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Review Article
Abstract: Green waste includes foliage, plant residues, fallen
flowers, garden refuse, leaf litter, cut grass, residues of pruning,
weeds and other organic matter discarded from gardens and
greeneries but exclude organic waste of the type obtained from
municipal collections. These green wastes would land in dumping
sites, or will be burned, if not collected and processed contributing
to the large scale contamination of land, water and air. Leaves
accumulating in the urban and suburban locations such as
sidewalks, lawns, and playgrounds are not only an unseemly sight
but adds to the overall problem of municipal solid waste (MSW)
disposal. In India and several other countries, foliage is often piledup and set on ﬁre. The resulting ash returns some of the NPK
content of the foliage to the soil but much of nitrogen,
phosphorous, and organic carbon gets lost. The burning of leaves
also adds to air pollution and global warming. Green waste when
decomposes in soil may release methane and foul odors, before
getting converted into humus. However green waste can be a
potential resource for energy and other value added products, if
properly processed. The present review aims at summarizing
different processing options for green waste towards energy
production and value added product generation. Green waste is
mostly dealt with aerobic treatment (composting), anaerobic
treatments, incineration, biomass briquetting, cellulosic ethanol
from biomass, biohydrogen production, bioplastics etc.
Keywords: Green waste, Aerobic processing, Anaerobic Treatment,
Briquetting, Cellulosic ethanol, Bioplastics, Biohydrogen
production

1. Introduction
Maintenance of green spaces such as home
gardens, parks, lawns and other green interiors
produces a significant amount of green waste, includes
foliage, plant residues, decayed and fallen flowers,
garden refuse, leaf litter, cut grass, pruned things of
trees, weeds and other organic matter discarded from
gardens but exclude organic waste of the type obtained
from municipal collections.
India is blessed with huge land cover,
relatively high population density, and green
consciousness, much land is left undeveloped. The
number of parks and other recreational centers, home

gardens etc. contribute to the increasable quantum of
garden
biomass
generation.
Consequently,
maintenance of green areas produces a significant
amount of waste [1].The total annual production of
leafy biomass in India is of the order of 1130 million
tons[2] . This green waste would land in dumping sites,
or will be burned if not collected and processed
contributing to the large scale contamination of land,
water and air. Although not in focus as much as
domestic green waste such as foliage, grass, and plant
residues, is a major constituent of solid waste [3[.Leaves
accumulating in the urban and suburban locations such
as sidewalks, lawns, and playgrounds are not only an
unseemly sight but adds to the overall problem of
municipal solid waste disposal [4]. Road sweepings and
road side plantations are some areas which generate
significant biomass waste [5]. Leaving a thick layer of
leaves on your lawn or garden can create conditions
that lead to rotting of the grass or perennials beneath.
In India and several other countries foliage is often
piled-up and set on ﬁre. The resulting ash returns some
of the NPK content of the foliage to the soil but much
of nitrogen, phosphorous, and organic carbon gets lost.
The burning of leaves also adds to air pollution and
global warming [4]. Green waste when decomposes in
soil may release methane and foul odors, before getting
converted to humus. Leaves and yard trimmings can be
harmful to lakes and streams after washing into storm
sewers [3].The use of green waste as a raw material can
broaden the options giving it more flexibility and a
broader application range because it would (1) rely on
more-biodegradable products and processes that create
less pollution and generally have fewer harmful
environmental impacts; (2) develop less expensive
products;(3) use less expensive raw materials [6],[7].
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Green waste contains recalcitrant or complex
compounds such as cellulose and lignin, and relatively
small amounts of saccharides, amino acids, proteins,
aliphatic compounds and carbohydrates [1],[8]..The main
components of plant biomass are carbohydrates
(approximately 75%, dry weight) and lignin
(approximately 25%), which can vary with plant type.
The carbohydrates are mainly cellulose or
hemicellulose fibers, which impart strength to the plant
structure, and lignin, which holds the fibers together.
Some plants also store starch (another carbohydrate
polymer) and fats as sources of energy, mainly in seeds
and roots [7]. The characterization of green waste is
given in Table 1. The green waste is amenable to
biodegradation by composting as they have major
concentrations of heterogeneous organic substrates,
including sugars, fats, proteins, hemicelluloses,
celluloses, and lignin[11] .The other options for
economical means of green waste processing are:
anaerobic treatments, incineration, biomass briquetting,
cellulosic ethanol from biomass, biohydrogen
production, bioplastics etc.
Table 1: Characterization of green waste [9,10]
Paramater Waste
Total organic carbon(% dw)
C/N Ratio
Fats/lipids(% dw)
Cellulose(% dw)
Hemicellulose(% dw)
Lignin/humus(% dw)
Volatile Solids(% dw)
Cellulose/lignin ratio

