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8.1 Introduction

Pectinis acomplex polysaccharide and presents prominentlyin the
middle lamella of plant cell wall (Kertesz, 1951). Pectin forms about
one-third of the cell wall dry substances of dicotyledonous plants
(Jarvis et al., 1988). The pectic substances play an important role in
cell adhesion and provide mechanical strength to the cell wall (Jarvis,
1984). Pectic substances are acidic heteropolysaccharides with mo-
lecular masses ranging from 23000 to 360000 D (Newbold and Joslyn,
1952). They occur in varying amounts in all higher plant tissues. Fruits
and vegetables contain varying amount of pectin from 0.2% to 0.5%
in tomatoes to 30% to 35% in citrus peel (Tapre and Jain, 2014). The
presence of pectin is crucial to the formation of fruit products from
clear juices to jams, jellies, and marmalades. The first information on
water-soluble jellying substances in fruits was published by Vauquelin
(1790). In 1825, Braconnot showed de-esterification of pectin to pectic
acid and 162years later, Vennigerholz and Wales (1987) showed that
digestion of the tissues with pectolytic enzymes leads to dissolution of
the middle lamella and thereby cell separation.

Pectic enzymes have been used as bulk heterogenous preparations
by fruit processing industries. Mostly these industries use fungal en-
zymes supplied by Gist-Brocades, Novo-Nordisk, Biocon, AT.F, ABM
Sturge, Genencore, Amano, and Shin-Nihon (Pilnik and Voragen,
1993). However, relatively pure preparations of various immobilized
pectic enzymes have also been employed in the form of bioreactor for
industrial applications (Nighojkar et al., 1995).

This chapter deals with the occurrence, classification, structure,
composition and degree of esterification of pectin, commercial pectin
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Purification and Characterization of Pectin
Methylesterase Produced in Solid State
Fermentation by Aspergillus tubingensis | Chapter
03 | Advances and Trends in Biotechnology and
Genetics Vol. 2

Aim: Purification and characterization of pectin methylesterase produced by Aspergillus tubingensis in soli
state fermentation.

Study Design: Pectin methylesterase enzyme produced by A. tubingensis was extracted from the Sermented

&Plid medium and purified using chromatographic techniques. The purified enzyme was characterized for
physico-chemical and kinetic properties,

Place and Duration of Study: Experiments were performted at the School of Biotechnology, Devi Ahilya

University, Indore, INDIA and Maharaja Ranjit Singh College of Professional Sciences, Indore, INDIA,
between October, 2014 and August, 2015,

Methodology: The enzyme was extracted and purified using amnionium sulphate fractionation, ion exchange
chromatography (IEC) using CM- cellulose and gel filtration chromatography (GFC) using Sephadex G-100.
The molecular weight of the purified enzyme was determined using native polyacrylamide gel electrophoresis
(Native PAGE) and sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). The purified

ostability, pH stability and

sults: The acidic pectin methylesterase of Aspergillus tubingensis was purified to 20.3 fold with q 47.79
W“@;covery through IEC on CM- cellulose and GEC using Sephadex G-100. The

“2.ivity, 112.6 U/mg. The SDS-PAGE revealed that the enzyme was monomeric with a molecular weight of
45.7 kDa. The optimum pH and temperature were 4.6 and 50°C, respectively. This enzyme was stable over g
wide pH range (3.0-8.0) and at relatively high temperature at 50°C for 1 h. The Km and Vmax values of pectin
methylesterase towards citrus pectin were 33.3 mg/l and 251.2 pmol/ml/min, respectively. In addition, the
enzyme activity increased by about 16% in the presence of 5 mM Mg .
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no makeshift, certainly no camouflage.
-l am confident that it will survive
all bther theories. It has the sanction of
philosophy and religion behind it...
No other theory is compatible
with nonviolence.”
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8.1 Introduction

Pectin is a complex polysaccharide and presents prominentlyin the
middle lamella of plant cell wall (Kertesz, 1951). Pectin forms about
one-third of the cell wall dry substances of dicotyledonous plants
(Jarvis et al., 1988). The pectic substances play an important role in
cell adhesion and provide mechanical strength to the cell wall (Jarvis,
1984). Pectic substances are acidic heteropolysaccharides with mo-
lecular masses ranging from 23000 to 360 000 D (Newbold and Joslyn,
1952). They occur in varying amounts in all higher plant tissues. Fruits
and vegetables contain varying amount of pectin from 0.2% to 0.5%
in tomatoes to 30% to 35% in citrus peel (Tapre and Jain, 2014). The
presence of pectin is crucial to the formation of fruit products from
clear juices to jams, jellies, and marmalades. The first infermation on
water-soluble jellying substances in fruits was published by Vauquelin
(1790). In 1825, Braconnot showed de-esterification of pectin to pectic
acid and 162 years later, Vennigerholz and Wales (1987) showed that
digestion of the tissues with pectolytic enzymes leads to dissolution of
the middle lamella and thereby cell separation.

Pectic enzymes have been used as bulk heterogenous preparations
by fruit processing industries. Mostly these industries use fungal en-
zymes supplied by Gist-Brocades, Novo-Nordisk, Biocon, AT.P, ABM
Sturge, Genencore, Amano, and Shin-Nihon (Pilnik and Voragen,
1993). However, relatively pure preparations of various immobilized
pectic enzymes have also been employed in the form of bioreactor for
industrial applications (Nighojkar et al., 1995).

This chapter deals with the occurrence, classification, structure,
composition and degree of esterification of pectin, commercial pectin

Processing and Sustainability of Beverages. bitps://doiorg/10.1016/B978-0-12-815255- 1 .00008-2
© 2019 Elsevier Inc. All rights reserved.
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lassification, production
reparations, various pectic enzymes, their ¢ :

gf ppectin methylesterase, endopolygalacturonase, and their applica-
tions in fruit beverages.

[

8.2 Pectin
8.2.1 Definitions Related to Pectins

The family of oligosaccharide and polysaccharide having com-
mon features and rich in galacturonic acid (65% as stipulated by Food
and Agriculture Organization) is termed as pectin (Brent et al,, 2001).
However, in the early years, there was a lot of confusion regarding the
naming of pectic substances. The definitions of these complex sub-
stances as given by a committee of the American Society (1944) are
generally accepted and the same definitions have been followed.
These are as follows:

* Protopectin is the name given to the water-insoluble parent pec-

tic substance which occurs in plants, and from which pectic sub-

stances are produced.
Pectic substances are a group designation for those complex colloi-
dal carbohydrates which occur in or are prepared from plants and
contain a large proportion of anhydrogalacturonic acid units. The
carboxyl group of polygalacturonic acid may be partly esterified
by methyl groups and partly or totally neutralized by one or more
bases.

* Pectinic acids are the term used to designate colloidal polygalac-
turonic acids containing more than a small proportion of methy-
lester groups. Pectinic acids under suitable conditions are capable
of forming gels with sugar and acid; if the methoxyl content is low
then gel formation may take place with certain jons, The salts of
pectinic acids are either normal or acid salts of pectic acids,

¢ Pectin or pectins designate those water-soluble pectinic acids of
varying methylester content and degree of neutralization which
are capable of forming gels with sugar and acid under suitable
conditions,

* Pectic acid is the name applied to pectic substances composed
of colloidal polygalacturonic acid and is essentially free of methyl
ester groups. The salts of pectic acid are elther normal or acid
pectates,

A group of definitions given by Doesburg (1965) are considered by
some workers to be more complete (McCready, 1970). However, other
workers considered the definitions given by the American Society
(1944) (Kertesz, 1951; Fogarty and Kelly, 1983) to be more appropriate,
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8.2.2 Occurrence

Mangin (1888) was the first to suggest the presence of pectin in
the middle lamella of plant cells. Development of pectic substances
appears to occur at the time when all nuclei are beginning to divide
(Allen, 1901). A pectin-containing membrane divides the cell into two
parts. As the division continues, cellulosic membranes are formed with
pectic material in the middle lamella. Earlier, the researches on pectic
substances were based on staining with ruthenium red. Hydroxamic
acid test in situ (McCready and Reeve, 1955) was also used for study-
inglocation of pectin in plants. However, the fine structure of cell wall
was revealed with electron microscopy studies (Frey-Wyssling and
Mubhlethaler, 1965). Pectic substances are now known to be present
without exception in and between the cell walls of photosynthetic
green plants. The content of pectin varies from plant to plant and tis-
sue to tissue from as low as 0.1%-0.5% in tomatoes to 32% in lemon
rind (Whistler and Smart, 1953). The young actively growing plant tis-
sues are particularly high in pectin (Northcote, 1963).

There are two theories regarding role of pectin in cementing plant
cells together. The pectate theory, based on the in vitro behavior of
pectic substances and experiments with fruit tissue, suggest that the
plant cells are held together by calcium pectate gels. This theory is
supported by the observation that the chelating substances liquefy
calcium pectate gels and also promote disintegration of fruits and
some vegetables. Treatment with calcium salts results in firming of
tomatoes, apples, and other fruits. The theory is weakened by the fact
that only a small amount, if any, of the pectic substances in mast fruits
and vegetables contain calcium pectate or pectic substances having
low degree of esterification. The other theory is the protopectin theory
proposed by Joslyn (1962).

The important features of the theory are:

- bondingto polyvalentions, for example, calcium, magnesium, and
iron, thus leading to insolubility of low esterified pectic polysac-
charides and reduction of swelling of the highly esterified pectic
materials;

- bonding of carboxyl groups of pectin and the hydroxyl
groups of other cell wall constituents, for example, cellulose,
hemicelluloses;

- salt bonding between the carboxyl groups of the pectic substances
and the basic groups of proteins;

- secondary valency bonding between pectic polysaccharides or
with other cell wall constituents; and

- mechanical entwining of pectic polysaccharides with each other
and with other polymers in the cell wall.
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8.23 Classes of Pectin

Pectin molecule §s a thamnogalacturonan chain consisting'of
@-D-1,4-galacturonan region (“smooth region”) interrupted by in-
sertion of 1,2 linked a-L-rhamnosyl residue (Selevndran, 198.5). Side
chain composed of neutral sugars are attached by glycosidic lmkagf.:s
to C3 and C4 of the thamnose units and C2 and C3 of galacturonic

aceticacid), or hexametaphosphate, and protopectins that are brought
into solution with alkalj solution or hot dilute acids (Van Buren, 1991).

Protopectins are secured in the Primary cell wal] matrix by the acid
and/or alkali-labjje bonds. Ryden anq Selvendran ( 1990) have shown
that although a large part of Protopectin can be solubilized by 0.05M
sodium carbonate, sti]] 5 small fraction remaing inso

the pectin in carrots and snap-bean
pods (Sajjaananlakul et al., 1989) is of the chelator-solype type. In
ripe and evep Senescent apples most of the pectip

N 1s of protopection
type (Massey etal, 1964), In some other ripe fruits, such as freestone

peaches (Postlmayr et al,, 195g), most of the pectin s of the water-
soluble type, while in ripe clingstone Peaches, approximately equal
Proportion of all three types of pectin hag been found, 1, tissues such
as carrots, Potatoes, and Snap-bean pods

with high proportions of
chelator-solyb)e pectin, the infusjop, of chel

ators into the tissue results
in dramatjc losses of cohesion (Linehan ang Hughes, 1969). Tissues
such as beelroot, witha }

ligh proportion of protopectin, showlittle loss
of cohesiop when treated with chelating agents,

The walter-soluble and chelalor-soluble pectins are typically com-
posed of Mmainly galacturonic acjq residues with aboug 29 thamnose
d stribution as well as the number
of free carboxy| Broups may he important in affecting whether pectin
Is watey soluble o chelator soluble, The Protopectins, particularly if
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they are extracted with alkali, have neutral sugar content (Selevndran,
1985), mainly galactose and arabinose. Commercially prepared pec-
tins often resemble water-soluble and chelator-soluble pectins in their
composition, but it is likely that many of their neutral sugars have been
removed by hydrolysis during extraction.

It seems that the major contribution to intercellular adhesion
comes from the chelator-soluble fraction and the protopectin. In gen-
eral, softening during ripening (Massey et al., 1964) or heating (Van
Buren et al,, 1960) is accompanied by a loss of protopectin and an in-
crease in water-soluble pectin.

Pectins can also be classified depending on the degree of esteri-
fication into two classes: high-methoxyl pectin with degree of ester-
ification >40%-50% (Hercules, Inc. 1985) and low-methoxyl pectins,
product of further regulated acid, alkali, or enzyme treatment of
high-methoxyl pectin with degree of esterification <40%. Both the
classes of pectin form gels under different set of conditions and have
different properties.

8.24 Pectin Structure and Composition

Recent studies on pectin structure indicate that although pectin
has been studied from different fruits since last over two decades, still
their structure and composition varies a lot. Chan et al. (2017) have
shown that various fruit sources used for commercial pectin produc-
tion such as apple pomace, citrus peel, sugar beet pulp, banana peel,
mango peel, watermelon rind, tomato peel, sunflower head, papaya
peel, passion fruit rind, plum pomace, rapeseed cake, and sisal waste
have content of pectin ranging from 1.8% in rapeseed cake to 83.5% in
tomato peel.

In the 1950s, pectic substances were regarded as a triad of polysac-
charides consisting of mainly galacturonan along with some araban
and galactan (Whistler and Smart, 1953). D-Galacturonic acid units
joined by means of a—(1—4) glycosidic linkages form the main uro-
nide chain of pectic polysaccharides. Rhamnose introduces a kink in
the otherwise straight chain by joining to the reducing end of the uro-
nide by (1—2) linkages and to the nonreducing end of the next uronide
unit by (1-4) bonds. However, the mole percent of rhamnose varies
depending on the type of pectin (Ryden and Selvendran, 1990). Often,
arabinan, galactan, or arabinogalactan side chains are linked (1-4) to
the rhamnose. In addition, other sugars, such as D-glucuronic acid,
L-fucose, D-glucose, D-mannose, and D-xylose are sometimes found in
thesidechains. Atmodjo etal. (2013) in hisreview paper have explained

the presence of three major pectic polysaccharide, homogalacturo-
nan (HG), rhamnogalacturonan-I(RG-I), and rhamnogalacturonan-II
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i . opolymer of
(RG-11). Approximately 65% of tl}g p:;::m:i alf ng;lh:ﬂn; rﬁ} czgz) e
(a-1,4) linked D-galacturonic acids. Par ition gives HG
sixth position and lesser acetylation at O, and 0, position gi :

The RG-II has a HG backbone substituted with side cha'm ofan ?c-
tasaccharide and a monosaccharide linked to an O, or dlsacchan('ie
linked to O5 on the HG backbone. RG-II constitutes 10% of the pectin
and is more complex and structurally conserved as compared to RG-I
which constitute 20%-25% of pectin. RG-I has a repeat backbone of
highly acetylated (O, or O;) galacturonic acid residues. The structura]
data indicate that HG, RG-I, and RG-II are connected by covalent link-
ages via their backbone forming an interconnected pectin structure in
the cell wall. However, as yet the complete structure of native pectin
from cell wall has not been isolated.

