are different
standards for different vehicle rypes. This section will discuss the purpose and need
for developing such individual industry standards, as well as i duce some of the
most important CAN standards in industry today, especially with respect to agricul-

tural vehicles,
As previous! d 1l rks function using a serial com-

munication prmnml mzlung it 2 useful pzlhwxy for passing digital data. However,
without a standard for interpreting and forwarding the data, no useful information
or actionable processes can be gleaned from it. Using the analogy of a telephone,
CAN would be equivalent to the hard and telephone lines used to connect

the voices of two individuals, while the standard is the language used to make

the communication meaningful (5], Just as it is important that the individuals on
opposite ends of the telephane line use the same language conventions to interpret
each other’s speech, the same is true with standard compatibility within a vehicle’s
system. Many components in a single vehicle are produced by different manufactur
ers, and standards allow the ECUs of these various modules to function and com-
municate on a common network.

The first standards were focused primarily on CAN usage in automobiles, as
engine care management was the original target market for usage [2]. As off-road
and heavy-duty vehicles carry-out entirely different mission profiles from passen-
ger cars, with respect to loads, implement usage, and speed, it was not possible to
apply the same “language” for priority and layer management in these vehicles. This
led to the evolution of application -specific standards for the vehicle manufacturing
industry. To give some more context for what these standards entail, 150 11895,
SAE J1939, and 150 11783 will be covered briefly.

1S0 11898 was released in 1993, It was initially divided into two parts, and a
third part was added later. This standard covers the data link layer, the physical
layer for high-speed medium attachiment (HS-PMA), and the physical layer for
afault-tolerant, low-speed, medium-dependent interface. 150 118981 gives the
specifications for creating an interchange of data between the modules of the CAN

data link layer [10]. It also specifies the two main format options, the Classical

CAN frame format and the CAN Flexible Data Rate format, the latter of which was
introduced in 2012. While Classical CAN supports a maximum bit rate and payload
of 1 Mbps and 8 bytes per frame, respectively, the Flexible Data Rate frame format
extends the allowance for both bit rate and payload beyond these original limits. The
general architecture of CAN is also described in this 1SO standard in terms of the
08! layers ioned previously. It ins specifications for both the logical link
and medium-access control sub-layers, as well as the physical coding sub-layer [6] .
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150 11898-2 gives the specifications for HS-PMA, which is a serial communication
protocol that allows for real-time control of components in vehicle systems by multi-
plexing data for immediate use. The standard formalizes HS-PMAs with low-power
mode and selective wake-up options [20]. 10 11898-3 additionally covers the set-up
of adata exchange between the ECUs of a vehicle utilizing CAN [21].

SAE J1939 was developed by the Society of Automotive Engineers (SAE) in 1994,
and it establishes how nodes transmit data on the CAN-BUS in heavy-duty vehicles
122]. 11939 provides a common ication |

( ge across heavy equip
rom different manufacturers, allowing a wide range of equipment to work with

cach other and enabling consistent data logging across heavy-duty and off-road
vehicles, Although the first standards development papers on J1939 were drafted
1994 (J1939-11, J1939-21, J1939-31), it was six years before the initial top-level
fluculncltr was published. After this, controller area networks were officially
included within the language of the standard. In 2001, J1939 replaced the older
standards SAE J1708 and SAE J1587. This standard, along with its accompanying
documents, has since become a wider industry standard and is currently utilized for
JPplicntiom across multiple industries, including agricultural machinery, construc-
tion equipment, forestry machines, maritime ships, mass transportation, material
handling, and military applications [1].

There are several key characteristics which define SAE J1939. Its bit rate, or the
speed at which messages travel across the BUS, was originally set at 250 kbps. More
recently, the standard was updated to support a faster bit rate of 500 kbps, and the
identifier (ID), or unique name of each message, was extended to 29 bits. The mes-
sape identifier segment, in addition to describing its data content, message priority,
and indicating the source address, is also used in J1939 to specify the destination
on the network [23). The primary differentiation in message composition from
other CAN systems comes from the Parameter Group Number (PGN). This 18-bit
PG s a function-specific frame sandwiched between the first 9 and last 2 bits of

a traditional 11-bit CAN 1D, praviding more detail regarding the message content
1241 The 11939 message parameters within data bytes are identified by Suspect
Varameter Numbers (SPNs). SPNs correlate to specific PGNs, with their encoded

data designated by bit start position, bitlength, scale, offset, and units, These

PG specific details are used 1o extract desired SPN data and convert it to meaning-
ful physical values 1251 An dlustration of the 11939 message structure is shownin
Figure 5

Development of 150 11783, a CAN-based agricultural bus system by

Landwirtschalt Bussysteme (LBS), began in the early 1990s with the German

DIN 9684 standard, The fivst commercially successful LBS combined the DIN
9684 virtual terminal (VT) concept with J1939 protocols and was internation-

ally standardized as the 150 11783 sevies (1), The accompanying BUS system
detailed in this standard is commonly known as 1ISOBUS, This standard consists

of ten specific parts, including: 1) the general standard for data communication;

2) physical layer; 3) data link layer; 4) network layer; 5) network management;

6) virtual terminal; 7) implement messages applications layer; 8) power train
messapges; 9) tractor ECU; and 10) the task controller & management computer
interface [14]. The communication protocols define messaging between the tractor
and implement electronic systems through CAN. These, combined with the serial
data network, regulate the methodology of data transf ¢ between actuators,
control elements, display units, information storage systems, and sensors, allowing
the tractor to control an implement through the virtual terminal (VT).

The VT is one of the most important features of the 150 11783 standard, as it

allows the operator ta interface with the tractor and implements by both viewing,
real-time data and providing user inputs. The VT acts as a slave to individual ECUs,
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Figures.
SAE J1939 message structure.
each of wlm:h secure ummzl onnn:cmnty In du-phy informational data and collect

inputs g to their i L Th can choose
which operational data to dupl:y. while each connected ECU continues to operate
as if the VT were dedicated solely to its specific function [14]. This pathway makes it
possible for the operator to have greater mnuol over the functions of an implement,
such as sprayer nozzle flow, combi li | speed, or culti attach-
ment height, depending on input from! implement sensors. This :hmmztu the need
fora separate control box for the impl and provides a single I control
ling all i ion flow to the op [11]. The ISOBUS is based on CAN running
at 250 kbps. It uses twisted non-shielded quad cable and high-speed transceivers
(same as 1SO 11898). A 9-pin connector on the tractor is the only required point of
contact between it and an |mplemml \mh an ISOBUS compliant netwnrk cable.

and

This overview of CAN dards has d a cursory
background of the technology fund 1 i vmh the serial networking
scheme, as well as some bn:f g how it is impl d. The next

section will go into greater depth on haw C. CANs luve been utilized in industry, its
potential connection to other network technologies, and how its usage could be
expanded in the future.