Leaves
30.1
21.6
2.59
9.48
3.24
33.88
63.3
0.28

Grass
40.6
17.5
2.41
39.67
16.89
17.63
81.7
2.25

Branches
40.4
13.1
1.04
14.71
12.87
42.89
81.7
0.34

Yard
36.2
18.7
2.49
27.20
11.25
24.34
73.8
1.12

2. Technologies available for green waste
processing
2.1Aerobic processing (composting)
Composting is the biological oxidative
decomposition of organic constituents in wastes under
controlled conditions. It requires special conditions,
temperature, moisture, aeration, pH and C/N ratio, to
enable optimum biological activity during the different
stages of composting [12],[13]. The main products of
aerobic composting are CO2, H2O, mineral ions and
stabilized organic matter, often called humus. CO2 and
water losses can amount to half the weight of the initial
materials. The major groups of microorganisms that
participate in composting are bacteria, fungi, and
actinomycetes. The process is accomplished through
different phases i.e. initial phase during which readily
degradable components are decomposed 14. During a
thermophilic phase cellulosic materials are oxidatively
degraded rapidly by microbes. This is followed by
maturation and stabilization phases [15].

Rihani et al. (2010) used sugar beet leaves and
produced compost with low amounts of heavy metals,
relatively high contents of nutrients and significant
reduction of pathogens, suggesting the significance of
processing agricultural green waste for compost
production [16]. Kumar et al. (2010) studied the cocomposting of food waste and green waste at low
initial carbon to nitrogen (C/N) ratios in-vessel labscale composting reactor they found optimal moisture
content for co-composting is 60%, and the substrate at
a C/N ratio of 19.6 can be decomposed effectively to
reduce 33% of total volatile solids (TVS) in 12 days
[17]
.
Similarly,
Kalamdhad
et
al.
(2009)
investigated rotary drum composting of vegetable
waste and tree leaves and produced quality compost
with a total nitrogen content of 2.6% and total
phosphorus as 6 g/kg. They suggested that institutional
organic waste, i.e. vegetable wastes and tree leaves,
etc., can be composted successfully within 7 days
period in a rotary drum composter by maintaining
aerobic conditions through passive air supply by
exhaust fan [18].Tai and He (2007) reported a novel
composting process for plant wastes from gardening,
such as leaves, grass and flowers in Taiwan military
barracks. The time required to complete composting is
shortened to 2–3 months [1].
Gajalakshmi and Abbasi (2004) evaluated
neem leaves as a source of fertilizer-cum-pesticide
vermicompost.
Vermicomposting
of
neem
(Azadirachta indica A.Juss) was accomplished in highrate reactors operated at the earthworm (Eudrilus
eugeniae) densities of 62.5 and 75 animals per litre of
reactor volume [19]. They (Gajalakshmi et al. 2005) also
studied vermicomposting of leaf litter ensuing from the
trees of mango (Mangifera indica). After over nine
months of continuous operation the vermireactors with
62.5 animals l-1 generated 13.6g vermicast per litre of
reactor volume (l) per day (d) whereas the reactors
with 75 animals l-1 produced 14.9g vermicast l-1d-1 [4].
Wong et al (2001) evaluated the feasibility of
co-composting of soybean residues and leaves and the
effects of turning frequency on compost quality.
Soybean residues were mixed with leaves and sawdust
in 1:1:3 (w/w wet weight) for achieving a C/N ratio of
about 30. All treatments with different turning
frequencies reached maturation at 63 days as indicated
by the soluble organic carbon, soluble NH4-N, C/N
ratio and cress seed germination index [20].
Almost any organic material is suitable for
composting process. The materials need a proper ratio
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of carbon-rich materials ‘browns’ and nitrogen-rich
materials ‘greens’. Among the brown materials are
dried leaves, straw and wood chips. Nitrogen materials
are fresh or green such as grass clippings and kitchen
scraps. The carbon provides energy for the microbes,
and the nitrogen provides proteins. Achieving the best
mix is more an art gained through experience than an
exact science. The change in the C/N ratios reflects the
organic matter decomposition and stabilization
achieved during composting[21].
The decomposition of organic matter is
brought about by living organisms, which utilize
carbon as a source of energy and the nitrogen for
building cell structures. If the C/N ratio of compost is
more, the excess carbon tends to utilize nitrogen in the
soil to build cell protoplasm. This results in loss of
nitrogen of the soil and is known as robbing of
nitrogen in the soil. If on the other hand the C/N ratio
is too low the resultant product does not help improve
the structure of the soil. It is hence desirable to control
the process so that the final C/N ratio is less than or
equal to 20 [18],[22].
2.1.1 Advantages of green waste composting
 Green waste composting is an environment
friendly method as it produces fairly hygienic
products.
 During incubation process the high
temperatures were successfully went through
as problems of foul odour and presence of
pathogenic
organism
were
not
observed//minimized/reduced.
 It is easy to carry out and produces products
that deliver fertilizer efficiency between
humic soil and organic fertilizer.
 Composting is an appropriate method to deal
with the green waste for military barracks,
schools, institutions and commercial areas
which consist of large green areas,
undeveloped land and plenty of labor.
 Large quantities of green waste can be
managed in sustainable matter.
 Organic matter and nutrients return to the
natural cycle through the application of
compost to the soil.
 Activity of earthworms and other natural soil
organisms beneficial for plant growth
increases with the use of compost [23], [24].
2.1.2 Disadvantages