Pectic substances differ in chemical properties from other polysac-
charides primarily because of the presence of large amounts of car-
boxyl groups, which are partially esterified with methanol. The degree
of esterification/methoxyl content may vary with the pectin source
and method of extraction used. When all carboxyl groups in polyga-
lacturonic acid are esterified, the methoxyl content is 16.32, that is,
degree of esterification is 100%, However, some of the carboxyl groups
are free acids and some are neutralized with various ions, Some of the
hydroxyl groups on C; or C; may be acetylated at a rate of 0.18%-2.5%
(McComb and McCready, 1957). Pippen et al. (1950) showed the
importance of acetyl group in affecting gelling properties; one ace-
tyl group per eight galacturonic acid units pPrevents pectin from jelly
formation,

The molecular’ weight of pectic polysaccharides from various
sources has been determined. The molecular weight in citrus, 23 000-
;’; 883 _l;s(ol:)%r\g.ala I?ll(;l(; Chakravarti, 1970); apple, plum, and pear,

H pple and lemon, 200000-360000D (Newbold
and Joslyn, 1952) has been reported. The values are affected by the
que of extraction and the technique of estimating the molecular
weight. Pectin solutions have high Positive optical rotation which is
dependent upon degree of polymerization, D-Galacturonic acid has a
specific rotation ()2 of +51.7° whereas pectic polysaccharides have
anaverage («) of about 42350,

Our present knowledge of modification of pectin structure during
Browth, differentiation, and in response to environmental stimuli is
still expanding, However, |t is pertinent to mention that pectic poly-
saccharide plays a major role as regards to cell strength, cell adhe-
sion, stomatal function, and defense response (Caffall and Mohnen,
2009), The pectic polysaccl!arlde also finds applications in indus-

tries and medicine which vyries according to the modification in
their structure, !
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8.25 Degree of Esterification of Pectin

Animportant factor in characterizing pectin chains is the degree of
esterification of the uronide carboxyl groups with methanol. Pectins
might be formed initially in a highly esterified form, undergoing some
de-esterification after insertion into the cell wall or the middle lamella
(Van Buren, 1991). Depending on species, tissue, and maturity, the de-
gree of esterification of pectins may vary from 60% to 90%. The water-
soluble pectin and protopectins have a higher degree of esterification
than chelator-soluble pectin. Degree of esterification is also a mea-
sure of the viscosity of the solution. Solution of fully de-esterified pec-
tin does not change its viscosity appreciably with change in pH, but
the viscosity of low-ester pectin solution is markedly pH dependent
(Doesburg, 1965).

An important character of pectin is its ability to form gels. The
gel-forming ability and the gel characteristics are also dependent on
the degree of esterification of the pectin used. Both high-methoxyl and
low-methoxyl pectins form gels. In general, a pectin with 70% degree
of esterification or more (methoxyl content 11.4%-13%) forms a rapid
set gel with acid and sugar, whereas, a pectin with degree of esterifi-
cation between 50% and 70% (methoxyl co"ptent 8.75%-10.5%) forms
a slow set gel with acid and sugar. Pectins with degree of esterifica-
tion less than 50% precipitate in acid media and are not used to make
high solid gels. However, they are advantageous for preparation of low
sugar or sugar-free, low calorie gels with addition of calcium to pec-
tinic acids under controlled conditions. Pectinic acids are largely used
in foods and beverages, particularly in diets for, diabetics, where sugar
is replaced by nonnutritive sweeteners.

826 Commercial Pectins ]

Commercial pectins are used in the manufacture of jams, jellies,
and marmalades. Pectin being a natural product, one envisages some
variation in grade and jellying capacity between one batch and an-
other. Normally, different lots of pectin are blended and dextrose is
added as a diluting agent in order to obtain a product of fixed grade. To
control setting time, sodium citrate is sometimes added as stabilizer.
The pectin gels, having high sugar content are generally prepared from
high-methoxyl pectins and those holding a low sugar content are pro-
duced from low-methoxyl pectins and calcium salts. High-methoxyl
pectin is used chiefly in the preparation of jams. They are fast setting,
high temperature jellying agents, whereas partial de-esterification
gives slow setting pectins. The slow rate of gelation allows enough
time for air bubbles trapped in the cooling solution during pouring
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to escape from the container, and for other operations; tftciJr ex:(:ng]l:;
filling, capping, and labeling to be'z complc_ted before sef n%xam l(e

the process is not disturbed (Pilgrim et al., 1991). Sugar, for ;()l :
sucrose or a similar carbohydrate, in adequate amount acts as zlx e

hydrating agent for the pectin molecules, thereby permitting closer
association between the polymeric chains. Normally fwer 50% sugar
is adequate for gel formation. The high molecular weight also favors

gel-forming properties.

8.3 Pectic Enzymes and Their
Classification

Pectic polysaccharides occur universally in the plant world. The
enzyme system capable of degrading these structures is not only var-
ied in their mode of action, but is also widespread in their distribu-
tion. Pectic enzymes are produced by plants, many bacteria, and fungi
as well. However, from animal cells, only polygalacturonase has been
identified; as in snails (Ehrlich, 1932).

Endogenous pectic enzymes therefore can produce important tex-
tural changes in fruits and vegetables during ripening and storage. The
necessity to activate or inactivate them often has a decisive influence
on processing steps in the manufacture of the products derived from
fruits and vegetables. Microbial pectic enzymes serve functions in
plant pathology and fermented foods but are also produced industri-
ally as processing aids in the food industry. Pectic enzymes purified to
well-defined activities are used in pectin analysis, structural research
of pectins, and cell wall studies.

Pectinases or pectinolytic enzymes have been classified on the
basis of their reaction to different pectic substances (Sharma et al.,
2013) or on the basis of their reaction mechanism (Jayani et al. 2005).
The pectic enzyme that hydrolyze pectin has been categorized in two

groups,

8.3.1 Esterase

Pectin methylesterase (EC.3.1.1.11) also called pectinesterase
(systematic name: pectin pectyl hydrolase) cleaves methanol from es-
terified carboxyl groups to yield low-methoxyl pectin and polygalac-
turonic acid. High-methoxyl pectin is the preferred substrate.

Pectin acetylesterase (EC. 3,1.1.6) hydrolyzes acetyl esters in HG
regions of pectin (systematic name: acetic-ester acetylhydrolase).
Other names in common use include C-esterase, acetic ester hy-
drolase, chloroesterase, p-nitrophenyl acetate esterase, and Citrus
acetylesterase,
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8.3.2 Depolymerases

The depolymerizing enzymes are either hydrolyzing pectin or
pectic acid (polygalacturonic acid) or perform transelimination re-
action on unsaturated polymethyl digalacturonates or pectic acld

(Jayani et al., 2005). Depolymerases can also be divided Into three
subgroups.

1. acting on pectin;
2. acting on pectic acid (polygalacturonic acid); and
3. acting on oligo-n-galactosiduronates.

Each subgroup can be further divided into two subsubgroups; hy-
drolases and lyases, which can be further subdivided Into endo- and
exo-enzymes depending on the mode of action.

8.3.2.1 Acting on Pectin
Polymethylgalacturonase

Endopolymethylgalacturonase (PMG) performs random hydroly-
sis of highly esterified pectin to form oligogalacturonates.

Exo-PMG hydrolyses pectinina sequential fashion from the termi-
nal end liberating monogalacturonates.

Polymethylgalacturonate Lyase

Endopolymethylgalacturonate lyase (PMGL) (EC. 4,2.2,10) causes
random cleavage in pectin by a transelimination process, forming a
double bond between C4 and C5 of the galacturonic acid residues at
the nonreducing end (systematic name: poly (methyl galactosiduro-
nate) endo-lyase) also called as endo-pectin lyase. It carries out ran-
dom transelimination of unsaturated poly (methyl) n-digalacturonate
releasing unsaturated methyl oligo galacturonates.

Exo-poly methyl p-galactosiduronate lyase: performs terminal
transelimination of unsaturated poly-(mcthyl-n-dlgalacturonate) re-
leasing unsaturated methyl monogalacturonates (systematic name:
poly(methoxygalactosiduronatc) exo-lyase) also called exo-pectin
lyase.

8322 Actingon Polygalacturonic Acid or Pectic Acid
Polygalacturonase

Endopolygalacturonase (PG), EC. 3.2.1.15), hydrolyzes polyga-
Jacturonic acid in a random fashion [systematic name: poly (1,4 a D-
galacwsldumnate) glycanohydrolase] relcasing oligogalacturonides.

Exo-PG-1, (EC.3.2.1. 67), hydrolyzes polygalacturonle acld releas-
ing p-galacturonate, that Is, hydrolyses successive bonds (systematlc
name: poly(l,4-u-n-galacms[durona(c) galacturonohydrolasc),
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lygalacturonic acid from
.PG-2, (EC. 3.2.1.82), hydrolyses po -
onBrz?i:::?ng.c(nd releasing digalacturonate, that is, hyd‘rglyses taj)
:::mate bonds [systematic name: poly (1,4-a-D-galactosiduronate

digalacturonohydrolase}.

Polygalacturonate Lyase ;

Endopolygalacturonate lyase (PGL), (EC. %.2..2.2)‘, causes ran[ om
cleavage in polygalacturonic acid by a t.ransehmmamn process [sys-
tematic name: poly-(1,4-a-D-galactosiduronate) endolyase] com-

d as endopectate lyase. .

mo;iﬂx);;illljgalacmor?ate lyase, (EC. 4.2.2.9), causes sequential cleay-
age in polygalacturonic acid by transelimination process [systematic
name: poly (1,4-a galactosiduronate) exo-lyase] commonly called as

exopectate lyase.

8323 Acting on Oligo-o-Galactosiduronates
Oligogalacturonase

Oligogalacturonase (OG) hydrolyzes oligo-D-galactosiduronate
[systematic name: oligo-D-galactosiduronate hydrolase).

Oligogalacturonate Lyase
Oligogalacturonate lyase (OGL) (EC. 4.2.2.6) causes cleavage of

unsaturated oligo-D-galactosiduronate by a transelimination process
[systematic name: oligo-p-galactosiduronate lyase].

8.4 Production System for Pectinases

8.4.1 Production From Plant Sources

Pectic enzymes bave been widely studied in plants mainly fruits
as they are expressed during fruit ripening. Since pectin occupies the
mic?d%e lamella of plept cell wall, high salt concentration is required for
their isolation. For thig purpose, 10% NaCl is being used (Shrivastava
et al,, 1994). The extraction and complete purification needs to be

enz_yme:s, mainly the cost effectiveness, thermostability, shorter purifi-
cation time, reproducxbi!lty of results, and industria] applications, now-
adays the pectic enzymes are being isolated from microbial sources.

8.4.2 Production From Microbia| Sources

OSoHd-sta!e fermentation (SSF) ang submerged fermentation (SmF)
Processes are used extensively for pectinolytic enzyme production
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using various microorganisms. Bacteria, yeasts, and fungi produce
pectic enzymes both under SmF and SSF conditions. Bacterial en-
zymes are mainly alkaline and thermostable, while fungi majorly pro-
duce acidic pectinases (Favela-Torres et al., 2006). SSF is considered
more suitable for fungi than for bacteria (Pandey 2003; Favela-Torres
etal,, 2006; Kumar et al., 2012), One of the pioneer works on pectinase
production by SSF indicated that pectinase production by Aspergillus
nigerwas about 11 times higher in SSF than in SmF (Solis-Pereira et al.,
1993). Moreover, endopolygalacturonase production by Paecilomyces
clavisporus was 28 times higher per gram of solid substrate in SSF as
compared to per ml of culture medium in SmF (Souza et al., 2003).
SSFis a process that occurs in the absence or near absence of water or
any liquid. It is attributed that the increased polygalacturonase pro-
duction in SSE as compared to that in SmF is due to the expression of
a second polygalacturonase (PG 1), which is biochemically different
from the one produced in SmF (Niture and Pant, 2004).
Agro-industrial waste is used as solid substrate for fermentative
metabolite production using fungi. The fungi are capable of growing
over and utilizing agro waste as it is their natural habitat. This makes
them more interesting for their use in SSF processes. Fungi are more
adapted to SSF because their hypha can grow on the agro residue sur-
face, penetrating into the inter particle spaces, and colonizing the solid
substrates. In contrast, in SmF, the nutrients and microorganisms are
both submerged in water thus making it suitable for bacterial isolates
(Graminha et al., 2008). However, SSF processes can be well manipu-
lated and managed for scarcely produced pectinolytic enzymes using
bacterial culture (Gupta et al., 2008; Kashyap et al,, 2003).

Maldonado and Stresser de Saad (1998) reported 4 times higher
pectin methylesterase production by A. niger i SSF than in SmF sys-
tem. Also, polygalacturonase production was reported 6 times higher
in SSF than in SmF system over a shorter time period for enzyme
production. Patil and Dayanand (2006) cm}ipared SSF and SmF
processes for A. niger pectinase production”and reported higher
production by SSF. SSF has several advantag_és over SmF, which are
summarized in Table 8.1. *

P

8.5 Pectinolytic Microorganisms

More than 30 different genera of bacteria and fungi have been
used for the production of polygalacturonase (Favela-Torres et al,,
2005). Erwinia, Bacillus, Saccharomyces, Kluyveromyces, Aspergillus,
Penicillium, Fusarium, and Rhizopus have been the genera most fre-
quently studied in the last 15years, of which strains of Aspergillus,
Penicillium, and Erwinia are mainly used for enzyme production studies.
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Téhle 8.1 Advaﬁfageé and Disédvantages of SSF Over
SmF (Raimbault, 1998; Holker et al. 2004: Couto and
Sanroma, 2006)

*  Higher productivity
Better oxygen circulation

*  Low-cost media

Less chance of contamination

Absence of foam formation so no requirement of
antifoaming agent

It resembles the natural habitat for several
microorganisms

Less effort in downstream processing

* Simple technology

Less energy demand for heating |
Fermentation of water insoluble material i
Requires smaller reactor volume f

Catabolite repression is negligible

!
4%

Pectinolytic efy

(Shrivastava

tion are Aspergilius sojae (He

A. niger (Dhillon et al.,
Trentini et al,, 2015
Aspergillus sydc
sis (Tai et al,, 201¢), Asp

Fungi, such as A, tubin
etal., 2013; Joshj el
2003), Aspergillus auitlea

Zymes are widely distributeq
higher plants, Parasitic plants,

2007; Ruiz et al,,
), Aspergillus Sfumiga
wii (Singh and Mandal, 2

ergillus carbonariys (Nakke
Aspergillus niveys (Maller et

etal,, 2005; Diaz o al,, 2012)

gensis (Patidar et al, o
al., 2006; Van Alebeek ¢
tus (Duvetter et
(Glinkaand Liao, 2011), Pen icillium not,

Mixing of nutrients not uniform
Difficulties on scale-up
Problems with heat build-up
Higher impurity product
Recovery cost is high

Difficult control of process parameters

se produc-
mir and Tari, 2014),
2012; Darah et al, 2013;
tus (Sandri et al., 2015),
012), Aspergillus tubingen-
eran etal,, 2011),
awamori (Botella
e (Meneghel et al,

erd et al., 2012; De

al. 2011), Aspergillys
and Aspergillus oryza

016a), A. niger (Jiang
tal, 2003; Hasunuma et al,,

al., 2005), Fusarium asiaticum
atum(Gayen and Ghosh, 201 1)
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Table 8.2 Sources of Pectinolytic Microorganisms

Aspergillus sp.