4. Implementation
4.1 CAN-BUS by industry application

Although controller area network systems were originally developed for the
automotive industry, they quickly became popular in other areas. CAN-utilizing
industries include large over-the-road trucks, forestry, industrial factory automa.
tion, aerospace, and many others. In the aviation industry, the high-speed CAN
protocol 15O 11898 is widely utilized, along with ARINC 825, a protocol created
specifically for the aviation industry. The effort to create a CAN-based standard for
communication in aircraft was initiated by Airbus and Boeing and was advanced
by the Airlines Electronic Engineering Committee (AEEC) through their CAN
Technical Working Group [26]. Several design targets were set while developing

this p I, including CAN functionality as either a main or ancillary network, an
allowance for local CAN network integration into the wider aircraft network, and
bility and interchangeability of CAN connected Line Replaceable Units

(LRUs). Other design mandates were to maintain flexible configuration options;
establish a simple process for adding, deleting, or modifying BUS ECUs; and
simplify systems’ interconnection protocals [26).
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CAN-BUS systems also play an important role in both modern factory automa-
tion processes and testing facilities. Since CAN design is based on distributed
control principles, it has been effectively used in manufacturing facilities to connect
the essential control systems dispersed throughout a plant. Through the use of
human machine interfaces (HMis), operator inputs can be translated into instruc-
tions that a programmable logic controller (PLC) dispatches onto the BUS, allowing

the remote operation of equipment ranging from sensors to actuators, This process
allows the testing of new input

prior to ion on specific equif
and is a viable option for increasing process safety (27]. Use of CAN on assembly
linesasa quality check is also t

ing more and is especially important
onaline manufacturing a customizable product. Certain specifications are pro-
grammed for each checkpoint of product assembly, which are then hrualdcas( t:n the
CAN between machines to provide quality valid for the op !
the manufacturing process. CAN-BUS is also a practical option for connecting secu-

rity and environmental control systems across a facility, due to both high bit-rate
and inexpensive installation [27).

Returning to CAN use in the off-road vehicle market, virtually all mud'em ’
agricultural machines incorporate CAN-BUS systems. Improved vehicle diagnostics,
less complex design of electronic circuit controls, and advanced implement man-
agement are all benefits that CAN-BUS technology brings to the agricultural sectot.
CAN-BUS systems allow for high precision in machinery performance and logistics

iese metrics help to estimate operational cost and projected size in
downstream operations. Specific measurement of other metrics, including fuel !
consumption, engine load, and average operating speed can also help supply chain

managers maximize field and transport efficiency, while designing overall equip-
ment solutions at a lower cost [28],

information

Displays within the cab allow the operator of the vehicle to view real-time data
ind information, as the vehicle is collecting it. These displays show the current
location of the vehicle via GPS, the instantaneous fuel consumption rate, and other
performance metries that help the operator make intelligent decisions in order to
maximize the efficiency of the vehicle. The John Deere Gend® display shows many
attributes, such as the instantaneous fuel economy and location of the vebicle

within the field, but it also communicates with other vehicles in the same area to
share guidance lines, cove

te maps, and applied data in order to work the field
efficiently (29)

The display associated with Case IH’s Advanced Farming System® (AFS®)
product, like the Gend® display, is able to show the location of the vehicle within
the field [30]. Using GPS and wireless data networks, it is also possible to check the
performance of each vehicle from computers located away from the field. AGCO
uses Fuse, which is much like the Gend® display and AFS®, It shows various data
on how to improve the efficiency of the specific field operation, and it includes a
seed and dry fertilizer monitoring system, which alerts the operator immediately,
via the display, if there is a physical delivery blockage.

Aside from the role CAN-BUS playsin system-to-system communication
within a vehicle, the serial network technology has also been integral in the advent
af telematics Telematics is a sector of information technology concerned wi\h.
how data moves between machines over long distances. Inc orporating telematics

technology into a vehicle or fleet of vehicles provides the opportunity to l\llililc
collected data outside the scope of an indi

idual machine’s oy by integrati
it into a server network for wider usage and analysis, While CAN-BUS is not the sole

technology responsible for telematics, it serves an important role in communicating
large quantities of data that are eventually converted into valuable information for
end users [31]
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The general architecture of a vehicle telematics system begins with a Telematics
Control Unit (TCU), a telematics cloud server, and front-end applications (Apps)
through which the end user accesses apmred data. The TCU is a microcontroller
that ges data collecti ion, and memory through interfacing
with different hard and softy dules. It provides connection ports to
CAN-BUS, GPS, General Packet Radio Service (GPRS), battery, and Bluetooth
modules, whlle mzmtzmmg amemory unit, a Central Processing Unit (CPU),

and to Wireless Fidelity (Wi-Fi), cellular networks, and
Long-Term Evolution (LTE) networks [31]. As th: central component to a telematics
system, the TCU p th tasks of g all the desired dataand lnfor-
mation from its various th ion, and

cating to the cloud for use elsewhere. Focusmg :peaﬁally on the QN interface, a
TCU utilizes the CAN-] BUS as a pathway to collex:t the req ion from
the ECUs, as prog dintoits P ithm. This infe ion acquisi-

tion could include any sensor data such as fuel ¢ consumption or vehicle speed. By
converting the data from the CAN protocols, the TCU can then transfer this data to
the telematics cloud server for further post-processing, after which, a user would be
able to access the data.

The most common usage of telematics across all industries is within fleet man-
agement systems. This data collection process allows managers to optimize fuel
usage, monitor vehicle down-time, analyze vehicle processes, and track operators
driving a specific vehicle [31]. However, different mmpzmeszho try to bring unique
advantages to their telematics packages, which ialize in the form
ofa ialized software. For c ionand forestry equipment,
C:terplllar utilizes a company -specific telematics system called ProductLink®,
which has both cell and satellite transmission options, paired with their user inter
face VisionLink®. The focuses in these systems include the reduction of idle time
and elimination of catastrophic failures through the reporting of fault codes [32).
John Deere provides customers with the option of a subseription package to the
company's telematics network JDLink®, which is customizable to include mobile
connections, In-Field Data Sharing®, Operations Center® (where data is synced
every 30 seconds to keep it safe and itcure) and other features which provide
greater of i d P [33]. Case IH takes con
nectivity to a more automated level with their AI-SQ product, which has options for
auto-guidance steering in tractors and combines using AFS AccuGuide® and AFS
RowGuide® to aid in year-to-year repeatability. Their AFS Pro® system monitors
several operational metrics and can manage ISOBUS implements [30, 34]. Utilizing
CAN-BUS as a communication platform for mobile data transfer has greatly
increased the capacity for utilizing data to drive decisions and functions

In 2009, Agritechnica launched the Isomatch Tellus® VT. This allowed for the
operator to observe two [ISOBUS machines through one terminal, allowing for the