Long time duration, space requirement and
need for manpower are the major shortcomings
for this eco-friendly technology.
 As it contains only limited levels of plant
nutrients compost is a soil emendation, not a
fertilizer.
 Loss of nitrogen, VOCs, protracted processing
and curing time, cost of equipment, and the
challenge of augmenting a successful
marketing plan for compost.
 As an outcome of modernization, the
constituents of waste is changing that
comprises of pesticides, polychlorinated biphenyls, heavy metals in high concentrations
resulting in the compost that is undesirable for
land application.[82],[86].
2.2 Anaerobic Treatment
Anaerobic digestion is a series of processes in
which microorganisms break down biodegradable
material in the absence of oxygen. In the first step
polymers like starch, cellulose, lipids, proteins are
hydrolyzed to amino acids, sugars, fatty acids etc. In
the process of acidogenesis these are converted into a
mixture of hydrogen gas, low molecular weight acids
like acetic acid and carbon dioxide. In the process of
methanogenesis these are reacted together to generate
methane. Anaerobic digestion is broadly used as a
renewable energy source because the process produces
biogas which is rich in methane and carbon dioxide
suitable for the production of energy that can replace
fossil fuels. The digestate left after biogas production is
rich in nutrient value and can be used as fertilizer.
Jagadabhi et al. (2011) demonstrated about the
two stage anaerobic digestion of tomato, tree leaves
and grass silage in leach bed reactor (LBR) and up
flow anaerobic sludge blanket reactor (UASB). LBR
studies showed that COD solubilization for tree leaves
and grass silage was higher (50%) than tomato (35%)
and leaves (15%). Biomethanation of the leachates in
UASB reactors resulted in methane yields of 0.03–
0.14 m3 CH4 kg−1 VS fed for the studied crop materials
[25]
. Kaparaju et al. (2010) investigated the biogas
production of wheat silage in UASB reactor by
thermophilic anaerobic digestion batch and continuous
mode. In batch experiments at two different substrate
concentrations results showed higher methane yields
over continuous method [26].
Prochnow et al. (2009) summarized
knowledge on suitability and sustainability of
grassland biomass for anaerobic digestion. Methane
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yields from grass are influenced by many factors.
While the effects of some parameters such as grass
species, cutting period and management intensity can
be regarded as well known, other parameters such as
preservation and processing still need investigation.
Profitability can be achieved depending on grass silage
supply costs and the concept of anaerobic digestion
and energy use. Grassland biomass for biogas
production competes with other feedstock and other
forms of grassland use [27].
Lehtomaki.et al.(2008) conducted anaerobic
digestion of grass silage in batch leach bed processes
for methane productions, with and without a second
stage upflow anaerobic sludge blanket (UASB) reactor.
66% of the methane potential in grass was obtained
within the 55 days solids retention time in the leach
bed–UASB process without pH adjustment, whereas in
the one-stage leach bed process 20% of the methane
potential in grass was extracted. The methane potential
of the digestates varied from 0.141 to
0.204 m3 CH4 kg−1 added volatile solids [28].
Parawira et al. (2004) characterized anaerobic
batch biodegradation of potato waste alone and codigested with sugar beet leaves. The effects of
increasing concentration of potato waste expressed as
percentage of total solids (TS) and the initial inoculumto-substrate ratio (ISR) on methane yield and
productivity were investigated. Co-digestion improved
the accumulated methane production and improved the
methane yield by 31–62% compared with digestion of
potato waste alone [29].
Yu et al. (2002) proposed a two phase
anaerobic digestion using grass. The biphasic system
consists of a solid phase and a methane phase.
Leachate is recirculated through the solid phase until a
desired level of volatile fatty acid is accumulated in the
leachate. The leachate is then transferred to the
methane reactor where volatile fatty acid is converted
to methane. The system produced an average of 0.15m3
of methane per kg of grass. The average methane
concentration in the produced gas was 71%.[30] .
Sharma et al.(1999) operated the system is a
batch digestion with a regular input of a calculated
amount of plant biomasses based on first order decay
kinetics in order to maintain a regular biogas
production rate. For nearly three years the system was
tested in a laboratory-scale fed-batch digester using
dried water hyacinth as feed providing the desired
biogas production rate. A field-scale domestic digester
of masonry construction with a working volume of 10
m3 was designed and tested for about 9 months by