¢ Soil of plum orchid waste site
¢ Decaying orange peel Asergillus fumigatus
*  Agro waste dumping pit soil Aspergillus niger
¢ (Citrus fruit peels Aspergillus niger
e Agricultural waste Aspergillus sp. Penicillium sp.
e Rotten orange Aspergillus niger
e Rotten mango Aspergillus niveus
e (Qak (Quercus spp.) Penicillium pinophilum
e (Qlive paste and olives Aspergillus niger
Aspergillus fumigatus
e Soil of fruit processing site Aspergillus niger
Aspergillus tubingensis
¢ Pulp and paper mill, paper mulberry Erwinia carotovora
bark, vegetables and fruits Erwinia chrysanthemi
Bacitlus sp.
e Agricultural and vegetable waste Bacillus sp.
« Rotten vegetable Bacillus licheniformis
o Soil sample Bacillus pumilus

e Soil, water, rotten fruit and vegetables  Bacillus sp.

o Soil contaminated with effluents of . Baci{fus subtilis
paper and pulp industry } St
o Decomposing kitchen waste Bacgllus subtilis ACK ‘
Geqtrichum klebafinii -~ -

e Glass fibrer microfilters

ot

Botrytis cinerea (Valette-Collet et al., 2003) and Fusarium oxysporum
(Miller and Macmillan, 1971), and bacteria Xanthomonas sp. and
very few yeast like Saccharomyces cerevisiae, Candida boidinii
(Nakagawa et al., 2000; Jayani et al., 2005; Kohli et al,, 2015) have been
reported to produce pectin methylesterase enzymes.

However, few reports are available to show the use of microorgan-
isms in SSF for pectin methylesterase production. Aspergillus sp. and
Penicillium sp. have been used in SSF for pectin methylesterase pro-
duction (Maldonado and Strasser de Saad, 1998; Taragano and Pilosof,
1999; Joshi et al., 2006; Gayen and Ghosh, 2011). Pectin methylester-
ase and polygalacturonase production has been recently reported in
SSF by A. tubingensis MP30 and A. niger ANO7, respectively (Patidar
etal., 2016b, 2017). d
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86 SSFProcess Conditions

SSF depends on a number of parameters, which are as follows:

8.6.1 Solid Medium

The yield of pectinolytic enzyme can be affected by the choice of
medium. Also, it affects the production cost of the enzyme. In this re-
gard, the agro-industrial waste is found to be economical and environ-
mental friendly choice as a solid medium for high enzyme production.

The agricultural and food processing waste consists of a large
amount of organic matter with high nutrient value. Thus, agricultural
waste products and also wastes from biorefineries have been explored
for abundant possibilities as novel low-cost enzyme production me-
dia. They are a good source of solid substrate and are used in SSF for
production of polygalacturonase and pectin methylesterase enzymes.
Agro wastes utilized as solid medium in SSF are listed in Table 8.3,

Wheat bran: According to a report of United States Department of
Agriculture (USDA, 2013), 655,270,000 tons of wheat was produced
in the period 2012-13 in the world. About 15%-20% of wheat bran
is reported to be discarded during wheat flour production process
(Dobrev et al., 2007, Demir and Tari, 2014), thus making it a sustain-
able by-product and one of the most popular agro-industrial residue
for the microbial production of industrially important enzymes in SSF
(Balkan and Ertan, 2010; Freitas et al., 2006; Demir and Tari, 2014).
Demir and Tari (2014) screened various agro industrial by-products
and found wheat bran most suitable for the production of polygalac-
turonase in SSF by mutant strain of A. sojae without the addition of any
nutritive or inducing supplement. Demir and Tari (2016) have reported
the effect of moisture content on wheat bran thickness, which affects
polygalacturonase production in SSE Several researchers Hendges
et al. (2011) and Heerd et al. (2012) used A. niger and Kashyap et al.
(2003) and Gupta et al. (2008) used Bacillus sp. in SSF for polygalac-
turonase production using wheat bran as solid substrate. Wheat bran
has been mixed with other agro-industrial waste such as an orange
bagasse (1:1w/w), orange peel (7:3w/w), and soy bran (1:1w/w) for
increased production pf pectinolytic enzyme in SSF (Silva et al., 2005;
Heerd et al., 2012; Castilho et al,, 2000). Heerd et al. (2014) reported
enhanced pectinase pry.duction by A, sojae in SSF using wheat bran
supplemented with 30% sugar beet pulp as inducer.

Rice husk: Rice husk, the main by-product of rice processing in-
dustries, is also a widely used agricultural waste for production of
various me(abolités, thus‘veducing the environmental impact asso-
ciated with improper dispusal of it. Rice husk has been used in SSF
for production of polygalacturonase and feruloyl esterase (Tai et al.,
2014). Rice husk works as solid carrier and is mixed with 50ml of
pectin media consisting 0f{g/L) pectin, 10; sucrose, 20; K;HPO,, 1.0;
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SolldSuhstrate ;

Table 8.3 Agro-Industrial Wastes Utilized in SSF for
Pectinolytic Enzyme Production

el

A P g s e s Y

~ Reference:

Wheat bran Demir and Tari (2014)
Wheat bran A. sojae Demir and Tari (2016)
Wheat bran A. niger Hendges et al. (2011)
Wheat bran and soy bran Aspergillus niger Castilha et al. (2000)
Wheat bran and orange peel Aspergillus sps. Heerd et al. (2012)
Wheat bran and sugar beet pulp Aspergillus sojae Heerd et al. (2014)

Wheat bran, rice bran, and apple pomace

Orange bagasse, sugar cane bagasse, and
wheat bran

Orange bagasse and wheat bran

Bacillus sp. DT7

Thermoascus aurantiacus
4

5
Peq[cil}ium viridicatumn

Kashyap et al. (2003
Martins et al. (2002)

Silva et al. (2005)

Apple pomace Aspergillus niger Berovic'and Ostrovers'nik (1997)
Strawberry pomace ) Lentinus edodes Zheng and Shetty (2000)
Grape pomace ;R Aspergillus awamori Botella et al. (2005)

Pomelo citrus grandis / Aspergillus niger Darah et al. (2013)

Citrus peel I Aspergillus niger Dhillon et al. {2007}

Grape pomace and orange peel [ Aspergillus awamori Diaz et al. (2012)

Grape pomace and orange peel Aspergillus awamori Diazetal. (2013)

Lemon peel Aspergiflus niveus Maller et al. (2011)
Sunflower head Aspergillus niger Patil and Dayanand, (2006)
Lemon peel pomace i Aspergillus niger Ruiz et al. {2012)

Rice husk Aspergillus tubingensis Tai et al. (2014)

Papaya peel '}j.spergillds tubingensis Patidar et al. {20164, b)
Sugarcane bagasse Aspergillus niger Acuna-Arguelles et al. {1934)
Sugar beet pulp Bacillus gibsonii Li et al. (2005)

Mango peel Aspergillus foetidus Kumar etal. (2012)

Cassava bagasse - Bacillus subtilis Swain et al. (2003

Wheat bran Bacillus subtilis Gupta et al. {2008)

Bingtang sweet oranges

* - Eupenicillium javanicum

Tao et al. {2011}

NaNOQO;, 30; MgSO47H20, 5.0; KCl, 10; FCSO4'7H20, 0.01; pH 4.0 and
subjected to SSF for polygalacturonase production (Tai et al., 2014).

Sugarcane bagasse: Sugarcane bagasse has been used as solid sub-
strate for production of pectinolytic enzymes (Pandey et al., 2000).
Pectinase production has been reported using bagasse impregnated
with a medium containing pectin and sucrose (Acuna-Arguelles et al,,
1994). Solis-Pereyra et al, (1996) impregnated sugarcane bagasse with
high glucose concentration solution for pectinase production using

msieAnAd Ak . e w2 Y. W LA L YN
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SSF in a packed-bed column fermenter. Maldonad? fmd St/r:s'ser ::
Saad (1998) reported fermentation medium containing (g _)' e
0.3; K;HPO,, 0.65; (NH,();S04, 1.26; MgSO, 0.02; FeSO;, 0.029; pecclnn,
1.5; sugar cane bagasse as support, 23.1; pH 4.5 for solid-state produc-
tion of polygalacturonase and pectin methylesterase. W

Sunflower head: The semiarid tropical region of Noxjthem India is
having about 30,000 hectare area of sunflower crop mainly produced
for its oil. The deseeded dried sun flower head is normally burnt to
ash. Patil and Dayanand (2006) used deseeded sunflower head for
pectinase production in SSF and SmF. Higher production of polyga-
lacturonase was observed when the medium was supplemented with
6% sucrose as carbon source and 0,3% ammonium sulfate as nitrogen
source in SSE

Papaya peel: Papaya (Carica papaya L.) is grown in Australia,
Bangladesh, Hawaii, Indiz, Malaysia, Philippines, Sri Lanka, South
Africa and a number of other countries in tropical America (OECD,
2005). India alone produces a total of 5,382,000 metric tons of papaya
every year (IHD, 2013). Papaya is extensively used worldwide for fruit
juice preparation, salad preparation and in cosmetics and medica-
tions due to its high vitamin content (vitamin A and C) and high fiber
content (Ittimongkol et al., 2002; Almora et al., 2004; Silva et al., 2007).
Papaya peel is approximately 20%-25% of its fruit weight and can be
used as animal feed, but is geaerally discarded as by-product causing
organic pollution in the environment (Koubala et al, 2014),

Papaya peel contains 45%-51% esterified pectin (Boonrod et al.,
2006), which is a preferred substrate for production of pectin meth-
ylesterase using A. niger (Van Alebeek et al., 2003). Papaya peel has
huge amounts of monosaccharides, pectin, and protein, which facil-
itates the growth of fungi (Chuiwut et al., 2010; Maran and Prakash,
2015). Hence, the use of papaya peel in SSF for production of pectin
methylesterase and polygalacturonase helps to solve the pollution
problem of papaya processing units. Papaya peel has been used along
with 10% (w/v) orange peel for production of pectin methylesterase
(Patidar et al.,, 2016b). It has also been used for polygalacturonase pro-
duction in SSF using dried papayx peel and orange peelin ratio of 2:1
(Patidar et al., 2017). \

Scanning electron microscopic (SEM) analysis of the fermented
papaya peel used as substrate for the growth of A. niger for produc-
tion of pectinase enzymes in the Authors lab is shown in Fig. 8.1. The
fungal hypha and the fruiting bodies are evident and show luxuriant
growth of the fungus on the untreated substrate.

Mango peel: Mango is one of the important tropical fruits culti-
vated in many tropical regions and distributed worldwide, In 2013,
Indian production of mango fruits reached 18,002,000 metric tons on
2,500,000 ha area which s 35.8% of tota) fruit area (11D, 2013). A major
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Fig.8.1 Scanning Electron Microscopic (SEM) analysis of the substrate. SEM
type JEOL JSM 5600 showing dried samples of fermented papaya peel fixed on
glass plate with 5-nm gold coating using Quorum—Q@150TS.

by-product of the mango pulp industry is mango peel, constituting
about 20%-25% of the mango fruit processing waste. Pectinase pro-
duction has been achieved by Aspergillus foetidus using mango peel
in SSF supplemented with salt solution consisting of (g/L) (NH,4),SO,,
25; MgS0y, 0.6; FeSOy, 0.4; urea, 3; peptone, 5 and KH,PO,, 6 at pH 7.0
(Kumar et al., 2012). . .

Citrus fruits: The family of citrus fruits (Orange, Kinnow, Khatta,
Lemon, Grapefruit, Malta, Mosambi, Sweet orange, etc.) is known to
contain appreciable amounts of pectin (Alexander and Sulebele, 1980;
Dhillon et al., 2007). Spain, the largest producer of citrus fruit in Europe
with an output of 6 million tons/year produces approximately 800,000-
900,000 tons of peel and pulp waste every year (IHD, 2013). The disposal
is a big problem for the environment (111D, 2013). Pectinolytic enzymes
have been produced using lemon peel, orange peel, pomelo peel, etc.
in SSE Orange peel has been reported as an inducer for pectinolytic
enzyme production in SSF and SmF due to high % of pectin (14.7%)
(Nighojkar et al., 2006; Zhou et al,, 2011), Orange bagasse and wheat
bran (1:1w/w) by Silva et al. (2005) was utilized for pectinase produc-
tion in SSF by Penicillium viridicatum. Gayen and Ghosh (2011) used
orange peel and wheat bran in ratio of 1:1 (w/w) for pectin methyles-
terase production in SSE [leerd et al. (2012) also used citrus fruit waste
along with wheat bran for polygalacturonase enzyme production using
SSF (Heerd et al,, 2012), Enhanced pectinase production was obtained
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nglemon peel pomace in a column-tray biore-

nd 70% moisture for 96 h.
ple processing industry waste

e pomace: Appl _ _
prc‘:c};pti : disposal groblem. Dried apple pomace IS rich 1}:{1 carb(:}g-
drates, pectin, and proteins. It has a pH range _of 3.1-3.8 ( a:.1g‘ etal.,
1982). The remaining 25%-35% of the fresh fruit weight after juice ex-
traction s called apple pomace which contains 85% carbohydrate, 15%
protein (Reid et al, 1999), and 12.3% fermentable sugar (Hang and

soluble components

Woodams, 1986). Apple pomace has both water-
such as monosaccharide, oligosaccharide, water-soluble polysaccha-

ride, and water-insoluble components-pectic substances. Berovic and
Ostroversnik (1997) used 1500 g apple pomace along with 750 g of soya
flour, 450g of wheat bran, 1200g of wheat corn, 90g of dry whey, 158
(NH,),S0,, and 60g NH,NO; in 2000 mL water at pH 7 for production
of pectinolytic enzymes using A. niger.

Dried apple pomace has also been used as solid substrate for pec-
tin methylesterase production by A. niger in SSF (Toshi et al., 2006).

Strawberry pomace: Chinese mushroom Lentinus edodes has been
grown on strawberry pomace for the production of polygalacturonase
(Zheng and Shetty, 2000). Maximum polygalacturonase production in
SSF (29.4U/g pomace) was obtained at 40 days growth of the mush-
room on strawberry pomace as solid substrate.

Grape pomace: Washed grape pomace was supplemented with
orange peel (1:1) and nutrient solution (g/L urea, 2.4; (NH,).SO4, 9.8;
KH,PO,, 5.0; FeSO,-7H,0, 0.001; ZnS0,-7H,0, 0.0008; MgS0,-7H,0,
0.004; CuSO,-5H,0, 0.001 and pectin, 11.5) for the production of poly-
galacturopase, xylanase, and cellulase by SSF (Diaz et al., 2012). They
reported increased enzyme production as compared to when whole
grape pomace was used alone.

8.6.2 Production Time

The production time of pectinolytic enzymes varies with the nature
of sqh‘d s.ubsu'ate and the selected microorganism. Maximum pro-
gl;;tlul)r: on;t:iz ;Sf.pectlc enzymes from different microorganisms varies

In Fig, 8.2, the production time for endopolygalacturonase using
papaya pefal and orange peel individually by A. niger has been de-
picted, whlcb shows the difference in production time with different
sulglstrl?tes. Fig. 8.2B compares the endopolygalacturonase production
:;lm tlt iesc:ngge tir:hfungal bismass measured as the glucosamine con-
: i.[ A nt that the fungus hydrolyses the pectin rich substrate
or its growth, producing pectin hydrolyzing enzymes in return.