It control of f on different platforms, The possible commections
to this terminal included a 15 pin ISOBUS, a power connector, an additional 9 pin
extension connector, 4 USB interfaces, Bluetooth, Internet dongle, EIA-232 port for
GPS, and others, Later, software packs such as 1SO- XML were added to the VT [11],
Another example of user-focused technology is the Opus A3 CAN-BUS operator
panel series from Wachendorff Elektronik, which has two CAN-BUS ports and is
specifically designed for outdoor applications that include agricultural machinery
[35). As is evidenced by many of the applications in industry discussed above,
different interface technology with CAN-BUS has been important in broadening
its usage in a variety of fields. Further discussion of both wireless and non-wireless

alternatives to and potential connection points with CAN are explored in the next

section,
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4.2 Alternative

ivity and king to CAN-BUS

Different kinds of interfaces have been specifically developed to allow the
conversion of CAN data into a format for Internet of Things (IoT) communication.
Two specific technologies of note are CAN-Ethernet, and CAN-Bluetooth convert-
ers. A CAN-to-Ethernet converter allows the transfer of data in both directions and
may be utilized in CAN-BUS monitoring, two-way remote CAN-BUS monitoring,
and synchronization [36]. The firmware on such a converter contains both a com-
munication device and a web server. The web server manages the protocol conver-
sions, and the communication device provides the user interface. By combining

two CAN-Ethernet converters, two CAN networks can be synchronized, allowing
connection between CAN ne ks on different machines and in remote locations.
This may be scaled-up further, or a custom software can be programmed to allow
the converters to communicate directly to a specific IP address [36]. .

A CAN-to-Bluetooth gateway, unlike the ethernet connection, can mnsfcr\\(lre-
less data directly to a mobile device, using classic Bluetooth standards for Android
devices and Low Energy (BLE) for Apple 10S. As with an ethernet converter, when
the devices are used asa pair, a bridge for CAN data can be created for the end-user
to access [37]. The 1ISOBlue 2.0 isan ple of technology under develop
that utilizes Bluetooth principles. Currently being researched in the Open Ag
‘Technology and Systems Center (OATS) at Purdue University, it is an open-source
hardware product that connects agricultural machinery to the Cloud [38]. Other
interfaces that allow CAN data conversion into different forms have been important
tools in making telematics technology viable for off-road agricultural equip-
ment. CAN Logger CLX000, which works between CAN and OBD2, is one such
example [39]

Additional wireless technologies that have been used to interface CAN-BUS
systems to loT devices include ZigBee and Wi-Fi. These technologies also function
as standalone networks for intra-vehicle and inter-vehicle communication [(40].
Similar to the CAN data converters for Bluetooth and Ethernet, ZigBee and Wi-Fi
converters have also been utilized to take advantage of their respective benefits in
bandwidth, data transfer rate, security, and cost. More detail on each technology's
specific advantages is presented in Table 1,

A plobally available, wireless networking standard initially created as
network for the control and monitoring of connected devices [41].
Zighee i beneficial for sensor and vehicle network applications, due to its afford-
able installation and use cost, extensive battery life compared to competing devices,
minimal maintenance, security and reliability, and small physical device footprint
141). Zighee was built on the TEEE 802154 technical standard, which defines the
physical layer (PHY) and medium ac

s control (MAC) sublayer for low-data-rate
wireless personal area networles (LR WPANg) [45), CAN-BUS to-ZigBee conversion
has demonstrated benefits in flexibility, convenience, and ease of use in system
Wi Tnetallation Bandwidih Data Security
Technalogy Cant Capahitity Tate >
Medinm Medium Low Moderately Secure
Vow Low Low Less Secure
Wit High High High MoreSecure
W Law High High Moderately Secure

Table

comparison of wireless technologies capable of interfacing with CAN and loT devices (41-44]
y pies cap "
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installation, adding and removing nodes, system updates, and expanded network
construction [42].

Wi-Fi is a popular wireless technology for CAN-BUS interfacing and loT
communication. Wi-Fi falls under the IEEE 802.11 standard, which is part of the
broader IEEE 802 technical standards for LAN and defines MAC and PHYprota
cols for applying wireless local area rk (WLAN) comp
[46). This standard also specifies radio frequency bands that Wi-Fi can
communicate on. These include but are not limited to 24 GHz, 5 GHz, 6 GHz, and
60 GHz frequencies [46). Wi-Fi offers a high data rate of up to 54 Mbps and a large
bandwidth capability [43]. The most common application for Wi-Fi to CAN-BUS
interaction is vehicle-to-cloud tel ics services, as di d in the previous
section, On-vehicle Wi-Fi networks also allow for remote control of vehicle systems
and provide capability for varying levels of autonomous control. On-vehicle Wi-Fi
networks also allow for sending CAN-BUS data from vehicle-to-vehicle or across
several vehicles simultaneously.

Ultra-wideband (UWB) is another wireless technology being researched for
vehicle communication systems. UWB is a low-power radio pr!noool lpemﬁc:lly
created to improve the location y of wireless tech uwe
data across a short distance and measures the time it takes for a radio signal to travel
between the sending and receiving device [46]. This is similar to the time-of-flight
(ToF) method used with radio detection and ranging (RADAR). A UWB transmit-
ter sends billions of radio pulses across a wide-spectrum frequency of 7.5 GHz.
These pulses are then translated into usable data from a UWB receiver. While UWB
is not commonly used in conjunction with CANBUS, it has been studied for use in

vehicle navigation and path localization [44].
The develoy and imp of vehicle tech
nulogy i an i d ds d for greater bandwidth and connectivity
while still providing an all for high system complexity, System

mmplexity in this case wujd be drfmed as the added latency from the connected
network devices, As many aspects of the interconnected vehicle networks continue
to grow, management and network understanding also become more complex. Such
aspects include a number of features, routing table configurations, system security,
firewall protections, and others [47]. One of the most promising alternatives to
sehicle CAN nelworkl are automotive ethernet-based networks. The market for
1o by 22% from 2019 to 2026 [48]. High
bandwidth capalnlmu and improved cost efficiency are two major benefits to auto
motive ethernet networks. Instead of a priority-based protocol, ethernet utilizes a
Carrier Sense Multiple Access with Collision Detection (CSMA/CD) strategy [49].
This defines the appropriate device response when multiple control units simulta
neously attempt to use a data channel and encounter a data collision. Susceptibility
to radio frequency (RF) interference, the inability to provide latency at very high
frequency, and synchronization issues between timing devices are potential chal
lenges with automotive ethernet network implementation (48] Currently, the
primary consumption of Ethernet technology in vehicles is enabling personal use
of the Internet. Ethernet provides rapid data transfer speed, making it ideal for data
intensive applications. However, Ethernet does not adapt well to internal failure, as
seen in Table 2. A potential associated cost with Ethernet demand increase is the

expensive coated wiring needed to provide such high bandwidths.
One 'Yl” ive network ¢ protocol is FlexRay. FlexRay is a

dard for y based on a flexible high data transmission
rate, high-speed bus system, like CAN FD [48] FlexRay is designed for communication
of efficiency-typeapplications in the vehicle. This is due to FlexRay’s high complexity
allowance and bandwidth, At 10 Mbps on two dual channels, FlexRay can provide up
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Network

Installation  Bandwidth System Fault kY
Type v Capability Complexity Tolerance
CAN Medium i 7@_774‘““'8"
T . T
MOST Medium elumi 4 DNy Low
Ethemet Low g B e P
Table 2.