feeding a mixture of dried water hyacinth or banana
stem along with sugarcane press mud, yielding an
average biogas production of 90–100% of the expected
rate calculated on the basis of the feed rate [31].
Jagadish et al. (1998) developed plug flow
digestors for biogas generation from leaf biomass. The
long term operation of such biogas plants using a
mixed green leaf biomass feedstock is reported along
with its design features. Results show that during long
term operation, such biogas plants have the ability to
produce up to 0.5 m3 gas/m3 reactor/day (ambient
conditions) at specific conversion rates ranging
between 180 and 360 l biogas/kg TS (total solids) at a
35 day retention time [32] .
Gunaseelan (1988) studied anaerobic digestion
of gliricidia leaves for biogas and organic manure
.Gliricidia maculata is a tree grown in India for green
leaf manuring. The digestibility of Gliricidia leaves for
biogas production was determined in 3 liter batch
digesters at room temperature (32±3°C). Results
indicate a gas yield of 165–180 ml CH4 g−1 VS added
and a VS reduction of 37–39%. Determination of the
N, P, and K content of the digester influent and
effluent slurries indicates that the anaerobically
digested slurry of the Gliricidia leaves is better in
quality than the fresh Gliricidia leaves as organic
manure [33].
Ghosh et al. (1985) reported that Bermuda
grass is deficient in nitrogen and phosphorus.
Accordingly, several mesophilic digestion runs were
conducted with Bermuda grass at HRT = 12 days and
Organic Loading Rate = 1.6 kg VS m-3 d-l, with and
without external nitrogen and phosphorus additions. It
was found that supplementing the feed with NH4Cl
increased the CH4 yield by 96% and cellulose
conversion by 33%. Nitrogen addition appeared to
decrease hemicellulose conversion and phosphorus
addition had no effect on hemicellulose conversion or
CH4 production. It was speculated that the metabolism
of the breakdown product (glucose) of cellulose
requires the least investment of enzymes and energy.
The CH4 yield from grass mixture was higher than that
of Bermuda grass without external nutrient addition
[5],[34], [35]
.
Anaerobic process in comparison to aerobic
process can be ecologically advantageous when the
factors like exhaust emissions and energy balances are
considered. Anaerobic digestion has benefit over all
other methods as there is net production of energy in
the form of biogas which when used prevents negative
effects on environment. The preferred treatment
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method depends on the composition and structure of
the material. In general, structured materials with high
lignocellulose content are less readily degradable under
anaerobic conditions and are therefore more suitable
for aerobic treatment. Anaerobic treatment is preferred
for unstructured materials with a high content of
readily-degradable organic compounds [36].
2.2.1 Advantages of anaerobic digestion of green
waste
 Biomass sludge is produced in less quantity as
compared to aerobic treatment technologies.
 The method proved successful in treating wet
wastes having less than 40% dry matter.
Produces minimal odour as 99% of volatile