A sharp increase in polygalacturonase production by A. sojae af-
ter the second day of incubation period was observed, giving maxi-
mum polygalacturonase production (136.9U/gds) on the fourth day of

by Ruiz et al. (2012) usi

actor operated at 30°Ca
e pomace, an ap
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Fig.8.2 Influence of fermentation period on eng'opolygalactumn‘ése production by

A. niger utilizing (A) papaya peel and orange peel; and (B) combination of papaya
peel and orange peel (2:1).

|

b !
incubation using wheat bran as solid substrate (Demir and Tari, 2014).
The production of polygalacturonase was shown to begin during the
third and fourthday, utilizing the other carbon sources present in
the media. Production of polygalacturonase on grape pomace using
A. awamori strain was reported on the 25th hour of fermentation
(Botella et al., 2005). Strawberry pomace was used as solid medium for
production of polygalacturonase over a production period of 40 days
(Zheng and Shetty, 2000). Diaz et al. (2012) showed that the addition
of orange peels reduced the production time and increased the yield
of the pectinolytic enzymes using grape pomace,.

et 274 2 T
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0-
Patidar et al. (2016b) reported 120h as optim;:r:n er:zbl;t’); :nrs 3
duction of pectin methylesterase enzlyme gl Sﬁi ::i mge f(;r ik
MP30. Joshi et al. (2006) reported 96-h produc
pectin methylesterase production in SSF using apple pomace powder
as solid substrate and A. niger as microbial source.

8.6.3 Production Temperature

Ambient temperature from 30°C to 37°C has been found to be opti-
mum for fungal growth as well as the fungal pectinolytic enzyme pro-
duction. Patil and Dayanand (2006), Hendges et al. (2011), and De{mr
and Tari (2014) obtained the maximum polygalacturonase produ.ctxon
by Aspergillus strains at 34°C, 30°C, and 37°C, respectively. The m.ﬂu-
ence of temperature is associated with the growth of the organism
(Uzuner and Cekmeceliogly, 2015). Darah et al. (2013) reported high-
est fungal growth rate at 30°C production temperature. However, the
production temperature and growth temperature can be different as
reported by Demir and Tari (2014).

Joshi et al. (2006) reported 25°C production temperature for
maximum pectin methylesterase production by A. niger. Similarly,
Maldonado and Strasser de Saad (1998) and Patidar et al. (2016b) used
30°C production temperature for maximum pectin methylesterase
production by Aspergillus sp.

8.6.4 Moisture Content and Moistening Agent

The industrial enzyme production using SSF is largely affected by
the amount of moisture content in the media. A 40%-80% variation in
initial moisture content has been used by various workers for pectinase
production using different solid substrate and fungal strains. Heerd et al.
(2014) used 0.2 N HCI to maintain 160% moisture content in wheat bran
and sugar beet pulp (70:30) solid substrate. They also reported the use of
120% moisture content maintained by 0.2 N HCl in SSF containing wheat
bran and orange peel (70:30) as solid substrate (Heerd et al,, 2012).

Enhanced production of xylanase, polygalacturonase, and car-
boxymethyl cellulase using grape pomace and 70% moisture content
maintained with nutrient solution was reported by Diaz et al. (2012)in
wheat bran solid substrate. Demir and Tari (2014) reported use of 62%
moisture content. They also reported 47% higher polygalacturonase
production using distilled water over buffer solution pH 6.0. However,
Ruiz et al. (2012) and Patidar et al. (2017) used 70% moisture content
with Czapek-Dox medium and 90% moisture content with distilled
water for maximum polygalacturonase production.

Pectin methylesterase production in SSF was also shown to be regu-
lated by moisture content. Maldonado and Strasser de Saad ( 1998) showed
70% to be optimum whereas Gayen and Ghosh (201 1) reported 50% and
Patidar et al. (2016D) reported 86% moisture content to be optimum,
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8.6.5 Particle Size

' In SSF.processes, particle size has been shown to influence aera-
tion, specific area, and porosity of the substrate. Demir and Tari (2014)
reported particle size of 150-250 um as optimum for maximum poly-
galacturonase production. The sized particles of wheat bran gave 92%
more (?f enzyme activity than the unsized particles. The optimum par-
ticle size for pomelo peel was reported to be 0.75mm for maximum
polygalacturonase production (Darah et al., 2013). The particle size
range 0.7-2mm (mesh size 25) of lemon peel pomace was reported by
Ruiz et al. (2012) for maximum polygalacturonase production.

A particle size of 2-mm papaya peel was shown optimum for fungal
growth and pectin methylesterase production by Patidar et al. (2016b).

The SEM image of A. tubingensis MP30 growing over 2-mm papaya
peelis shown in Fig. 8.1.

8.6.6 Inoculum of Microorganisms

Fungal inoculum is prepared using either a spore suspension or a

vegetative seed culture prepared on a slant. The inoculum size is im-
portant in the SSF process. Taragano and Pilosof (1999), Silva et al.
(2007), Tai et al. (2014) used spore suspension as inoculum for fun-
gal enzyme production. However, Demir and Tari (2014, 2016) used
seed culture inoculum for production of polygalacturonase. The spore
suspension used for inoculation was prepared in distilled water, 0.1%
Tween-80, and 0.2% Tween-80 by Taragano and Pilosof (1999), Silva
et al. (2007), and Darah et al. (2013), respectively. Most commonly
an inoculum size ranging from 10° to 107 spores/g of substrate is used
(Silva et al., 2005; Botella et al., 2005; Hendges et al,, 2011, Demir and
Tari, 2016). Bacillus subtilis inoculum containing 10°CFU/mL was in-
cubated overnight under agitation at 130rpm before inoculation by
Uzuner and Cekmecelioglu (2015). Joshi et al. (2006) used A. niger
spore suspension prepared in distilled water for production of pectin
methylesterase enzyme in SSE Patidar et al. (2016b) reported 1x 10
spores per ml prepared in 0.1% Tween-80 as optimum for maximum
pectin methylesterase production.

8.6.7 Agitation Frequency

Agitation is a major challenge for successful implementation of
SSF (Favela-Torres et al., 2006). Agitation is required to remove the
heat generated during metabolic process of fermentation and to mix
the oxygen transferred to the solid medium. In SSF, the speed of ag-
itation is reported to be once to thrice a day. Demir and Tari (2014)
reported that agitation speed of 3times per day increased the poly-
galacturonase production in SSF by 17.2% as compared to the static
medium, Darah et al. (2013) on the other hand reported no agitation
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se production as the agita-

nt for maximum polygalacturona . ;

{legluti)rfer;n:dium may affect the nature of particle and‘may darrr;?ﬁ: ﬁ;:n
gal mycelia. Gayen and Ghosh (2011) reported maximum p

of pectin methylesterase in stationary state using SSF.

8.7 Bioreactor Employed for Pectinolytic
Enzyme Production Using SSF

The various important factors considered for the development of
a SSF bioreactor include selection of microorganism and substrz‘lte,
optimum process parameters to be used and methods for puriﬁcat.lon
of the end product. Development of a fermentation process requires
proper understanding of the relationships between the physiology of
microorganism and fermentation parameters such as pH, temperature,
moisture content, aeration, and nature of solid substrate employed.

Singhania et al. (2009) showed that the major challenges that led
the researcher to thrive hard to find the solutions are scale up of SSF
process and biomass estimation, A number of bioreactors have been
designed to overcome the problems of scale up and online monitor-
ing of parameters. These bioreactors also regulate the heat and mass
transfer which are otherwise difficult to be managed in a basic system
of fermentation, Several types of bioreactors have been designed for
small scale as well as large-scale applications of SSE, including the tray
bioreactors, packed-bed bioreactors, and drum bioreactors,

8.7.1 Tray Bioreactor

run as'a continuous system and they can also pe easily scaled to larger
operations. However, in thig type of reactor, the temperature jg diffi-
cult to control, Recently patents haye been filed for novel designs of

a rigid form, cloved with an upper chamber ang aeration j
between these two portions, In this design, temperature ¢
controlled (Rousms etal, 2014), .

8.7.2 Packed-Bed Bioreactor

Packed-bed reactors provide larger syhg
uct recovery. Singhar.ia et al. (2009) suggest
bed reactor results in improper heat transfe
bed with a risk of drying out of the substrate

an be easily
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channels. Diaz et al. (2013) used packed-bed reactor for production of
polygalacturonase, xylanase, and CMCase.

8.7.3 Drum Bioreactor

Rodriguez-Fernandez etal. (2011) used horizontal drum bioreactor
for pectinase production. In this reactor, CO, production is measured
by an infrared sensor while consumption of O, by the microorganism
is measured by two electrochemical sensors, one sensor fitted in the
inlet and the other located in the outlet of the bioreactor. Drum biore-
actors can perform constant mixing thereby ensuring thermal equilib-
{ riumn, or intermittent stirring, whereby stationary phase is maintained.
@ However, agglomerates may form and shear stress is increased over

the intermittently stirred bioreactor which has a lower shear stress,
but do not have effective aeration (Singhania et al. 2008).

8.7.4 Biomass Estimation

Separation of biomass is essential for the kinetic studies and is a big
challenge in SSE. Estimation of oxygen intake and carbon dioxide evo-
lution rate are considered to be most accurate for the determination
of the growth of microorganism (Singhania et al., 2009). Glucosamine
estimation, ergosterol estimation, protein (kjeldahl) estimation, DNA
estimation, dry weight changes, and CO, evolution are indirect bio-
mass estimation methods used in SSF (RodriguezJFemz'mdez et al,,
2011; Ruiz et al., 2012). Nowadays, digital image processing developed
for biomass estimation in SSF is used. |

88 Industrial Applications of Pectic

<\ Enzymes [k
88.1 Fruit Beverage Industry /

Pectic enzymes find various uses in the fruit and vegetable indus-
tries, fruit juice clarification, wine clarification, olive oil extraction,
wood preservation, textile industries, etc. The enzymes necessarily act
in one or more of the following ways: f

1. reducing viscosity of concentrates; '/
2,

F

removing cells from plant material increasing the yield of juice and
solids; and ;

modifying and solubilizing pectic structures to affect sedimenta-
tion and clarification of juices,

3.

Pectic polysaccharides act as suspending agents for pulp and other
substances causing cloudiness and difficulty in filtration and clarifica-
tion of juice concentrates, [he pectic enzymes increase the efficienc
of juice extraction, bringing about an increase in yield and reductim{
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i spending power, thereby increasing

in viscosity and ; are one of the upcoming

i Jytic enzymes ? e
clarity and ﬁltefal.)ﬂ:lw'g;mo JHe O L acidic pectinases in DIinging
enzymes of fruit 1n . .+ ices is well established

down the cloudiness and blttt 2L, 2005). Inan unripe fruit pectin is

(Kashyap et al., 2001; Jayani .e : 41, Such pe ctin is insolu-
A in the cell wall P Lo
bound o cellulos® o 1 walls. However, during ripentce

ble and hence confers rigidity to € : .
the structure of pectinis altered by naturally occurring enzyn:les Hflt tﬁg
fruits. As a result of this, the pectin becomes more soluble and soite
the plant tissues (Caffall and Mohnen 2009).

882 Fruitand Juice Processing

Fungal pectic enzymes ar generally used to :
of fruits and are available commercially as pectinases un.der various
trade names. Pectinex (trade name) manufactured by Swiss Fermerllt
Co. Ltd., Switzerland is used for extraction and clarification of fruit
juices and grape mast. Ciba-Geigy AG, Switzerland manufactures
Ultrazyme 100 for the same purpose and Irgazyme M-10 for macer-
ation of vegetables and fruits (Fogarty and Kelly, 1983). Production
of a variety of sparkling clear juices and cloud juices depends on the
pectic enzyme treatment (Rombouts and Pilnik, 1980; Whitaker, 1984;
Voragen and Pilnik, 1989; Ismail et al,, 2016; Sharma et al., 2017).
The whole fruit along with peels and cores is crushed in a hammer
mill and treated with pectinex or ultra SP-L at 100-200g/ton for 30-
60 min. It is then pressed, screened, and treated with pectinex 3XL at
100-200g/1000 gallons in a clarification tank for 1-2h at 54°C. The
juice is then filtered and concentrated (Boyce, 1986). Nonenzymatic
processes in the dzpectinization of fruit juices have also been used.
However, the enzyme treatment increases the efficiency of pressing
and juice extraction and even enhances flavor and color release,
especially during continuous pressing operations (Whitaker, 1984;
Voragen and Pilnik, 1989). Using both cellulases and pectinases the
cost of fruit processirg is lowered because of the synergistic effe,ct of
these enzymes (Fogarty and Kelly, 1983). The synergistic effect is ev-
ident during liquefaction, as shown in case of apple pulp when the
viscosity of the stirred pulp drops more rapidly during treatment with
mixture of pectinase and cellulase enzyme preparations than either
of them individually (Pilnik 2t al., 1975). Voragen et al. (1980) havi
stud'}ed the action of pure enzymes and their mixtures 0;1 ectin Thg
St_ufhes showed that pectin methylesterase and polygalactgmnas.e in-
. dividually release 0% and 21%, tespectively of the pectic materials
and in con.\bination release 75% of the pectic materials. Cellul !
alone had little effect on pectin (5%) and solubilized only '22% off}?g

cellulose. Combined cellulase-
pectinase i
the polysaccharides (Voragen et al., ]:;1;0) Bctivitics reisased EOR 0

d to facilitate processing

+y
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i 'I:he enzycllnatic_ treatment of the blackcurrants pulp before press-
;ig ul:]?lrg;(la) t:he juice and color yield (Charley, 1969). Beltman and
ilni ave shown that enzymatic i dati
: s : pectin degradation yielded
tl.nn free-run juice and a pulp with good pressing characterisﬁc): Hieh
yields are always conn v

L ected with enzyme treatment. Another advan-
thge o ; € pulp enzyme process is that there is a better release of an-
ocyanins of colored fruits into the juice. This technique is used for

red'wines and is simpler than the classical fermentation “on the skin”
which s generally used to obtain the desired color (Pilnik and Vorage;l
}993). Enzyme treatment of pulp of olives, palm fruit, and coconut to
increase oil yield has also been described (Neubeck, 1975).

8.8.3 Fruit Juice Clarification

The oldest process for clarifying the fruit juices using the pectic
enzymes still finds the largest market for these enzyrr_{es. The freshly
pressed fruit juices especially, apple, pear, and grape juices are turbid
and viscous. Treatment with pectinolytic enzymes rapidly reduces the
viscosity and turbidity by settling out the cloudy particles by aggrega-
tion. The juice can be separated from these particles by filtration or
centrifugation or simply siphoning out from the sediment. The end
product so obtained is a sparkling clear juice (Li etal., 2017).

Careful experimentation with the purified enzymes has led to the
conclusion that the clarification process is a combined effect of pec-
tin methylesterase and polygalacturonase (Endo, 1965) or pectin lyase
alone in case of apple juice, which contains highly esterified pectin
(>80%) (Ishii and Yokotsuka, 1972). In grape juice, which contains
pectin with a lower degree of esterification (44%-65%), pectin lyase
alone does not perform as well (Ishii and Yokotsuka, 1973). Recently,
Gainvors et al. (1994) have used S. cerevisiae, yeast, producing pec-

m tin degrading enzymes for the clarification of fruit juices. A magnetic
tri-enzyme nanobiocatalyst comprising of amylase, pectinase, and
cellulase has been used for clarification of grapes, apple, and pineap-
ple juices (Sojitra et al,, 201G). Pectin degrading enzymes are used to
clarify following important fruit juices.