A comparison of CAN characteristics with competing techknologies [45].

1020 Mbps of bandwidth, making it optimal for systems such as steering and brakes.
CAN shows advantages over FlexRay primarily in cost and error handling [50]. Due
to FlexRay's robust complexity and bandwidth, its cost is far greater than CAN, ona
value per baud rate basis. Although CAN does not generate data transfer rates as fast as
FlexRay, itis better suited for the majority of smaller jobs ata far lower cost [50].

Another type of automative network is MOST (Media Oriented System
Transport). MOST provides very fast data transfer at over 24 Mbps. This is because
the system was designed to transfer media information within luxury cars, such
45 GPS, radio, and video systems. MOST has comparable speeds to Ethernet and is
more common in automotive applications. However, it handles much less system
complexity than CAN and FlexRay, limiting its potential applications [51]. MOST is
equipped with plastic optical fiber in its physical layer, which limits electromagnetic
interference, thus providing faster speeds and significantly less signal jitter, CAN
and MOST have comparable costs, but CAN is better suited for more versatile and
sophisticated operations [48].

Overall, CAN shows the most versatility of these four main alternative systems.
Flexiay is useful for safety systems, due to its high complexity allowance and
multiple channel scheme, but it is a higher-cost system by a significant margin.
MOST provides one of the best options for media and information transmission,
with a faster data transfer rate than two of the other technologies reviewed [S0].
However, MOST cannot be used for highly complex systems, Ethernet provides the
fastest data transmission speeds of all the options compared, but it is limited by low
complexity allowance and adaptability. CAN, while moderately priced, shows high
adaptability to complex systems, while providing useful data transfer in a variety of

applications |48 An example of an interconnected system utilizing these networks
in a passenger vehicle is shown in Figure 6

4.3 Prospective areas for CAN technology inclusion

Currently, CANBUS 15 used in autonomous vehicle development to gather data
from all electranic control sensors and consolidate it onto a single network. By gath-
ering the data into a unified structure, the overall system controller can easily make
decisions that affect multiple sub-systems at once. This data availability, combined
with swift processing, is a key component in the safe operation of autonomous
vehicles both on the open road and off road. 'This centralized system data stream
allows for advanced control of smart engine sensors, which provide more efficient
W processes. The data handling capability of smart controllers is still an
area in need of concentrated improvement, Present research is looking into robust
solenoids and other embedded sensors to control valve timing, coolant flow rate,
compression ratio, and other key processes in engine operation {52]. Integrated
development of these smart controllers with CAN will be crucial to ensuring the
safety of autonomous vehicle function execution and travel,
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Figure 6.
An example of a FlexRay application.
While large scale agri
negative environmental impacts, from soil compaction to harmful exhaust emis-
sions, the advcnt af digital agriculture has played a key ml¢ in increased efficiencies
h within the f: g sector, g those detnmmtal
h area where

q
isa

| mechanization has been iated with various

and

elements, The utilization of CAN for i p

further development could have a significant nnpxt m nspec! to environmental
iting emis-

effects. For example, sume of the most
sions have associated environmental costs that detract from ecologlnl b'eneﬁl

Though Exhaust Gas R I (EGR) d NOx it
ously increases specific fuel consumption to lower engine efficiency, Similarly,
the post-combustion treatment Selective Catalytic Reduction (SCR) muln in

better emissions efficiency, but ¢ I

aurea ion that i

eutrophication risks [53].
Since fuel consumption is pnnunly d:pendzm on mpne -pu:d and torque, it
is possible to reliably d th the app ive driving

techniques optimally suited to specific dnve train design and Imp'tmlnl load [54].
However, the plausibility of deriving accurate efficiency metric assessments is lim-
ited due to present data scarcity. Current methods for Life Cycle Assessment (LCA)
studies provide unreliable results because average conditions, such as soil texture,
field shape, soil moisture, implement transfer difference, md engine features, have
traditionally been utilized in lieu of actual condi o i ntal
effects [55]. CAN is advantageously positioned to help address both the data defi
ciency and inadequate LCA techniques, due to its data collection and communication
strengths. Itis possible, for example, that performance metrics could be improved
through intelligent sensor solutions that can lippage and soil compaction at
the wheels of a vehicle and attached implement [13, 54]. These sensors could com
municate with sensors in the drivetrain to adjust the effective gearing ratio in real
time, reducing soil compaction and preserving the long term viability of the soil

An example of an instrument that, when paired with CAN-BUS communica
tion, could be useful in achieving such operational efficiency objectives are inertial
measurement units (IMUs). An inertial measurement unit functions as a sophis-
ticated scope combination. It boasts near zero drift hetween
different operating conditions, and its use of magnetic fields allows it to donble as
an “electronic compass”. The IMU allows for communication actoss many different
CAN-BUS networks to help the tractor, or any vehicle, make decisions about how to
alter the driving style for the terrain to limit “dynamiec pitch and roll” through open
system communication [52]. While this specific system is not currently imple-
mented on tractors and other off-road vehicles, there is room for its introduction in