compounds are oxidatively decomposed upon
combustion, e.g. H2S forms SO2.
 Slurry produced is an enhanced fertilizer for
plants due to its availability and rheological
properties
 Biogas is produced which is a source of carbon
neutral energy.
 Increased reaction rates as compared to the
destruction of organic matter.
 It is a highly stable method with high
depuration rate and energy recovery with a
good process economy.
 Solar energy that is stored in the biomass is
converted to an energy carrier (biogas) by
anaerobic treatment.
2.2.2 Disadvantages
 The pH in the reactor may decrease due to
rapid acidification.
 Larger volatile fatty acids production (VFA)
inhibits the activity of methanogenic bacteria.
 Increase in the feed concentration leads to the
depletion of overall performance by the
reactor.
 Anaerobic digestion is more expensive than
composting [37].

3. Other Technologies
3.1 Green waste Briquetting
The process of compaction of residues into a
product of higher density than the original raw material
is known as briquetting [38]. Biomass briquettes are
generally made from agricultural waste and are a
replacement for fossil fuels such as oil or coal, and can
be used to heat boilers in manufacturing plants, and
also have applications in developing countries.
Biomass briquettes are a renewable source of energy

and avoid adding fossil carbon to the atmosphere. Use
of biomass briquettes can earn Carbon Credits for
reducing emissions in the atmosphere. Biomass
briquettes also provide more calorific value/kg and
save around 30-40 percent of boiler fuel costs.
Briquetting has aroused a great deal of interest
in developing countries all over the world lately as a
technique for upgrading of residues as energy sources.
The process also helps to reduce deforestation by
providing a substitute for fuel wood [38]. Two different
types of briquetting technologies are currently in use.
The first, called pyrolizing technology relies on partial
pyrolysis of biomass, which is mixed with binder and
then made into briquettes by casting and pressing. The
second technology is direct extrusion type, where the
biomass is dried and directly compacted with high heat
and pressure. Setting up the briquette production unit
raw material should be locally available [ 85].
Felfli et al. (2011) studied the status of
biomass briquetting and its perspectives in Brazil
including determination of the availability and
characteristics of the agro-residues for briquetting.
Wood residues, rice husk and coffee husk were
characterized and identified as the more promising
agro-residues for briquetting in the short-term in Brazil
[39]
. Yumak et al. (2010) used soda weed (Salsola
tragus) as a rural fuel source for briquetting and found
that moisture rates of 7–10%, pressure of 31.4 MPa,
and temperatures of 85–105 °C were suitable for
briquetting soda weed [40]. Ma et al. (2002) established
a new briquetting technology to simplify the
briquetting process and reduce energy consumption, by
utilizing the linkage function of biomass fiber. Results
show that briquetting pressure to fix the linkage of
biomass fiber is no more than 120 MPa, and a higher
pressure causes a negative effect. The reasonable lower
limit of biomass content is about 15%. Biomass drying
in the air for a certain period (water content is
generally less than 12%) is suitable for briquetting
using the new mechanism [41].
Finell et al. (2002) made RCG (reed canarygrass, Phalaris arundinacea L.) an interesting new
source of raw material for the pulp and paper industry
in northern Europe. Pulp produced from briquetted
RCG had more fines as compared to the non-briquetted
reference material. Hand sheets produced using pulp
from briquetted RCG were thinner, denser, and had
lower air permeability compared to the non-briquetted
reference material. The strength properties of pulp
made from briquetted RCG indicated little or no
difference compared to the reference material [42].
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A study on briquettes from biomass was
performed by Yaman et al. (2001) in which a western
Turkish lignite (Kütahya-Seyitömer) was blended with
some biomass samples such as molasses, pine cone,
olive refuse, sawdust, paper mill waste, and cotton
refuse, and this blend was used in the production of
fuel briquettes [43]. Paulrud and Nilsson (2001)
investigated how spring-harvested reed canary-grass
briquettes with various chemical compositions with
respect to ash content influence the formation of
emissions during combustion in a 180 kW burner. The
combustion experiments imply that spring-harvested
reed canary-grass can be burned with success in
combustion equipment that is designed for the
differences in ash content [44].
Ali Moral (2000) evaluated biomass
briquetting of biomass residues like rice husk, rice
straw, wheat straw, maize stalk, sawdust, bagasse,
coconut coir and groundnut shell. These residues found
in a variety of forms have high moisture content, low
bulk residue, low heat release rate per unit volume and
high transportation and storage costs when used as
received [45].
3.1.1 Advantages Green waste Briquetting
Biomass briquettes offer many benefits over
traditional fuels like coal, fuel oil, natural gas and
propane as well as over the pre-compacted raw
materials like wood chips, paper, green wood etc.
 The purchase price of biomass briquettes is
less than natural gas, propane and fuel oil.
 Compacting biomass waste into briquettes
reduces the volume by 10 times, making it
much easier to store and transport.
 They have a long shelf-life.
 Briquettes are immeasurably cleaner than the
other fuel alternatives.
 Briquettes burn in a controlled manner, slow
and efficiently [46] .
 Product has consistent quality, burning
efficiency also ideally sized for complete
combustion.
 It helps to solve the problem of residue
disposal.
 It is one of the alternatives to save the
consumption and dependency on fuel wood.
 The technology used is pollution free and ecofriendly [83].
3.1.2 Disadvantages
 High investment cost.
 High maintenance cost [47].