Apple juice: Aspergillus pectinolytic enzymes have been used for
clarification of applejuice. A clearer applejuice withincreased % trans-
mission (1.7-5.6) was obtained after overnight treatment with pectin
methylesterase and polygalacturonase (Joshi et al., 2011). Similarly,
Kant et al. (2013) reported increase in % transmission from 1.7 to 20.4
upon overnight incubation with polygalacturonase enzyme, Sandri
et al. (2013) reported a 90% decrease in apple juice turbidity using A.
niger pectinase enzyme. \'u_un etal, (2011) applied polygalacturonase
of Penicillium sp. for apple juice which reduced the intrinsic viscos-
ity of apple juice by 4.5%, and Increased the light transmittance by
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ed 84% increase
pectinase treated apple ]Elc; ;gongang s
pectin methy-
(2006). Immobilized
en used for clarification of apple

=1.8%. Bispora sp-
in transmittance an
Effect of high pres;ure
lesterase has also been

ctinase in reusable polymers hasbe

juice (Rajdeo etal. 2016)._ . Citrus fruits viz. OTanges, lemon,
Orange and mosam.bz juu:'a i S ration (Galant et al,, 2014).
and grapefruit are rich m'pecn.n'coml:] N o third of the insoluble
Commercially prepare.d s ]wces'u?;lethe juice cloud (Baker and
material as pectin, which is foufld.m ially methylated because of
Bruemmer, 1969). Orange pectin is partially met/ = ' 22 o
the removal of methoxyl group from pectin by pectin metily ,
(Kashyap et al., 2001; Maran et al, 2013). In orange juice, an undesir-
= < Jes i tion of
able precipitation of haze particles is formec! due to th.e forma .
calcium pectate in the presence of calcium ions. A'mlxture of p-ecftl-
nase, xylanase, and CMCase from A. awamori clarified orapge juice
by 95% in tray reactor (Diazetal, 2013). Raietal. (2004) obtained 89%
dlarified mosambi juice with A. niger pectinase using enzyme protein
in 2 concentration 0.004 g/L for 99 min, at 42°C.

Passion fruit juice: This juice has commercial importance due to
its pleasant unique aroma and flavor. Jiraratananon and Chanachai
(1996) observed a reduction in viscosity by 18% with use of pectinase
in passion fruit juice. Chitosan treatment was used with passion fruit
juice for clarification by centrifugation at 4000 rpm followed by coagu-
lation/flocculation process at 300 ppm and pH 6.

Banana juice: Pectin and starch are the main causes of turbidity of
bma jui(fe. Pectin makes the clarification process difficult because
of its fiber-like mo[_egular structure. The optimum conditions for clari-
fication of banana juice are found to be 0.084% enzyme concentration
43.2°C incubation temperature, and incubation time of 80 min by re-'

sponse surface methodology (Lee et al., 2006).

Lemon juice: Penicillium occitanis pectina
lemon juice clarification (Maktouf et aE, 2014)5.8'122802?:1“::‘3382{
rnenf conditions reported were 600U/L eénzyme concentrations
45min and 30°C under optimized conditions with 77% reduction i '
WSc:fs:ry, ar}d.47%Pred;1clion in turbidity. ion in

ango juice: Pectinase from A. foeti,
mango juice clarification (Kumar et a{ ZEJidzl;,SNt[]:;gg(;z?c;epor ted for
with 20mL of crude enzyme preparation (specific activit ;;gslltlrf atfd
The maximum mango juice clarification (92.5%) was Obtyl mL).
per:t.ure of tg) ? and })50 min incubation time ained at tem-
ineapple juice: Pectin m ‘ -
be'en used for pineapple juic:lgﬁl;:lt:z:ﬁzz f(f[()):: 1A ' tub.insensls nas
was found that increase in amount of enz E B B, 2006R) A
creased the juice clarification from 3,19 toylns;i; om0 ta 1001 Is:
' 5% and decreased the

on apple juice clarification by

studied by Baron €t al.
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PHOMAI 10 3.0 8t 30°C, Toch o al (2009) reporie
clarification by commerclally avallable A, nlger p
Aldrich) whileh showed reductlon In thrbidity 1,-"’”
de Carvalho et al, (4

: VRGO 0.8 at 35C,
000) reported 6%, change In pineapple fulce sugar
content duo to additlon of pectinase

and cellulase followed hy cross
flow micro- and ultra-Miration (o malntaln the nutritlonal quality of
pineapple julce,
Blue brrr‘yjuhw*: Mueherry Julco has nutritonal potentlal and has
been clariflod by Sandei o al, (2013) using pectinase of A, niger pro-
duced In §S1,

d plneapple Julce
ectinase (Slgma.

Guava Julce: South Afrlea, Indla, and Hawall are m
ﬁ of Guava, Kant ot al, (2014) used A, niger polyg,

Jutee clarificadon, They showed it the addition of enzyme Increased
the mgh% sugar content from 1.7 10 20,4 and % transmission at 650 nm
from1.9104.8, slmultancously also reducing the pi of the Julce,

Pomegranate fudce: The Julce upon treatment with pectinolytic and
proteolytlc enzymes underwent clarification and reduction In tur-
bidity and haze (Cervets e al,, 2016, 2017). They have used response
surface methodology for analysls of Incubation time, temperature,
and complex enzyme amount which was reported to be 100-110 min,
25-30C, and 0,22-0.25 g%, respectively,

Date syrup: Dates play an Important part In the economic and so-
clal lives of the people of the hot desert reglons of the world, They are
marketed globally as a high-value frult (Abbés et al., 2011), The c?m-
merclal quality of date syrup Increases on additlon of pectinase. The
use of pectinase and cellulase enzyme (50U/5U) gave the highest re-

covery of total soluble sollds and the lowest turbldity compared with
control sample.

ajor producers
alacturonase for guava

% 8.8.4 Maceration

Maceration Is the process by which organized tissue Is transformed
into a suspension of intact cells, resulting In pulpy products used as
base materlal for pulpy julces and nectars, as baby foods, and as Ingre-
dients for dairy products such as puddings and yoghurts (Pllnik and
Voragen, 1993; Khatri ctal,, 2015),

Mechanical processes for manufacture of such products are not
sultable because many cells are Inevitably disrupted and the endog-
enous enzymes so released, damage flavor, color, and ascorblc acld,
To limit the action of these enzymes, heat must be applied with the
concomitant danger of damage, Enzymatic degradation of pectin af-
ter mild mechanical treatment linproves product propertles, Since
the aim of the enzyme treatment Is the transformation of tissue Into
a suspension of Intact cells (Grampp, 1972; Bock et al,, 1983), pectin
degradation should affect only the middle lamella pectin, This process




262  Chapter 8 PECTINASES: PRODUCTION AND APPLICATIONS FOR FRUIT JUICE BEVERAGES

Is called enzymatic maceration. The so-called macerases are enzyme
preparations with only polygalacturonase (Zetelaki-Horvath and Vas,
1980) or pectin lyase activities (Ishii and Yokotsuka, 1975). For vege-
table maceration, bacterial endopectate lyase is preferred due to its
alkaline optimum pH (Rombouts et al., 1978; Bock et al,, 1983).

8.8.5 Wine Making

Pectic enzymes are also useful in wine making from grapes and
other fruits including berries, peaches, apples, pears, etc. (Fogarty and
Kelly, 1983; Villettaz, 1984; Bigelis, 1993). Pectic enzymes are used at
various stages of the wine-making process, mainly crushing of fruits,
before fermentation and after fermentation. During the crushing of
fruits, addition of pectic enzymes increases the volume of free run
juice and reduces the pressing time. It also aids in juice filtration and
must clarification. The treatment with pectic enzymes improves the
color yield due to extraction of pigments. Treatment of the juice with
pectic enzymes before or during fermentation, settles out many sus-
pended particles along with some undesirable microorganisms. The

result is clearer wine and firmer yeast sediment. Addition of pectic

enzymes to the fermented wine increases filtration rate and clarity.

However, the amount of enzyme has to be adjusted taking into ac-
count the inhibitory effect of alcohol on pectinases. Addition of pectic
enzymes after fermentation promotes flocculation and Precipitation
of pectin particles, floating microorganisms, and protein. Elimination
of protein improves stability of wine. The use of pectic enzymes during

all the three stages of wine making promotes a faster aging of the wine
(Bigelis, 1993).

8.8.6 Coffee, Cocoa, Tea, and Tobacco
Fermentation

The processing of coffee de

pends on fermentation with pectino-
lytic microorganisms to remo

ve the mucilage coat from the coffee
beans. A diluted commercial eénzyme preparation is sprayed onto the

cherries at 2-10g/ton at 15-20C. The fermentation stage of coffee
processing is accelerated by the énzymatic treatment and is reduced
from 40to 80 h to about 20h (Bigelis, 1993), Similarly in case of cocoa
seeds encased in a mass of white mucilaginous pulp, pectic enzymes
are applied to liquefy the mucilaginous mass. Pectinase treatment
also accelerates tea fermentation at a carefully adjusted dose.
Addition of pectinase also improves foam forming property of instant
tea powder by destroying tea pectins (Willson and Clifford, 1992).

During tobacco fermentation, the pectic constituent of the tobacco
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leaves undergoes changes. Tob
methylesterase and during fer
tinic acid in tobacco leaves,

acco leaves are rich source of pectin
mentation, the enzyme acts on pec-

causing formation of free methanol.
Procedure for the production of tobacco extracts using pectolytic
enzymes has also been patented (1994),

Apart from the above applications, pectic enzymes have also been
used in analytical work, in protoplast isolation, retting of textile fibers,
preparation of galacturonic acid (Sakai et al., 1993), and unicellular
foods (Whitaker, 1984). Pectin methylesterase has been used in stabi-
lization of cloud in orange juice. Pectic enzymes are also involved in
plant diseases, especially during pathogenesis and fruit rots.

8.9 Conclusion

The fruit juice beverage industry in particular uses pectic enzymes
for enhanced juice extraction and its clarification. The pectinases
used in fruit industry are mostly produced from fungal sources b.y
SSF using various production systems and solid medium, mostly fruit
waste. The fruit and agricultural waste produced annually world-
wide is mostly used as an eco-friendly and economic substrate 'for
pectinase production. Various fungi have been used for production
of pectic enzymes using SSF bioreactors by several reseathers for
application to fruit juice clarification and enhancement of yxled from
fruit pulp. Also, it has been noted. that the enzyme preparation used
in fruit industries is generally a mixture of enzymes rather thafx apu-
rified enzyme. The studies till date have described various bioreac-
tors for pectinase production. This chapt.er is an attempt to des_cribe
the different types of pectic enzymes, their sources and production of
hydrolytic enzymes suggesting their applications in fruit beverage in-

dustry. It has been observed that the methods applied for sustainable
% production of pectinase enzyme and their industrial applications are
varied depending on the fungal source.s and the cholce of the bever-
age industry. Uniformity in the industrial application is thus desired.
An interdisciplinary approach in production of enzyme and its appli-
cation in fruit juice beverage industry to enhance the product quality
can be sought.
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Purification and Characterization of Pectin
Methylesterase Produced in Solid State
Fermentation by Aspergillus tubingensis | Chapter

03 | Advances and Trends in Biotechnology and
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Aim: Purification and characterization of pectin methylesterase produced by Aspergillus tubingensis in solid
state fermentation.

“@ﬂ:udy Design: Pectin methylesterase enzyme produced by A. tubingensis was extracted from the fermented

_MNid medium and purified using chromatographic techniques. The purified enzyme was characterized for
physico-chemical and kinetic properties.

Place and Duration of Study: Experiments weLre petformed at the School of Biotechnology, Devi Ahilya

University, Indore, INDIA and Maharaja Ranjit Singh College of Professional Sciences, Indore, INDIA,
between October, 2014 and August, 2015.

Methodology: The enzyme was extracted and pus
chromatography (IEC) using CM- cellulose and g
The molecular weight of the purified enzyme was

fified using ammonium sulphate fractionation, ion exchange
el filtration chromatography (GFC) using Sephadex G-100.

determined using native polyacrylamide gel electrophoresis
(Native PAGE) and sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). The purified
enzyme was characterized to determine the pH and temperature optima. Thermostability, PH stability and
substrate kinetics were studied for purified pectin methylesterase.

ults: The acidic pectin methylesterase of Aspe

rgillus tubingensis was purified to 20.3 fold with a 47.7%%,
recovery through IEC on CM- cellulose and GFC

using Sephadex G-100. The putified enzyme had q specific
—<tivity, 112.6 U/mg. The SDS-PAGE revealed that the enzyme was monomeric with a molecular weight of

45.7 kDa. The optimum pH and temperature were 4.6 and 50°C, respectively. This enzyme was stable over g

wide pH range (3.0-8.0) and at relatively high temperature at 50°C for 1 h. The Km and Vinax values of pectin
methylesterase towards citrus pectin were 33.3 mg/l and 251.2 yr.;zol/ml/min, respectively. In addition, the
enzyme activity increased by about 16% in the presence of 5 mM Mg'+.

Conclusion: The pectin methylesterase enzyme of A. tubingensis has been purified up to hom ogeneity and
found to be monomeric on SDS-PAGE. Enzyme characterization re

vealed that purified enzyme worked
optimally in acidic conditions and was stable at wider pH range. 4 /
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A{)s.'ra('r—— This paper presents a new Jaya optimization
nlgor.nhm to minimize transmission line loss by using optimal
reactive power dispatch (RPD). Transmission line loss have been
evaluted and simultaneously maximizing reactive reserve
acfounting voltage stability inequality and equality constraints
using continuation power flow methodology. Schur’s inequality is
selected as a proximity indicator which indicates the state of

iy Y 12e stability. The proposed Jaya optimization algorithm has

cen implemented on standard 1EEE 30-bus fest system.
Performance of the Jaya algorithm has been compared with
Shuffled Frog Leaping Algorithm (SFLA) and Particle Swarm
Optimization (PSO). The obtained results show that the proposed
Jaya algorithm is more effective, better convergence
characteristics and robustness as compared to SFLA & PSO
algorithms.

Keywords—Static voltage stability; Reactive reserve; Schur’s
inequality; Optimal reactive power dispatch; Transmission losses;
Jaya algorithm.