the emerging field of agri y
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Smart agriculture and digital farming practices have gained poPulmty in the
previous decade. These techniques are precursors to a transformative implemen-
tation of information technology in the farming world. Going forward, more
advanced software systems will use information collected from CAN communica-
tion devices to aid in the optimization of machinery designs and more accurate
load, use-profile, and duty cycle representations of vehicles and implements (18],
Future applications for CAN-BUS technology include [T, Edge Computing, znd'
swarm machinery automation, as well as complex control of electrical and electric-
hybrid machinery. i
10T implementation in the agricultural sector has gained enormous traction In
recent years, as a result of its high potential for cross-brand inltranenhllny, SC_ll'
ability, and traceability. The different types of 0T tools being applied are continu-
ing to evolve, increasin i, the overall adaptability and variety of "’aih.blc Sy |‘:|
end-users [56]. loT systems are currently being implemented on vehicles from Jol |
Deere, Case New Holland (CNH), AGCO, and others. Future loT device use on ?gﬂ
cultural equipment will likely be in conjunction with multiple on-board network
systems. Local storage or cloud computing will be necessary to store and process
the vast amount of data created by this potential technology [57]. Dlaﬂ PIOCSE
on-board the vehicle, near the working equipment, is referred toas ‘edge cnmp;!-
ing’ [56, 58]. It is highly probable that agricultural vehicles will cvcntuallz' beable
to perform a variety of complex, ic tasks from a preprog; Ymm"g
structure, through the combined utilization of both IoT and EC technologies. d
In addition to on-vehicle loT technologies, it is probable that field embedde
(orin-situ) 10T sensors will also be able to communicate with larger an_-fi"“
networks [59). Several of the previously discussed network configurations are d)
possible whole-farm network options, These include cellular (4G, 5G. and I?EYK“ ’
Wi-Fi, ZigBee, and UWB, For example, real-time soil moisture can be obtaine ol
from field-based, connected sensors to create a variable-rate prescription map (6 f
Utilized in conjunction with mobile soil penetrometer readings, an accurate map o
soil compaction risk can be created. This could allow farmers to tailor their tillage
operaionsto specific areas of the field, as well as control vehicle traffic.
Cutting-edge networking research is also being done with rubulicvnfld S‘f'ﬁ":;ow
machinery automation {61107 technologies and improved connectivity wi i
for the introduction of robotic swarm farming technigues, Swarm l’:nrmmg-lllr
porates multiple, small-scale robotic platforms that perform (annul"'v.upcr
autonomously in place of larger, manned agricultural equipment. T !\ls_f'
strategy, paired with a predetermined path-planning algorithm optimi
machines will navigate throughout the field, could allow for near-con
operation. Additional benefits could include a centralized command ¢
controlled by a single
killed Yabor [62). The Poss

1 manager and a significant reduction in t

ability of substitating the modular vehicle at |I

varm Larming for traditional larger equipment will tll'l“'“d. S e

rystem productivity, and accuracy, Farmers will demand .nli"'“ﬁm“l.rem r.cnl

investment and the reliability that they have come to expect from ‘htll:;“:;wimh

machinery. A potential difficulty for GAN based systems s the lmﬁc llenge involves

requirement for incoming and streaming data. Another puv(cnlhl Lg‘:\ o

communication protocol differences betueen traditional CAN-BUS data ane 7600

Mected from advanced machine systems, i C.WCA&BUS
sr-based codes [63), Future developments in

o adaptability to
technology should focus on addressing these weaknesses to improve aday
upcoming applications

memory intensive data

engines and central proc

i achinery networking,
A major concern in the future of agricultural CAN “sev,:':nc“ngl’dig'l('l'ﬂlh“’
and machine system automation is cybersecurity. Althoug
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automation, and precision services have dous p ial to establish sustain-
ability and profitability in farming systems, the influx of interconnected informa-
tion technology simull ly opens the market up to new areas of susceptibility,

BY Y
security risks, and potential targeted cyber-attacks [58]. Mission-critical systems
are becoming more reliant on internet connectivity, such as controlling farming
implements remotely through the ISOBUS with linked management software. Local
Area Networks (LANs) have become a requirement in smart farming to enable
system/device access to the data and services that control their functions [64]. This
i d dependence of agricultural operations on cyber-physical sy has led
tothe development of new, novel threats and challenges that can be analyzed in two
gories: infc i hnology and agricultural production [58].

From an inf ional technology standpoint, some of the main threats are
horized access of databases under use of falsified identity, intercep-
tion of node data transfer, facility damage or downtime, malicious data attacks
from malware, and compromised control systems to negatively impact decision-
malang [58]. Due to the nature of modern rked food sy geted or

idental disruption of ti itive agricultural p could have a signifi-
cant economic impact on  global scale. The threat of a concentrated hack on the
agricultural sector has become more tangible with the analysis of cyber-security
breaches in recent years, such as the 2017 infrastructure meltdown of Maersk ship-

ping [65]. The vulnerability of Wireless Local Area Networks (WLANs) to direct
cyber-attacks is already a generally recognized problem across all industries [66].
Demonstration of the damage potential in 2 Denial of Service (Do5) attack has
been shown in the research of Sontowski et al., by disrupting in-field sensors and
obstructing device network connectivity in smart farm operations [67].

Though the hacking activities of mal actors is a highlighted concern in
cyber security, there are also a number of risks associated with agricultural produc-
tion that stem from physical layer vulnerabilities and limited user knowledge. The
harsh envi in which agricultural equip is used (including extreme
weather conditions, dust concentration, and highly variable humidity/temperature
fluctuation) can cause pawer failures or sensor damage [64). Technology signal
interfe from other agricultural equig such as the high voltage pulses from
Solar Insecticidal Lamps (SIL), can also lead to malfunctions and data loss [58].

However, one of the most common threats to cyber security is inadequate adop
tion of safety procedures by farmers who lack full awareness of device functionality.
From research conducted by Nikander et al., farmers are often ill equipped with
time and resources to build LANs with appropriate network equipment, topology
expansion planning, and protection software/hardware [64] This leads to networks
I.hat are at risk of system losses due to hardware issues and human error. The adop
tion of countermeasures to security risks, such as authentication & access control,
cryptography, key management, and intrusion detection systems, is dependent
on end-users understanding the importance of cybersecurity, and better fail-safe
mechanisms within hardware [58, 64]. These concerns highlight the importance of

advancing security protocols in CAN-BUS systems, and it i likely that this will be a
targeted focus in the future of CAN developments,

5. Conclusions
Key points from this chapter included the following:

* CAN-BUS has played a major role in industry since its debut in 1987 for its
dbreaking use of distributed network principles.

Er
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* The establishment of international societies and standards positioned
CAN-BUS as the leading serial network system in all vehicles.

* CAN-BUS provides efficient and dey

dahl

ication p y
through front and back end context in messaging, error confinement, higher-
layer protocols, and subsystem differentiation.

* CAN-BUS has revolutionized data collection and analysis in multiple indus-
tries, especially in the agricultural sector,

* When paired with wired or wireless technol gies, CAN is an advantage
communication pathway for expanding the reach of data communication
beyond point source limitations,

2 Clullcngcs for future CAN iterations include increasing l:and\v%n!lh and secu-
rity measures, while decreasing latency and hardware vulnerabiliti

5.