3.2 Cellulosic ethanol from green waste
Green waste is a popular cellulosic material for
ethanol production. As world reserves of petroleum are
depleting fast, in recent years ethanol has emerged as
most important alternative resource for liquid fuel and
has generated a great deal of research interest. The
research on improving ethanol production has been
accelerated for both ecological and economical
reasons, mainly for its use as an alternative to
petroleum based fuels. The most abundant organic raw
material in the world is lignocellulosic biomass;
production of ethanol from renewable lignocellulosic
resources may improve energy availability. Utilization
of these wastes will reduce dependency on foreign oil
and secondly, this will remove disposal problem of
wastes and make environment safe from pollution [48].
Pretreatment is prerequisite to make lignocellulosic
biomass accessible to enzymatic attack (either by
microorganisms or enzymes), by breaking the lignin
seal, removing hemicellulose, or disrupting the
crystalline structure of cellulose. Pretreatment alters
the structural features of biomass which are classified
as physical or chemical. The chemical structural
features involve the compositions of cellulose,
hemicellulose, lignin, and acetyl groups bound to
hemicellulose whereas physical structural features
include the accessible surface area, the crystallinity,
and the physical distribution of lignin in the biomass
matrix, the degree of polymerization, the pore volume,
and the biomass particle size [49].
Production of ethanol from green waste has the
abundant and diverse raw material compared to sources
like corn and cane sugars, but requires a greater
amount of processing such as physical and chemical
fiber pre-treatments including: grinding, pyrolysis,
steam explosion, ammonia fiber explosion, CO2
explosion, ozonolysis, acid hydrolysis, alkaline
hydrolysis, oxidative delignification, organic solvent
and biological pretreatment of the lignocellulosic
materials to remove lignin and hemicellulose and
reduce fiber crystallinity [50].
Jutakanoke et al. (2012) investigated the
susceptibility of sugarcane leaves to cellulase
hydrolysis by GC220 cellulase in the presence of either
dilute sulfuric acid or lime. The acid pretreated
samples released more glucose than the lime treated
ones (5.7% and 3.9% weight by weight (w/w, DS),
respectively). Fermentation of the obtained glucose
sources by Saccharomyces cerevisiae for 12 and 24 h,
respectively, yielded ethanol at 4.8% and 8.0% (w/w,
DS), respectively[51]. Xu et al. (2011) demonstrated
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Bermuda grass as a promising feedstock for the
production of fuel ethanol. A variety of chemical,
physico-chemical, and biological pretreatment methods
have been investigated to improve the digestibility of
Bermuda grass with encouraging results [52]. RomeroAnaya et al. (2011) investigated phosphoric acid
activation at 450 °C of recalcitrant biomass originated
in ethanol production from banana plants. The results
are quite reproducible, showing good porosity
developments and a strong dependence on the
precursor, the H3PO4 concentration and the
H3PO4/sample weight ratio used [53].
Gabhane et al. (2011) tested the influence of
heating source (Hot plate (HP), Autoclave (AC) &
Microwave (MW) for their efficiency to pretreat
garden biomass (GB).The results indicated that all
three heating devices are useful for pretreatment,
however, the efficiency of MW on GB was found be
better than AC and HP. A maximum of 53.95% of
cellulose recovery was obtained in case of MW heating
along with 46.97% of reducing sugar yield. This when
compared to AC and HP is significantly higher (more
than 10% increase) and time saving (only 15 min
reaction time) as well [54].
Behera et al. (2010) carried out the batch
fermentation of mahula (Madhuca latifolia L. a tree
commonly found in tropical rain forest) flowers using
immobilized cells (in agar-agar and calcium alginate)
and free cells of Saccharomyces cerevisiae. The
ethanol yields were 151.2, 154.5 and 149.1 g kg−1
flowers using immobilized and free cells, respectively
[55]
. Kaparaju et al. (2009) investigated the production
of bioethanol, biohydrogen and biogas from wheat
straw within a biorefinery framework. Initially, wheat
straw was hydrothermally liberated to a cellulose rich
fiber fraction and a hemicellulose rich liquid fraction
(hydrolysate). Enzymatic hydrolysis and subsequent
fermentation of cellulose yielded 0.41 g-ethanol/gglucose, while dark fermentation of hydrolysate
produced 178.0 ml-H2/g-sugars [56].
Felix and Tilley (2009) studied on integrated
energy, environmental and financial analysis of ethanol
production from cellulosic switchgrass [57]. Hamelinck
et al. (2005) evaluated the state of the art of hydrolysisfermentation technologies to produce ethanol from
lignocellulosic biomass, which is based on dilute acid
hydrolysis, has about 35% efficiency from biomass to
ethanol. The overall efficiency, with electricity coproduced from the not fermentable lignin, is about
60%. Improvements in pre-treatment and advances in
biotechnology,
especially
through
process