1. INTRODUCTION

The optimal reactive power dispatch (ORPD) problem has
been one of the most impertant aspects in power system
planning & operation. The ORPD is a non-linear, non-convex
& non-differentiable optimization problem. It is used to
minimize line loss, maximize of reactive power reserve,
improve voltage magnitude & enhance voltage stability by
adiusting reactive power control variables such as PV- bus

ages, tap settings of the transformer, and reactive power
output of shunt VAR compensators in a power system while
satisfying several equality and inequality constraints. There
are many classical approaches that are used to solve OPRD
problem such as Newton method, linear programming (LP),
non-linear programming (NLP), quadratic programming (QP),
(DQP), gradient search (GS) method, gradient projection
method, reduced gradient method, interior point method and
modified interior point method [1, 2]. These methods are
computationally fast, and convergence with the fitness
function of continuous, differentiable and single peak value
but these methods can not optimize non-linear, discrete—
continuous fitness function. The ORPD is a non-linear
multimodal optimization problem with a mixture of discrete
and continuous variables. It has multiple local optima. Hence,
it is so difficult to find the global optimum solution of reactive
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power dispatch problem by using classical approaches. For
these reasons, rescarchers have developed computational
intelligence-based optimization techniques to solve the
optimal reactive power dispatch problem. In recent years,
computational intelligence-based techniques, such as multi-
agent-based particle swarm optimization (MBPSO) ([3],
particle swarm optimization (PSO), Co-ordinated aggregation
based particle swarm optimization (CAPSO), comprehensive
learning particle swarm optimization (CLPSO) [4, 5], teaching
learning based optimization (TLBO), genetic algorithm (GA),
self adaptive differential evolution (SaDE), ensemble of
mutation and crossover strategies and parameters in
differential evolution (EPSDE) [6], biogcography-based
optimization (BBO) [7], opposition-based gravitational
search algorithm (OBGSA) [8], gravitational search algorithm
(GSA) [9], secker optimization algorithm (SOA) [10], Nelder—
Mead simplex search (NMSS), hybrid shuffled frog leaping
algorithm (HSFLA) [11], ANN and fuzzy based techniques
have been proposed for solving ORPD problem. Basu [12]
presented a multi-objective differential evolution (MODE) to
minimizing transmission line loss, voltage deviation and
enhanced voltage stability by using reactive control variables.
Rajan and Malakar [13] proposed a method to solving optimal
reactive power dispatch (ORPD) problem using hybrid
Nelder-Mead simplex based firefly algorithm. Bhattacharyya
& Saurav [14] developed a reactive power planning by using
PSO based bio inspired algorithm.

'This paper proposes a novel Jaya algorithm for solving
optimal reactive power dispatch (ORPD) problem by adjusting
the on-loa(_i trapsformer tap setting (OLTC) and shunt VAR
compensations in order to achieve minimum transmission line
loss, maximum reactive power reserve, improved voltage
profile and enhanced voltage stability. Schur’s inequality has
been used as proximity indicator [15]. Proximity indicator has
large value in the stable region of PV-curve and nearly equal to
zero, at lhe_ collapse point. Hence, the magnitude of Schur’s
inequality is an indicator of relative voltage stability. A
thrcsh_old value of this indicator can be assumed on the basi's of
experience for a specific system [16]. Part-2 gives problem
forrpu_latngn. Part-3 shows execution of the developed Jaya
optimization algorithm. Part-4 shows results and discussions
Part-5 gives conclusions and highlights of the paper. ‘
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11. PROBLEM FORMULATION

The fitness function is to be selected as minimization of
{he total line loss (active & reactive power loss).

F= T Stossa ()
Soss = Sgt — Sat

NL - Number of transmission line.

Sioss - Line loss.

St = (P +i%Qg) — Total power generation

Sar = (Pg + i * Qq) — Total power demand

The reactive power reserve (Qgires)) of the ith generator
buses:

Qgi(res) - QE;TX - Qgi ()

The transmission line loss can be optimized by proper
controlling of different control variables denoted by vector U.

U = [Vgy, . V8nes Qcrs - Qene Tapy, -, Tapur]l ()
WVg - Voltage of the generator bus.
Qc - Shunt capacitor of the load bus.
Tap — Tap changing transformer.
NG - Number of generator buses.
NC - Number of VAR Compensators.

NT - Number of tap changing transformer.

Above fitness function is optimized subject to following
equality and inequality constraints.

(i) Power flow equations equality constraint:

~

NB
Pg‘l —_ Pdl' -_ Vlz Vj [G” COS(Si — 61) + Bu sin(Si - 51)] =0
j=1

NB
Qgi Lind Qdi e V' ZV, [G" an(S, o 6]) = Bl' COS(B; -— 5])] =0
=1
i =123, NB @)

NB - Number of buses.

. .th
- Acti active power generation at i*" buses.
Py, Qg - Active & re po

Py, Qg — Active & reactive power demand at i" buses.

V,,V, - Voltage magpnitude of ith & j'" buses.

5;,6; — Phase angle of voltages of the

- Transfer conductance & susceptance between

ith & M buses.
ilh
GH, B,]

& i buses.
(i) Reactive power generation inequality constraint:

max
Qg}m <Qus= Qgi

(3)

{=123,..i., NG
min and QM . Minimum & maximum limits of reactive
gl gi ;
power generator at i*" buses.
(iii) Shunt VAR compensator inequality constraints:
ngin < Qci < Qrcrilax (6)
i=1,23,.....NC

QMi"and QU - Lower and upper limit of reactive power
injection of the ith shunt compensator.
(iv) Transformer inequality constraints:
Tap™™ < Tap; < Tap"™* ©))
i=123,....,NT
Tap™"and Tap;"** - Lower and upper limit of tap setting

of the transformer ith transmission line.

(v) Load bus voltage magnitude inequality constraints:
ymin <V, < VP 6]
i=NG+1,....,NB

yminand V™?* - Lower and upper limit of voltage of the

ith Joad buses.
(vi) Proximity indicator Inequality constraint:
=1 9

< - Proximity indicator (Schur’s inequality)

£ _Threshold value proximity indicator (Schur’ s
inequality)

I11. IMPLEMENTATION OF JAYA ALGORITHM TO SOLVE

FORMULATED PROBLEM [17]

Data input: Control variables and system parameters

Step 1:
(resistance, reactance, and susceptance etc.)

Step 2: Evaluate load flow solution under base case using
continuation power flow methodology.

Initialization; Initialize the population of size ‘M" for
reactive power control variables (PV-bus voltage
magnitudes, OLTC and VAR compensators). Each
individual U, is a vector that contains as many control
variables D. Generated population is randomly
distributed in the range [UP™ < Uy < UF),

Step 3:

j=123,....D
U? = [ud, ul uf, e o 0] (10)
i=123...M

Calculate fitness function for the feasible vectors and
rank the population according to their respective
minimum value of fitness function.

Step 4:
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¢ & Based on the value of fitness function, identify the

best candidate (Upest) and worst candidate (Uyyorst)-
ep 6 Sct generation count k = 1.

Update the population based on best candidate

T
s (Upest) and worst candidate (Uyorst) -

U,O;H) = UF + rand, * (U;fbest = lUH) —rand, *
(Ui,woxst B lUH) ()

Uth s is the best candidate value of the k'™ variables.

Uorst - iS the worst candidate value of the k'™ variables.

1 . .

Ufk W & Uim- is the candidate value at generations
K& (k+ )™M respectively.

rand, & rand,- is the two random numbers [0, 1].

rand, * (U{fbest — \U}‘D —is the solution to move closer to
the best solution.
- rand; * (U}fwm.st-—lll}‘l) _ is the solution to avoid the

gst solution.
Step 8: Select u®*D jn new population or reject it to retain

Lnew
U?‘) in new population.

U(k+1)

gD =
inew —" U(k)
{

i ru?) < (U)
Otherwise

(12)

Step 9: Run continuation power flow program incorporating
updated Upnew, - If updated Upew, minimize fitness
function go to next step. Otherwise go to step 5.

Step 10: Increase generation count k=k+1 If k< Knax
repeat from step 5. Otherwise stop.

V. RESULTS & DISCUSSIONS

In this, Jaya algorithm has been applied on IEEE 30-bus
standard test systems for the solution of optimal rcac!iv.c
power dispatch (ORPD) problem. The proposed algorithm 1s
implcmcntcd using the MATLAB R2008a software and run on

epaC with Intel (R) Core(TM) i3-3120M CPU @ 2.50 GHz
® GB RAM. Developed algorithms have been implemented
for minimizations of transmission line loss and maximization
of reactive power reserve al generator buses.

IEEE 30-Bus System

The 30-bus system consists of 6 generators, 24 load buses &

41 transmission lines. This system has 12 reactive power
control variables; which are 6 generators (bus no. | Ll i
g 1" & 13%), and 4 OLTC (line number e 2t st &
36%) and 2 shunt compensations are connected at buses 10*
and 24", The limits of generators bus voltages and OLTCs
have been assumed as 0.95pu to 1.15pu, and 0.90 o 1.10
respectively. Shunt compensations limit (lower and upper) of
bus no. % 0.00puto0.19pu and bus no. 24%,
0.00put00.04pu [18] respectively. Reactive power limits

(minimum and maximum) of generating bus no. 1% lying
between —0.2000pu to 1.5000pu, bus no. 2™ lying between
-0.2000pu to 0.6000pu, bus no. 5" lying between
~0.1500pu to 0.6250pu, bus no. 8" lying between
—0.1500pu to 0.5000pu, bus no. 11™ lying between
—0.1500pu to 0.4000pu, bus no. 13% lying between
—0.1500pu to 0.4500pu [18]. The desired range of load bus
voltage is 0.95pu to 1.05pu. The total base case active and
reactive power demand on the system are 4.2199pu &
1.8906pu, value of proximity indicator (r) = 0.1634 and
fitness function (F) = 0.8176pu. From operational
experience of system threshold value of proximity indicator is
selected as T = 0.1750 [16]. Initially, 20 populations of
each control variable have been generated randomly using
excel software according distribution characteristic of control
variable. Maximum numbers of generation is taken as 500
and terminated after 298 generations that are no improvement
in fimess function. Table - 1 shows the comparison of each
algorithm to find the best optimal control variable settings
with and without optimization using Jaya, SFLA and PSO
techniques [19, 20]. Table - 2 shows the comparison of most
sensitive load bus voltage magnitude with and without
optimization using Jaya, SFLA and PSO techniques. Table - 3
shows the comparison of Jaya algorithm with SFLA and PSO
techniques based on of proximity indicator, total reactive
pOWer Teserve, static stability limit and fitness function (total
transmission line losses). The total transmission loss and
reactive power Treserve obtained by the proposed Jaya
algorithm is 0.7068pu & 1.7298pu respectively, which is

best among all other methods. It is observed that Jaya

algorithm is able to reduce the total transmission loss by

13.55% with respect to the base case solution (initial loss),

against 12.16% with SFLA and 10.40% with PSO [13]. "Fig.

4," shows a plot for comparison of the convergence of fitness

function with respect to number of generation for Jaya, SFLA

& PSO techniques.

V. CONCLUSION

This paper present a new Jaya based optimization
algorithm for solving highly nonlinear non-convex optimal
reactive power dispatch (ORPD) problem with equality
constraints of power system. In this paper, minimization of
transmission line losses, maximization of reactive power
reserve and enhancement of voltage profile for accounting
operating & stability inequality constraints are considered.
These objectives are achieved by the rescheduling of the
reactive control variables such as; generator voltages
magnitudc, OLTC and static VAR compensations. Jaya
optimization algorithm is based on the concept that the result
obtained for a given problem should avoid the worst result and
travel towards the best result. This algorithm requires only the
common control parameters and does not require any
algorithm-specitic control  parameters.  This optimization
algorithm is an eficient optimization method for large scale
non-linear optimization problems for finding the global
solutions. Simulation results obviously demonstrate the
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Table-1.  Reactive power control variables using Jaya, SFLA and PSO algorithms for IEEE 30-bus
system (84) = 4.6241pu.

St No. React'\\'f: Control ‘ Methodology
: Variables Base Case Jaya SFLA PSO
1 Va 1.0851 1.0849 1.0842 1.0843
2 Vi 1.0585 1.0583 1.0576 1.0476
3 Vs 1.0321 1.0219 1.0212 1.0112
4 Vi 1.0471 1.0269 1.0262 1.0162
3 Ven 1.0854 1.0852 1.0845 1.0847
6 Veia 1.0937 1.0935 1.0828 1.0928
4 Tapy 1.0685 0.9342 0.9424 0.9346
8 Tap, 1.0693 1.0695 1.0692 1.0694
9 Taps 1.0762 0.9464 0.9598 0.9095
= 10 Tapy, 0.9216 1.0716 1.0865 1.0882
11 Qe 0.0105 0.175 0.1771 0.1758
12 Qe 0.0036 0.0396 0.0146 0.0308

Table-2.  Most sensitive load bus voltage magnitude using Jaya, TLBO, DE and CAPSO algorithms for

1EEE 30-bus system (S4,) = 4.6241pu..

Sr.No. | Most Seusiiive Basc Case JAYA SFLA PSO

. : Vi 0.8980 0.9960 0.9873 0.9951
2 Vis 0.8782 0.9770 0.9667 0.9791

3 Vi 0.8688 0.9695 0.9598 0.9701

a Ve 0.8762 0.9767 0.9674 0.9765

s Vi, 0.8797 0.9828 0.9743 0.9805

) z Ve 0.8815 0.9849 0.9764 0.9827
= 0 0.8797 0.9823 0.9715 0.9844

s Vae 0.8631 0.9749 0.9649 0.9738

" Vs 0.8723 0.9912 0.9884 0.9909

s Vg 0.8513 09728 0.9700 0.9726

T Vo 0.8884 1.0103 1.0121 1.0107

i Vi 0.8429 0.9716 0.9734 0.9719

T Vio 0.8178 0.9502 0.9521 0.9505




/

£, \nternational Conference on Intormation, Communication, Instrumentation and Control (ICICIC - 2017)
per \d: 98
able -3, Comparison of Jaya algorithm with SFLA and PSO techniques based on proximity indicator, total

reactive power reserve, static stability limit and fitness function for IEEE 30-bus test system
T

Proximity Indicator Total Reactive Fitness Stabilit
Sr.No. | Met oy ; ; Drantinty
r ethodology \ (Schur’s inequality) | Power Reserve (pu) | Function (pu) Limit (pu)
Javya | 0.1790 1.7298 0.7068 7.3538
SFLA 0.1779 1.6934 0.7182 6.9442
____PSO 0.1772 1.686 0.7326 6.5346
Base Case 0.1634 1.4172 0.8176 5.9203
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Abstract—This paper presents a new methodology for
improving voltage stability under stressed condition by active
power rescheduling accounting inequality constraints. Whenever
the reactive power control variables are exhausted, then only
active power control variables are used to enhance the voltage
profile as well as to obtain desired voltage stability margin. MW-
generation rescheduling using the algorithm increases
- siderable voltage security margin and load bus voltage as
M“" 4l The objective is to optimize minimum eigenvalue of load
flow Jacobian which indicates the proximity indicator of present
operating point to saddle node bifurcation point. The minimum
eigenvalue of load flow Jacobian has been optimized using Black
Hole (BH) algorithm. Proposed methodology has been
implemented on 1EEE 14-bus test system. Performance of the
developed algorithm are compared based on statistical inference
of the fitness function with, Teaching Learning Based
Optimization (TLBO) and Particle Swarm Optimization (PSO)
techniques. The simulation results are good enough to accept and
validate the proposed methodology.

Keywords—MW-generation rescheduling; BH; Minimum
eigenvalue; Static voltage stability.

L INTRODUCTION

Power systems are being operated closer to their stability
limits due to economic and environmental constraints. Voltage
stability has become an increasingly important factor in t}me
operation and planning of electric power systems. At any point
of time, the power system operating condlthn should be

ble; meeting various operational criteria and it should also
ve secure in the event of any credible contingencies. There are
different measures against voltage instability in real time and
in the planning and designing stage of a power system.