This chapter has reviewed CAN-BUS technology including its in\’cn(}un. early
applications, fundamentals, and standards development. Early applications of i

CAN-BUS came from European car manufacturers, which incorporated electronic
control units for engine care

The develop
consistent communication me
SA

oL dards to allow
thods within CAN-BUS systems, such as SO sk
1939 and 1SO 11783, were important for allowing serial networks to be applie:
within multiple vehicle types and industries. Modern day uses, alternative con- d
nectivity and networks, and potential future applications have alsn_btcn cxal‘n';" o
Controller area networks are responsible for the transmission, logging, and analysis
of engine and machine system data currently used by vehicle manufacturers.
Understanding

CAN-BUS communication protocols provides insight into the
advantages, u

jes, » and future evolutions of distributed control networlks,
CAN BUS technology fundamentals, such as phy:
tures, components, error handling, and me

al and data message struc-
ge channel support are useful in
trengths and limitations of CAN systems. Through the usvf' of
high and low speed CAN-BUS configurations, arbitration codes, and broadcast
style communication, CAN-BUS can efficiently and reliably transfer messages
across a vehide's control

understanding the

: o ication

yStem to ensure accurate, real-time data tunmn:r.mi‘mll
i i icati chicle
As electronic connectivity has increased the sophistication of off-road ve

operation management, new applications using CAN with c}(l(imal nclv{ol";lsul::;/c
beenanimportant area of communications advancement within the lg-m: i
sector. The development of converters between CAN data and other wirel t[:w
types has been important in leeping CAN-BUS integr .mv_d and :Flcvmt mhc by
vehicle fleet telematics expansion. More vesearch into wireless CAN may
important direction for serial network technology going forward.

i i svehicle lopment
Specific CAN-BUS applications in ongoing autonomous vehicle develop:
research include comy 1 data consolid.

dded sensors, 107 devices,
and machine to machine communication strategies, F“.m"‘."Ch"o‘lngu;i“:?luud
might benefit CAN-BUS technology by their incorporation include O.C-\d“d T
data transmission, autonomous swarm vehicle management, .\,nd I'm"wilhin K
security protocols, Although controller area nﬂwu(k!- (ace l||nual\(t:'n:ndvmud
bandwidth and latency, they still function as effective inputs "" mu.-nml of CAN-
vehicle systems and more sophisticated remote nctwurks.'l'l;t .pl:m“ T
BUS technologies has clearly not been fully cxh.\uls(cd, m\‘d t! “g’\incry R Aot
play an important role in the advancement of agricultural macl
prac tices

515



P

pa, o T

Techmology in Agriculture

Acknowledgements
from Dr. lley’s

knowledge our fellow

o o Design class at Purdue University's School of
Fall 2020 Off-Highway Vehicl Denp at 0ol ol
Agricultural and Bmloglﬂl_er g for their ibutions to the and
content of this technical chapter.

Conflict of interest

The authors declare no conflict of interest.

Author details

Stwalley 111"

Hannah M. Boland, Morgan 1. Burgett, Aaron |, Etienne and Robert M
Agnicultural and Biological Engineering, Purdue University, West Lafayette

Indiana, USA

“Address all correspondence to: rms3@purdue.edu

e MR

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http.//creativecormons.org/licenses/

by/3.0), which permits unrestricted u*n‘,du’l'n ution, and reproduction in any medium,
’ zu‘H

provided the original work is properly cited

516



An Overview of CAN-BUS Development, Utilization, and Future Potential in Serial Netwark...
DOL: http://dx.doi.org/10.5772 /mtechopen 98444

References

11] Copperhill Technologies, "A Brief
Introduction to Controller Area
Network," 20204, [Internet], Available:
hrtps://cuppcnInillluch.cumla-bricf-
inrmducnumm»comrollcr-aren-
network/, [Last Accessed: 2021 May 15].

2] CiA, "History of CAN technology,"
2018. [Internet]. Available: https://
Www.can-cia.org/can-| ledge/can/

9] CiA, "CAN-based higher-layer
protocols (HLP)," 2017. [lnlel"net].
Available: hnps:ll\vwwcan-aa.nrg/
can-knowledge/hlp/higher-layer-
protocols/, [Last Accessed: 2021
May 15].

[10] 1SO, "ISO 11898-1:2015," 2015.
[Internet]. Available: https:/www.iso.

B
can-history/, [Last Accessed: 2021
May 15).

31 X. Gao, D. Huang, Y. Chen, W. Jin
and Y. Luo, "The design of a distributed
control system based on CAN bus,”
IEEE International Conference on
Mechatronics and Automation, pp.
1118-1122, 201 3, doi: 10.1109/
1CMA 2013661 8071,

[4] W. Voss, A Comprehensible Guide to
Controller Area Network, Greenfield:
Copperhill Technologies

Corporation, 2011,

151 CSS Electronics, "CAN Bus
explained asimple intro," 20202
{Internet]. Available: hup\:llw\v\\'.

sselectronics.c om/screen/page!
simple-intro-to-can busNanguage/en,

[Last Accessed: 2021 May 15)

16) Kvaser, “T'he Kvaser l)'ulumaqv for
Hely nllndv-l-.l-\luhn“(,I\N Buy
Systems,” 2020, {Internet). Available
https:/Iwwwkvaser.com/about-can/

can-dictionary/, [Last Accessed: 2021
May 15)

1715, Maradana, "CAN Basics," 2012,
{Internet], Available https//
automotivetechis wordpress
com/2012/06/01 /can-basics-fag/, [Last
Accessed; 2021 May 15),

(8] 150, "About Us," 2020, [Internet],
Available: https://wwwiis

iso.org/
about-ushtml, [Last Accessed: 2021
May 15)

517

dard/63648.html, [Last
org
Accessed: 2021 May 15].

11 GiA, "Isobus - the CAN-based
network system," CAN Newsletter, pp.
44-48, 2010.

112] C. Goering, M. Stone, D Smithand
P. Turnquist, "Off- mad-vrluclc'
engineering principles, An.lencan
Society of Agricultural Engineers,
ISBN: 978-1892769268.

2006,

[13] F. S. Al-Aani, "CAN bus trclmﬂh:l[;'):
for agricultural machine management,
lowa State University Capstones,
Theses, and Dissertations, 2019.

[14] M. L. Stone, K. D. MrKc:t C.-:I:O
Formwalt and R. K. Benneweis, "5 :
11783: An Electronic Cnmmm‘ncaun:ln
Protocol for Agricultural &!unpmcnt;ml
An Electronic Communications I"r(;7
for Agricultural Equipment, pp: 1-1%
February 1999.

115} Kvaser, "CAN Bus Error Hanﬂl/i:%;w.
2017, {Internet]. I\vail:h:lu h.lq‘m
Jevasercom/about-can/t he-can-
prn(ornllcan»cn‘or-l\andlmgl s [Last
Accessed: 2021 May 15).

116) 85 Electronics 'CAN-:%I;&
Explained - A Simple lnlra,.”www'
[Internet] Available: https: !
r.\svh‘(‘lmnic;.cnnllp(’lt‘cnllplg/
c.mnpm|-lu(uml-s‘unph;-m:;t;m1
language/en, [Last Accessed:

May 15].

7] Kvaser, "Higher Layer Protocols
igher Lay!
‘U“lefllﬂl Available: https: .



Techmology in Agriculture

e £ fhigher-1
o4

plmwkl ﬂ.astAcoused. 2021
May 15

118] R. Rohrer, S. Pitlaand J. Luck,
'l'ru:erAN Ims interface tools and

for real-ti
data analysis," Cornpuun and
Electronics in Agriculture, p. 163, 2019,
doi: 10.1016/j.compag.2019.06.002.

[19] A. Polcar, J. Cupera and V. Kumbir,
"Calibration and its Use in Measuring
Fuel Consumption with the CAN-Bus
Network,” Acta Universitatis
Agriculturaevet Silviculturae
Mendelianae Brunensis, vol. 64, no. 2,
pp. 503-507, 2016, doi: 10.11118/
actaun201664020503,

(20} 150, "1SO 11898-2:2016," 2016.
[Internet]. Available: https://wwweiso.
org/standard/67244.html, [Last
Accessed: 2021 May 15].

(21] IS0, "I50 11898-3:2006," 2006.
[Internet], Available: https://www.iso.
org/standard/36055.html, [Last
Accessed: 2021 May 15].

[22) CSS Electronics, *J1939 explained - a

simple intro," 2020b. [Internet ]

Avallible- lmp: /Ivrwwcudecuan ics.
le-intro-j1939-

2019. [Internet]. Available: https://
perhilltech.com/blog/sac-j1939-

P P )

sed: 2021

/, [Last A

P
May 15].

[26] A. Brehmer, "CAN Based Protocols
faAsiot .20“[ ]. P

in Sy o
2 ber=6979561, [last Ac
2021sz 15].

(27] D. Fanton, “Why All the Fuss About
CAN Bus?,” 2020 [Inumzl] Avallable
https://w C

io- hub/ﬁl.wun-bul/. [Last Accessed:
2021 May 15).

(28] M. J. Darr, "CAN Bus Technology
Enables Advanced Machinery
Management,” Agricultural and
Engineering Publi P

329, 2012

129) John Deere, "Gen 4 Command
Center Display,” 2020b. [Internet],
Available: http//www.deere.com/en/
technology-products/precision-ag-
technology/guidance/gen-4-premium-
activation/, [Last Accessed: 2021

May 15].

130] CASE IH, "AFS," 20204. [Internet].
Available: httpe//wwwicaseih.com/

explained, [Lan Accessed: 2011
May 15).

[23] W. Voss, "Guide To SAE J1939

- J1939 Message Format," 2018.

(lnternn]. Available: https.//
pperhilltech com/blog/guide-to-sae

j1939-j1939-message- funmll [Last

Accessed: 2021 May 15].

[24] Copperhill Technologies, "A Brief
Introduction to the SAE 1939 Protocol,”
2020b. [Internet). Available: https:/
copperhilltech.com/a-brief-
introduction-to-the-sae-j1939
protocol/, [Last Accessed: 2021 May 15).

(25] W. Voss, "SAE J1939 Bandwidth,
Busload and Message Frame Frequency,”

518

apac/en-int/products/advanced-
farming-system, [Last Accessed: 2021

May 15]

[31) Embitel, “Technology Behind
Telematics Explained: How does a
Vehicle Telematics Solution Work?,"
2018. [Internet). Available: embitel,
com/blog/embedded-blog/tech-behind
telematics-explained-how-does-a-
vehicle-telematics-solution - work, [Last
Accessed: 2021 May 15].

[32] Caterpillar, “Telematics - Your link
to equipment cost savings,” 2020,
[Internet]. Available: https://www.cat
com/en_US/articles/customer-stories/
forestry/telematics hitml, [Last
Accessed: 2021 May 15].



An Overview of CAN-BUS Develapment, Utilization, and Future Potential in Serial Network...
DOI: http:/ /dx.dor.orgho 5772 /intechopen 98444

133] John Deere, "Operations Center,"
2020a. [Internet]. Available: https://
www.duure.comlenllcchnolngy—
pmduc(.s/prccisinmag»technnlogy/
Ll.n.\-|n.m.:gcn|t:n(/upur.\tions-cmh:r.
[Last Accessed: 2021 May 15].

[34) CASE IH, "AFS Connect," 2020b.
[Internet]. Available: https://www.
cascih.com/apnc/un-in(lproducts/

advanccd»hnmng—:-yslcmla(s-connrcl.
[Last Accessed: 2021 May 15].

135) Topcon, "Technical Data Sheet
OPUS A3 ECO Full," 2019, [Internet].
Available: http://www.motronica.com/
Wp-content/uploads/2019/08/TDS_

A}c,FULL.pd(. [Last Accessed: 2021
May 15).

136] A):mn\:nlu:'l'cchnulogics
Corporation, "Technical Datasheet
#TDAX140900," 2020, [Internet].
Available: https.//wwwaxiomatic.com/

FDAX140900.pdf, [Last Accessed: 2021
May 15)

(37] Axiomatic Technolog
Corporation, “Technical Datasheet
#TDAX141100," 2018, (Internet].
Available: https://www.axiomatic.com/

TDAX141100.pdf, [Last Accessed: 2021
May 15)

[36] B Wallheimer, "Purdue partnering
on 5G research to improve ag
automation,” 2019, {Internet]. Available
httpsi/fag purdue.edu/stor tes/purdue
partnering-on-5g-research-to-improve

ag-automation/, [Last Accessed: 2021
May 15}

1991 €55 Flectronics, "OBD2 explained -
asimple intro,” 2020¢. {Internet).
Available: https:/fwww.csselectronics,
com/screen/page/simple-intro-obd2
explained, [Last Accessed: 2021

May 15]

(40] 5. Dorle, D, Deshpande, A. Keskar
and M. Chakole, "Vehicle Classification
and Communication Using Zigbee
Protocol,” 2010 3rd International

519

Conference on Emerging Trends tn
Engineering and Technology, pp-
106-109, 2010, doi: 10.1109/
CETET.2010.170.

[41] Silicon Labs, Inc., "ZigBee-based
Home Area Networks Enable Smarter
Energy Management,” pp. 1-4.

(42] Y. Li, C. Yuand H. Li, “The design
of ZigBee communication con\'el:tor
based on CAN," in 2010 lntemanm'ul
Conference on Computer Application
and System Modeling (ICCASM
2010), 2010.

(43] N. Chhabra, “Comparative @na"l)mls
of Different Wireless Technologies,
International Journal of Scientific
Rescarch in Network Security and
Communication, vol. 1, no. 5, pp- 1317,
2013, 2321-3256.

[44]].-S. Lee, Y.-W. Suand C -C. Shen,
“A Comparative Study of erglcss
Protocols: Bluetooth, UWB, ZigBee, and
Wi-Fi,” in IECON 2007 - 33rd A.'"I“ml
Conference of the IEEE Industrial
Electronics Society, 2007 doi: 10.1109/
IECON.2007.4460126.