Reactive power management from voltage stability
viewpoint has been an important issue in recent years.
Enhancement in static voltage stability limit is u.sua]ly
achieved by rescheduling of rcact_ivc power control variables.
Since power, networks are heavily loaded and operate very
near to voltage collapse point. Moreover, reactive power
resources, most of the times touch the limits. There are
situations where voltage security enhzfnccment by reactive
power control variables may not be feasible. In such situation,
voltage stability margin can be enhanced by rescheduling of
MW-generation, if such possibility exists owing to strong
coupling between active power and voltage under stressed

IEEE Bombay Section/Madhya Pradesh Sub-Section

condition, under outage condition or due to excessive MW
transfer along a transmission line, which may be dictated due
to economic considerations [1]. Mansour et al. [2] used .modal
analysis for optimum location of static VAR compensation. A
methodology for voltage stability improvement developed by
Verma et al. [3] by controlling PV bus voltage§ and
minimizing reactive power loss of the network. Mousavi et a!l.
[4] presented a method of enhanced voltage stability margin
by using reactive power management. Dike and Mahajan [5]
presented voltage stability index-based reactive power
compensation. Basu [6] presented a minimization of active
power, voltage deviation and maximizing voltage stability by
using reactive control variables. Titare et al. [7] developed an
optimal reactive power rescheduling algorithm to enhance
static voltage stability. All the research papers for voltage
stability enhancement cited above use reactive power control
variables for optimization. There may be situations where
considerable voltage stability enhancement could be achieved
by chosen MW-participations. Kirchen and Meeteren [8] have
attempted to control the voltage within limit by MW-

‘generation rescheduling. However, voltage magnitude itself is

a poor indicator of proximity to system collapse condition.
Under emergency condition, the MVA distance to voltage
collapse is of significance instead of voltage magnitude.
Srivastava and Srivastava [9] presented the effect of
generation rescheduling to enhance the voltage stability
margin. Chung et al. [10] described a strategy to improve the
power transfer capability constrained by small-signal stability
by appropriate active power generation rescheduling based on
sensitivity. Dutta and Singh [11] presented a technique for
optimal generators rescheduling technique for congestion
management based on sensitivities of power flow through
congested line. Venkaiah and Vinod Kumar [12] presented a
new methodology for static congestion management (CM) by
optimal rescheduling of active powers of generators. The
selection of generator buses was based on the sensitivity of the
congested line. Proximity indicator becomes important in such
situation. Singh et al. [13] presented new algorithm for active
power generation rescheduling at selected generator,

This paper developed, a new methodology for optimizing
the proximity indicator with respect to MW-generations will
improve voltage stability margin. Minimum eigenvalue of
load flow Jacobian has been used as a proximity indicator as
well as objective function. As the system is stressed minimum




B

IEEE, Intemational Conference on Information, Communication, Instrumentation and Control (ICICIC - 2017

Paper I1d: 99

cigenvalue continwously decreases al‘\d. becumcs zero al
collapse point. Larger the value of minimum mgcnvnlnc‘ at
operating point, larger its distance from voltage cnllap:ﬂc point,
The objective of this paper is to develop an algorithm for
ucreasing the voltage stability margin by maximizing !ltc
value of proximity indicator at current operating point using
BH alponthm. Section-2 describes an cvaluation of minimum
eigenvalue of Toad flow Jacobian. Section-3 presents problem
formulation. Section-4 presents solution of problem using
developed algorithms BH for optimizing the fitness function.
Section-S pives results and discussions. Section-6 presents
conclusions and highlights of the paper.

I MNoaum EIGENVALUE OF LOAD FLOW JACOBIAN

Minimum eigenvalue of load flow Jacobian is one of the
important proximity indicators for the assessment of voltage
stability of a given system. The value of thijs indicator is
mversely  proportional to the system load. Minimum
cigenvalue of load flow Jacobian is evaluated as follows:

{H N 8] _ [AP

M Llavl = ag, m

lnemmcn_tal power flow solution at al] the solution point
can bc obtained by using “(1),”. Where the using load flow
Jacobian (]) is

_[H N
fod @)

Voltage collapse condition is given as following 1
Amin[H] # 0
2eunl]] = 0

where, A, denotes minimum cigenvalue of [H] or [J] .
Modal solution of incremental power flow “(1),” for it
eigenvalue can be written as follows:

BVes = &/ )

%, - is the i*® eigenvalue of load flow Jacobian.
%; - is the right eigenvector corresponding to ;.

&V - 1s the change in load bus voltage vector due to
modal vanation.

BV = Zila, = ) /N ' 4)

@, 15 & participation coefficient, If a, = 0, corrgsp_ond}ng to
minimum eigenvalue then such reactive load variation is not
imponant. Since such variation of reactive power load doc?s
not contribute or aggregate the minimum tlgcuvalge, certain
cigenvalue winch are positive but have large magmlu'dc_ even
if these parucipation coefficient a, are large, such variation of
diswurbance will not affect much w voltage instability. Hence,
it 1s said that voltage collapse is modal that is vollage collapse
occurs due o modal variation/ participation corresponding (o
minimum eigenvalue of Joad flow Jacobian,

It is obvious from “(4),” that all the eigenvalue of load
flow Jacobian must be positive for the system to be voltage
stable. When minimum eigenvalue is close to zero, a very
small load change can results in very large voltage change

The operating point is considered as voltage Unstapy, ot
load flow point of view. Hence, the magnitude o i f,
cigenvalue must be as large as to have i
margin.

adequae Stah,

Minimum cigenvalue of load flow Jacobi

. Al
an 18 Oh’alm.
using following steps:

Step-1: Perform AC power flow using continuatioy, Peme,
flow method and obtain load flow Jacobian I
Step-2: Obtain inverse load flow Jacobian.
o =01-
Step-3: Select Ey = [1,0,0,0, ... ...
Step-4: Set iteration count k = 1.

)

IlIl.  PROBLEM FORMULATION

The fitness function (F) to be selected is the maximizatio,

of minimum eigenvalue of load flow Jacobian with respect 1
these MW-generations.

F = Max lmm(PgI, Fea, ... ... » Fen, Py nG) (5

(n # slack bus) |
NG - Number of generator buses.

At_mve fitness function is optimized subject to following
equality and inequality constraints,

(i) Power flow equations equality constraint:

NB
Pgi - Pdl - Vl Z Vj [Gi] COS(S; — 6]) + Bﬂ sin(ﬁ; - ,)J =0

=1

NB
Qgi — Qq; — V'Z 1/ [Gu sin(§; — 8)— B;; cos(s; — §)]=o0
=

i= 1,23, «..,NB (6)
NB - Number of buses,

Fei. Qg -
Fai. Qq; -
Vi,
5,

Real & reactive power generation at ™" buses.

Real & reactive power demand at i*h buses.
Vi - Voltage magnitude of jth & jth

&

buses.

8, — Phase angle of voltages of the ™ & jt puses.

Gy, Bj - Transfer conductance & Susceptance between jth
& '™ buses.
(ii) Reactive power generation inequality constraint;
Q5" < Qg < Qe
i=123,...,.NG

Qg™ and QI** - Minimum & maximu
power generator at i buses.

O]

m limits of reactive

(111) Active power generation inequality constraint:

ymin - ) max
i s P < i

(8)




IEEE, International Conference on Information, Communicati

Paper Id: 99 e
Pg2 = 2.9981pu. Fitness function with best initial solut‘:on 5
obtained; F = 0.3995. Maximum numbers of generation is
taken as 500 and terminated after 349 generations that are no
improvement in fitness function. Tablel sh.ows the
comparison of active and reactive power generation under
base case, best initial solution, BH, TLBO and PSO
techniques. Table 2 shows the comparison of most sensitive
load bus voltage magnitude with and without optimization
using BH, TLBO and PSO techniques [18, 19]. Table 3 shows
the comparison of BH with TLBO and PSO techniques based
on fitness function, static stability limit and voltage stability
margin. Table 5 shows the comparison of BH with TLBO and
PSO techniques based on mean value, standard deviation, best
value, worst value, frequency of convergence, standard €ITor,
length of confidence interval and confidence interval of fitness
function [20]. "Fig. 1," shows a plot for comparison of the
convergence of fitness function with respect to number of
generation for BH, TLBO and PSO techniques,

Static voltage stability limit of the system is obtained
using BH, TLBO and PSO techniques are 10.1834pu,
10.1634pu and 9.7975pu respectively. Voltage stability
margin obtained at the end of optimization processes namely;
BH, TLBO and PSO techniques are 23.9661%, 23.8169%
and 20.9719% respectively. It is observed that BH gives

much better global optimal results than TLBO and PSO
techniques.

VI. CoNcLUsION

This paper has presented a new algorithm for
improvement in voltage security margin under stressed
condition by rescheduling of MW-generation subjected to
operating and stability inequality constraints. This has been
achieved using modal analysis and eigen sensitivities.
Optimum MW-generation rescheduling has been obtained
using developed BH algorithm. MW-generation rescheduling
using the algorithm increases considerable voltage security
margin and load bus voltages as well. Performance of the
developed algorithm has been compared based on statistical
inference with, TLBO and PSO techniques on standard IEEE
14-bus test system.

on Instrumentationland Control (ICICIC - 2017)
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Fig. 1. Plot of convergence of fitness function with respect 1o numby “p
gma};l'ii(;n using BH, TLBO & PSO algorithms for 14-bus system,
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[able-1. Active and reactive power generation under base case, best initial solution, BH, TLBO and PSO
techniques for IEEE 14-bus test system (S4,) = 7.7428pu.

Active Power Generation Reactive Power Generation
Methodology
Pg2 Pg3 Qg2 Qg3
Base Case 1.7240 1.8370 1.9782 2.0550
Best initial solution 2.3709 2.9981 0.7855 0.9896
BH 2.5182 3.6984 0.9449 0.7536
TLBO 2.6085 3.9195 0.9524 0.7656
PSO 2.9219 3.0807 0.8621 0.8707

N ITTIEY

Table-2. Most sensitive load bus voltage magnitude using BH, TLBO and PSO algorithms for IEEE14-bus
system (S4¢) = 7.7428pu.
Sr. No. M(;f;:;‘;;::;ve Base Case BH TLBO PSO
1 Vs 0.8153 0.9140 0.9143 0.9131
) V, t 0.8153 0.9140 0.9143 0.9131
3 Vo 0.8185 0.9215 0.9217 0.9195
4 Vie 0.8280 0.9334 0.9336 0.9306
5 Vi 0.8511 0.9612 0.9615 0.9565
6 Vio 0.8624 0.9761 0.9763 0.9701
£ ) 7 Vi 0.8183 0.9284 0.9287 0.9246

Table-3. Comparison of BII with SFLA and PSO techniques based on fi

. ] tness function, stati ility limi
and voltage stability margin for IEEE 14-bus test system. i

Sr. No. | Methodology Flmeszplt;nc“o" Stability Limit (pu) |  volage stability
margin (%)
1 Base Case 0.2593 8.3514 07.4645
2 BH 0.4191 10.1834 23.9661
4 PSO 0.4142 09.7975 209719
/_-_‘h\-.
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Abstract— This paper describes an algorithm for evaluating
state probabilities of a distribution system having distributed
generation. The probabilities have been classified as healthy,
marginal and risky state probabilities based on a deterministic
criterion which is based on load and capacity available.
Uncertainties in the capacity available from substation and that
from distributed generation have been considered. Uncertainties
have been considered in two stages i.e. one stage considered the
operable availability and the second stage considers randf)m
variations around the rated capacity available that of 'sulxl:-)stanon
or distributed generation. To evaluate the state pr(?babllx_(lcs boot
strapping has been incorporated in Monte Carlo s.lmulatmn so as
to enhance computational cfﬁcicncy.-The algont!lm has b?en
implemented on a sample distribution system incorporating
annual load duration curve. o )

.words— Distribution system, dtslrz.b.uted generations, Monte
Carlo simulation, boot strapping, probability.

Abbreviations and Acronyms
it1 tate of distribution
on rate from up to down s
7..5 Transiti

substation. S Ena
Transition rate from down state to up state of distribution
Hs

substation. Lt
A. and 7\_5 Availability and unavailability of distribution
s

substation o ) )
C. Normally distributed Distribution substation capacity
S

Es Distribution substation mean capacity

Og Distribution substation standard deviation

A Transition rate from up to down state of i™ DG unit
L, Transition rate from down state to up state of i DG
unit

YA and Aj; Availability and unavailability of i DG unit

Cas.i and G; Mean capacity and standard deviation of i" DG
unit

NDG  Number of DG units are present 1n distribution

system )

(3 Total capacity available from DG units

CT Total capacity sample of the distribution system with

DG

m" step load level

D,, I’Illlh time duration (p-n.) for occurrence of particular
m" step load level

N“ . NM and NK Number of samples observed in

healthy, marginal and risky state.

NS Total number of samples

p" , f)M and f)R Probability in healthy,

marginal and risky
State respectively,

3 Coefficient of variation
‘NB’"  Bootstrap data set

B for the system states by re-
sampling from data set




1. INTRODUCTION

Distribution systems were designed to deliver clectric energy
to the consumer without any generation on these systems, so
adequate performance of the distribution system depends on
substation  capacity/power  available. Due 1o many
uncertainties  present such as transmission line outages,
generator  maintenance  etc.,, the power available from
transmission  network  via  distribution substation to the
distribution network is a random variable. It is natural choice
from central limit theorem to assume the capacity available
from substation as normally distributed. Due 1o deregulation in
clectric markets, gencrating units of small size ranging from

few KW to few MW synchronized at 11 KV bus in
distribution  system, usually owned and controlled by
customers  known as distributed generation (DG). A

consequence of these developments is that there is an
increasing amount of energy generated at local distribution
level by independent non-utility generators and increasing
mnber of new type of energy source, particularly renewable
and CHP (combined heat power) schemes being developed. In
this sense even distribution system have become composite
system [1,2]. The technical merits [3] as'sociat‘ed with tl?e
implementation of distributed generation 111(_:ludes in
maintaining voltage profile, release of system capacity, energy
loss reduction and improvement of composite system
rehability. _ ‘ _
Researchers have attempted the issue of generating capacity
reliability evaluation but very limited efforlls l_mve. been made
[4.5.6] in adequacy asscssmcnt of distribution system
accounting distributed generations DG. Hegazy et. a!. [,4]
probably were the first to assess lh‘c adequacy »f composite
distribution system. Arya and Kpshu '[5]'use§l safety index for
planning distributed gcneraliou_m a distribution S}fsl(:l]‘l. Costa
et. al. 6] identified the sitpalxons fvhcrc the existence of a
micro grid may reduce the interruption rate a'nd (‘]Urﬂllon and
thus improve the reliability indices oflhg dISlnbl.lllO]} ne:worl_\'.
In view of adequacy assessment thcr:c Is growing mtcrgs't in
ombining determimstic considerations  with I)rpl)ablllslxc
@tssmcnl in order to evaluate the "sy;;lcm well-being" [7] of
a composite generation and transmission system :m(.l to
evaluate the likelihood not only of entering a complete failure
state but also the likelihood of being very close to trouble,
Wangdee et. al. {7] presented bulk electric system well-being
analysis using sequential Monte (,Tfarlo snnuh.mon. Amaral et,
al. [8] developed efficient method for composite power system
well-being evaluation based on non-sequential monte carlo
simulation. Ahmadi-Khatir et al. [9] has developed 3
methodology for allocation of cosl ussucimgd with praviding
spinning reserve among (ii.stlilftllnt)xl companies based on their
demands and desired reliability using well being analysis,
Arya et.al. (10} used a non-sequential Mm.nc c:qln simulation
technique for frequency-duration calculation of 4 composite
distribution system.

Various re-sampling technique arc available in literature
related to statistics. If these techniques are employed along
with MCS then considerable reduction in computational time
can be achieved. Boot strapping is such a re-sampling
methodology [11, 12, 13] which can be utilized for efficient
evaluation of state probabilities.

In view of above, it is inferred that well being analysis
framework for adequacy assessment of distribution system
having DG has not been addressed. So this paper addresses the
well being analysis framework also known as ‘health analysis’
for distribution system adequacy assessment involving DG. A
deterministic criteria has been incorporated with probabilistic
approaches in evaluation of reliability indices for three’ states
healthy state, marginal state and risky state that are estimates
of the risk associated with the system states using well being
analysis framework. The boot strapping and Monte Carlo
Simulation (MCS) techniques have been used to evaluate state
probabilities. Discrete availability and then uncertainty in
capacity availabilities continuous distribution have been
considered.

II.  DISTRIBUTION SUBSTATION CAPACITY MODELING

Due to many uncertainties present, the power available from
transmission network via distribution substation to the
distribution network is a random variable. So the substation
will results in a random contribution to the system capacity. A
two state model (up and down) [1] is used to model the
operation of distribution substation. Transition rate from up to
down state and down state to up state are assumed constants.
Based on these transition rates availability and unavailability
of substation may be calculated as:

A =_Hs

& Ag + I H
Ks = )\-S 2
A + 1 i

7‘5 18 the transition rate from up to down state of distribution

substation,

Mg is the transition rate from down gt

s s 1 ate to up state of
distribution substation.

Ag and As are availability
substation.

Now if distribution

and unavailability of distribution

substation is ile 5 i
ationas available then capacity Cs is

assmmed to be g normally distributed w

standard deviatj and expr
andard deviation Tg and expressed as:

)3 Cs i.i ]
2nog (3)

ith mean Cs and
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3ased on the availability of substation, capacity samples are
obtained from distribution function explained in above
section.

11, DISTRIBUTED GENERATION MODELING

Different customers would have different strategies for
operating their DG unit and accordingly the process of turning
on and off each DG unit will be random process. This process
will results in a random contribution to the overall system
capacity. Markov modeling is adopted to calculate the
availability of each DG unit as follows:

1
B et pdiede
A+, “
N A
Ai=—"—
A+ )

}".' is the transition rate from up to down state of i DG unit.

‘ x is the transition rate from down state to up state of i" DG
: Yy

L.

A, and A; are availability and unavailability of i" DG unit.

It is assumed that, NDG number of DG units are present in
distribution system. Capacity available from each DG unit is
assumed as continuous random variable with normal
distribution function. For i™ DG unit distribution function can
be expressed as follows:

1 -0 5[ C-tw;a’f-’ J
Cpid=———¢ ' (6)
S Cwid = s

Where Cdg_; and O, represents mean capacity and standard

deviation of i™ DG unit. . . ’
Based on the availability of DG units, total capacity available

from DG units can be obtained as:
’ M 7
C, = E Cgex k € setofavailable units (7
k

Werc C,, . is capacity sample of k™ DG unit as obtained
from (6).

IV. MODELINGOF DISTRIBUTION SYSTEM CAPACITY

The total available capacity of a distribution system is random

variable and is given as:
C, =C,+C,

Where s
C. is the total capacity sample of the distribution s
T

(8)
ystem

with DG.

P i 5 ‘ ilz to iSll‘ihllli()l’l
1 the ca J‘C“y .‘sdIll]JlL dv.’i]ldl)le dUC (l
CS 1S h

substation alone.

Cu is the capacity sample available from the DG.

V. LOADMODELING

The load duration curve (LDC) is not normally used directly
in a composite system adequacy evaluation due to the
extremely large required computation time. Instead, the LDC
is usually approximated represented by load model which
possess fewer steps. A typical seven step load duration curve
is shown in Fig-1.

Where L, represents the m™ step load level and D,, time
duration (in p.u.) of the respective step load level. The time
duration may also have stochastic nature for which a particular
step load is available. So a uniformly distributed random
number u[0,1] can be generated to represent time duration for
existence of particular step load level.

VI.  SYSTEM STATE MODELING BASED ON DETERMINISTIC
CRITERION

Based on a deterministic criterion the system state is
characterized as healthy state, marginal state or risky state
[7,10] as shown in Fig-2.

In our present paper following criterion defines the three states
which depends on capacity to load ratio at a particular time

point.
I Healthy state if
C, /L 2115 )
1. Marginal state if
12C, /L, <115 (10)
11 Risky state or state of load exceeding the capacity if
Cp /L, <1 (11)

Hence the deterministic criterionsclassify a particular
operating state. In view of this capacity is 1.15 times of load
or more then that state is considered as healthy and where the
ratio is less than unity the state is considered as risky and
between two the state is considered as marginal.

The computational algorithm for rehability evaluation using
MCS is given as follows.

VII. COMPUTATIONAL ALGORITHM USING MCS

The MCS is used for reliability evaluation of distribution
system in healthy, marginal and risky state as explained in
following steps:

Step-1: Evaluate availability and unavailability of distribution
substation using relation (1) and (2).

Step-2: Generate a uniformly distributed number UI in the
range [0, 1] for deciding status of distribution substation.

If 0<U, < Ag then distribution substation (DS) capacity is
available, otherwise the DS is not available and capacity
available is zero.

Step-3: Evaluate capacity sample of distribution substation
using Normal distribution function using relation (3).

-—
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itep-4: Evaluate availability and unavailability of DG units
asing relation (4) and (5).
Step-5: Generate ‘NDG’ numbers from uniform distribution
m the range [0, 1] 1f for a unit 0<U, < A, the unit and
capacity is available, otherwise the unit is not available and
capacity available from the DG is zero.
Step-6: Tdentify the DG units available as in previous steps,
generate DG capacity samples using relation (6) for available
DG units and calculate DG capacity available using relation
(7).

Step-7: Obtain sample of total capacity of distribution system
C,, relation (8).

Step-8: Generate a uniformly distributed random digit U, [0,
1] showing m™ time duration Du(p.u) for occurrence of
particular m" step load level as follows:

If. T,<U_ <T,, then step load level L=Lm, for
m=1,...,NL

Where NL represents total number of steps of load level.

; am, 2d Ty Tepresents starting and end time of m" step load
3""“"3] resp

ectively in percent. )
Step-9: Define sample states using deterministic criteria
explained in (9), (10) and (11).
Repeat steps 1-9 for large number of times say (NS=10,000).
Step-10: Evaluate probabilities of three states given below:

. N,

=N 12
=t (12)
. N,

~ Ny 13
P = (13)
. N,

~ Ne (14)
P. = RNs

Where N,,, N,, and N, denotes number ol samples observed

in healthy, marginal and risky state. NS denotes total number
of samples generated. p _, p and p, represents the

probability in healthy, marginal and risky state respectively.
Step-11: Check for convergence using coefficient of variation
(B) whuch 1s calculated for each state probabilities as follows
p= (1-p)
p-NS
pis state probabilities i.e. p or p_or p . Inall three states
the coefficient of wvanation should be less than threshold
values say 0.04, otherwise repeat the procedure from step-1.

VI, BOOT STRAPPING: AN APPLICATION FOR EVALUATING
HEALTHY, MARGINAL AND RISKY STATE PROBABILITIES

Many researchers have used boot strapping for mlmmj‘ed
sampling in MCS [11, 12f 13, 14, 15_] o rcducq execution
time. Boot strapping  is rc—samplu!g technique  with
replacement in which a given data set is psr(i o l't“‘S‘d'"P_lc
randomly to provide another data set. I'his 1s repeated for

number of times (NB). The algorithm is explained in
following steps-

1) Obtain a data set of states using MCS as explained in
previous section for a less number of time say
NS§=500 as explained in step-9 and 10 in sec.-VII.
The data sct will be represented as-

83:{0, 0, 1,2, 0yusiccrienn = {n}
n, = 0, if the state is healthy

(15)

n, = 1,if the state is marginal

n, = 2,if the state is risky as defined in previous
portion.

b) Obtain ‘NB’” bootstrap data set for the system states
by re-sampling from data set given in step-(a) by
replacements. It will be represented as-

SB,:{n,} i<1,.....,NS (16)
I=1,.....NB
¢) Calculate for each boot strap sample state
probabilities as follows-
& 1
=-—> F, (17
pll—l NS )
F=1 if n=0
F, =0 otherwise
- 1
=—)> F
pu.l NS r (18)
Fo=1if n =
F; =0 otherwise
SRR
pl-l i NS i (lg)
F=1if n =2

F, =0 otherwise

Inabove F, is termed as test function.

d) Calculate mean value of state probabilities as follows

£ 1 &,

) = ——

By S 2abh (20)

= 1 &,

Py BT 2P, B
NB = v (21}

: 1 &

B, 255 2.6, (22)

The sampling distribution of p | p

normal distribution due 1o applicability of central limat
lhcgre_m [ 16]. Convergence is ascertained using coeflicient of
variations for each state probabilitjes. The implementation of

lhc b()f]l strapping algorithm for obtaining state probabilities is
given in results section,

,and P, approaches to

IX. RESULTS AND DISCUSSIONS

A llilili-}(c[iabnlily test system (RTS) [17] 1s considered as
sample distribution system with subst

ation availability as 0.95.




per 1d:

pacity has been assumed as normally distributed for
pstation of given mean and standard deviation given as
pllows:

wbstation of given mean and standard deviation given as
follows:

Cs=2800 MW, O =150 MW

Capacity samples for distribution substation has been obtained
as follows:

C =150-N(0,1) +2800.0 (23)

Where N(0,1) is standard normally distributed random number
having mean zero and standard deviation one.

To represent the status of distribution substation a uniformly
distributed random digit

U,[0,1] is used and status is decided based on the following
critena:
0<U, £0.95
state, otherwise in down state.

I-:ive D(_I units have been considered in this paper, capacity of
; 'w.]:‘; units are assumed ‘normally distributed with respective
'm‘"'w- ilabilities are shown in Table 1[4]. Capacity sample for DG
units are obtained as follows:

C,. =8-N(0,1)+80.0, i=1..5
Uniformly distributed random digits, U, to Ug are generated to
decide the Status of five DG units given as follows:
0<U,,, <4

Distribution substation is in up

-th - - - .
i™ DG is in up state, otherwise in down

state for i=1,...,5

A simplified seven step load model based on the IEEE-RTS
annual load duration curve [16] is considered for well being
analysis of distribution system having an annual peak of 2850
MW (1 p.u.) is shown in Table 11.The graphical plot of seven
step annual load duration curve is considered as shown in Fig-
| with 1,,,=0.3 p.u. and loan=1.0 p.u.. Time is represented in
p.u. for annual load duration curve of seven step load model.
Another uniformly distributed random number U; can be
uvenerated to represent the time duration (p.u.) for existence of
particular step load level explained as follows:

0.00000 < U, <0.01312  Step load level L4 is available

FQ)1312 < U, <0.12392
0.12392 < U, <0.28892
0.28892 < U, <0.52032
0.52032 < U, <0.73532

Step load level L, is available
Step load level L, is available
Step load level Ls is available
Step load level Ly is available
0.73532 < U, <0.96102 Step load level Ls is available

0.96102 < U. <1.00000 Step load level L is available

[he three state probabilities have been estimated using MCS
as well as boot strapping technique and results are shown in
Table 111. The state probabilities have been obtained without
DG and DG in the distribution system. Number of samples
required for convergence using MCS are l()()()(),. Number.of
samples used in boot strapping 1s 500. quberlui re-snmplmg
samples (NB) are 200 for convergence. CPU time required is

E. International Conference on Information, Communication, Instrumentation and Control (ICICIC - 2017)

given in Table IV. It is observed that CPU time required using
boot strapping is 46% of that required using MCS.

It is observed therc is significant improvement of probability
in healthy state and reduction in probability of risky state with
addition of DG capacity in distribution system.

X. CONCLUSIONS

A methodology has been developed for adequacy assessment
of a distribution system having DG sources. A deterministic
criterion have been used to classify the three state probabilities
i.e. healthy, marginal and risky. Two step uncertainties have
been considered in capacity modeling of distribution
substation. The first uncertainty is by any random outage of
distribution substation. This is mainly a binary state with
certain probability of availability. The second stage considers
continuous uncertain variation around mean value of capacity.
This has been represented as normal distribution. Similar two
stage modeling has been adopted for each DG sources. The
three state probabilities have been obtained using MCS and
using boot strapping technique. Computationally boot
strapping technique have been found quite efficient and results
obtained are in close agreement with those obtained using
MCS. Significant improvement is observed in adequacy of
distribution system with DG.

TABLE L AVAILABILITY AND CAPACITY OF DG
Unit No. (i) 1 2 3 4 5
Failure Rate &, o
(failures/ hr) 0.001 0.0024 0.003 0004 0.007
Repair Rate p, N
(repairs/ht) 0.003 0005 0.006 0004 0005
Availability
A 0.750 0.676 0.666 0.500 0417
Mean capacity
= 80.00 80.00 80.00
Mwy Cag.i 8000 | 8000
Standard
deviation 8000 | 8000 | 8.000
| S X $.000 §
(MW) o, b
TABLE Il SEVEN STEP LOAD MODEL BASED ON IEEE-RTS ANNUAL

LOAD DURATION CURVE

Time (p.u.)
Sr. Step load level
No. From To (MW)
1 0 0.01312 Lo 2850.0
2 0.01312 0.12392 L, 2793.0
3 0.12392 0.28892 L, 2736.0
4 028892 0.52032 L, 2679.0
5 052032 0.73532 L, 26220
6 0.73532 0.96102 Ls 25650
7 0.96102 1.00000 Le 25080




6.
4 ABLE . STATE PROBABILITIES USING BOOT STRAPPING AND MCS
TECHNIQUE
el | . | . B, |8, [ 8 "
p p p H M p R
H M R using usine 1
qte y . . g g using
: using using using boot boot boot N
MCS MCS MCS strap | strappi | strappin
s ping ng g
Wihowt 4 00691 | 06858 | 0
DG ] ] 2451 0.056 02 0.2320 9.
withDG | 04403 0.4859 0.0738 | 0.458 | 0.4680 0.0740
TABLEIV.  CPU TIME AND NUMBER OF SAMPLES REQUIRED USING MCS
AND BOOT STRAPPING TECHNIQUE —
State Using MCS Using b_nol
strapping
1 CPU time required (seconds) 1.79 0.82 1.
1
4 Number of samples 10000 200
: : 13.
43
3 o8
; :" 14.
Z es
.'?'. s
c a3
= a2
aa v —_— 15.
* ' o o2 o3 a4 o5 o5 07 8 as :
Fie. 1. seven siep load model based on |EEE RTS annual load duration curve
16.
17.

4

15C, A, <115
’E’E €, /L<!

"”‘ 2. Classification of state based on deterministic criteria

,"Hc_a'rﬂe‘!' """"" C, /1, 2115
i 1 ‘
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