{451 Institute of Electrical ?nd

Electronics Engineers, “IEEE 802.154-
2020 - 1¥
Wireless Networks,” 2020.

{46] Institute of Electrical and
Electronics Engineers, “IEEE 902’1.1-
2016 - IEEE Standard for lnfu‘rmauun
technology: felecommunications and
information exchange between systems
Local and metropolitan area nc:wnrks--
cific requirements - Part 117

2016,

i Kuehne,

(47) M. Behringer and M.
"Network Complexity and Ho}rl to Pca]
withit,” 2011, (Internet]. Available:
labs ripe.net/Members/ y

i etwork- lexity-and-
mbehring/network-comp 3
how-to-deal-with-it, [Last Accessed:
2020 December 20}




Technology in Agriculture

(48] Navixy, "CAN bus and alternatives,”  Exhaust Gas Emis:ians froman
2020. [Internet]. Available: https:/ Agricultural Tractor," Biosy
ww ixy /docs/academy/ Engineering, vol. 83, no. 1, pp. 55-65,
can-bus/can-and-alternatives/, [Last 2002. doi: 10.1006/bioe.2002.0099,
Accessed: 2021 May 15].
(55 D. Lovarelli and J. Bacenetti,
[49] A. Quine, "Carrier Sense Multipl “Bridging the reliable data
Access Collision Detect (CSMA/CD) collectiona and environmental impact
Explained,” IT Professional’ for hanised field operations,”
Center (ITPRC), 2008. [Internet]. Biosystems Engineering, vol. 160, pp.
AVll'hbl: hnpi.llwwwllpr:.com/ 109-123, 2017, doi: 10.1016/j.
It llision-  biosystemseng.2017.06.002.
detect-csmacd-explained/. [Last
Accessed: 2021 May 8] [56] A. Kamilaris, F. Gao, F. Prenafe
Bolduand M. Ali, "Agri-loT: A semantic
[50] National Instruments Corp. , framework for Internet of Things-
"FlexRay Automotive Communication enabled smart farming applications,”
2016 IEEE 3rd World Forum on Internet

Bus Overview," National Instruments

Corp. , 2020. [Internet]. Available:

https://www.ni.com/en -us/lnnuvmmsl
gl amtomotty

[Last Accessed: 2021 May 8].

[51] 8. Tuohy, M. Glavin , C. Hughes, E.
Jones, M. Trivedi and L. Kilmartin,
"Intra-Vehicle Networks: A Review,”
IEEE Transactions of Intelligent
Transportation Systems, pp. 1-12, 2014,
doi: 10.1109/T1TS.2014.2320605.

[52] M. Horton, "What can a CANbus
IMU do to make an autonomous vehicle
safer?," 2019, [Internet). Available:
ttps://; hicle

v"uu can-a-
canbus-imu-do-to-make-an-
autonomous-vehicle-saferhtml, [Last
Accessed: 2021 May 15).

1l /

(53] J. Bacenetti, D. Lovarelli, .
Facchinetti and D, Pessina, "An
environmental comparison of
techniques to reduce pollutants
emissions related to agricultural
tractors," Biosystems Engineering, vol,
171, pp. 30-40, 2018, doi: 10,1016/,
biosystemseng. 2018.04.014,

[54] M. Lindgren and P.-A. Hansson,
"PM-Power and Machinery: Effects of
Engine Control Strategies and
Transmission Characteristics on the

520

of Things, pp. 442-447, 2016, doi:
10.1109/WF-16T.2016.7845467.

{57) R. Marabito, V. Cozzolino, A. Y.

Ding, N. Beijar and J. Ott, “Consolidate

1T Edp Cnmpuhn; wnh Lightweight
* IEEE )

Vir

102-111, 2018, doi: 10.1109/
MNET 2018.1700175.

(58] X. Yang, L. Shu, ). Chen, M. A,
Ferrag, J. W, E. Nurellari and K.
Huang, "A Survey on Smart Agriculture:
Develop Modes, Technologies, and
Security and Privacy C hlllengﬂ, IEEE/
CAA Journal of Automatica Sinica, vol
8, no. 2, pp. 273-302, 2021, doi: 10.1109/
JAS.2020.1003536.

[99) ). Liang, X. Liv and K. Liao, “Soil
Moisture Retrieval Using UWBE Echoes
via Fuzzy Logic and Machine Learning,”
1EEE Internet of Things Journal, vol. 5,
no. 5, pp. 3344-3352, 2018, doi: 10,1109/
JIOT.2017.2760338.

160] A. P. Atmaja, A. £, Hakim, A 1. A
Wibowo and L. A. Pratama,
"Communication Systems of Smart
Agriculture,” Journal of Robotics and
Control, vol. 2, no. 4, pp. 297-301, 2021,
doi: 10.18196/jrc. 2495,

(61) D. Albiero, A. P. Garcia, C. K
Umezu and R. L. de Paulo, "Swarm



An Overvicw of CAN-BUS Development, Utilization, and Future Potential in Serial Network...
DO http://dx.doi.orgho.5772/intechopen 98444

Robots in Agriculture,” CoRR, vol.

abs/2103.06732, 2021, doi: 10.48011/
asbav2i1.1144,

162] A. Sharda, "Is swarm farming the
future of farming?,” 2020. [Internet].
Available: https://www.
precisionagreviews.com/post/is-swarm-
farming-the-future-of-farming, [Last
Accessed: 2021 May 15].

163]). Cupcra and P, Sedlil;, "The use of
CAN-Bus messages of an agricultural
tractor for monitoring its operation,”
Research in Agricultural Enginecring
57(4), pp. 117-127, 2011, doi:
10.17221/20/2011-RAE.

[64] J. Nikander, O. Manninen and M.
Laajalahti, "Requirements for
cybersecurity in agricultural
communication networks," Computers
and Electronics in Agriculture, vol. 179,
pp. 1-10, 2020, doi: 10.1016/j.
compag.2020.105776.

165) Jahn Rescarch Group, "Cyber Risk
and Security Implications in Smart
Agriculture and Food Systems,”
Madison, 2019,

166) D, Krau:
M. Loschni;

* Leitgeb, T Plank and
, "Replacement of the
Controller Area Network (CAN)
protocol for future automotive bus
system solutions by substitution via
optical networks," 18th International
Conference on Transparent Optical
Networks (ICTON), pp. 1-8, 2016, doi:
10.1109/1CTON 2016.7550335.

167 S, Sontowski, M, Gupta, S, 8. L.
Chukdapalli, M. Abdelsalam, §. Mittal,
A Joshi and R Sandhu, "Cyber Attacks
on Smart Farming Infrastructure,”
UMBC, Baltimore, 2020, doi: 10,1109/
C1C50333.2020.00025,