combinations can bring the ethanol efficiency to 48%
and the overall process efficiency to 68% [58].
3.2.1 Advantages of green waste cellulosic ethanol
production
 Renewable transportation fuel.
 The raw material for cellulose ethanol
production is plentiful as cellulose is present in
every plant [59].
 Cellulosic ethanol exhibits net energy content
three times higher than corn ethanol.
3.2.2 Disadvantages
 Requires a greater amount of processing.
 High cost of cellulose enzymes is the key
barrier to economic production of cellulosic
ethanol.
3.3 Bioplastics
Bioplastics is the designation for innovative
plastics manufactured from regenerative raw materials.
They can replace the previously used fossil plastics and
plastic materials in many applications. Apart from
wood, cellulose is the most significant renewable
resources in terms of quantities; around 1.3 billion
tones are annually harvested for technical applications
world-wide. However, chemical processes are
necessary to separate the cellulose fibers from
undesired by-products such as lignin and pentoses.
Cellulose has potentials in the production of plastics.
For example, cellulose esters are amorphous
thermoplastics which contain special plasticizers or are
modified with other polymers. They are characterized
by high toughness and are often used as polymer
components in compounds with other bioplastics [60] .
Striving to achieve cost-competitive biomassderived materials for the plastics industry, the
incorporation of starch (corn and potato) to a base
formulation of albumen and glycerol was considered.
Gonzalez-Gutierrez et.al. (2010) studied the effects of
formulation and processing, albumen/starch-based
bioplastics containing 0–30 wt. % starch were prepared
by thermo-plastic and thermo-mechanical processing.
Consequently, albumen biopolymers may become a
biodegradable alternative to oil-derived plastics for
manufacturing transparent packaging and other plastic
stuffs [61].
Yu and Stahl (2008) utilized sugarcane
bagasse for production of biopolyster. Sugarcane
bagasse was pretreated in dilute acid solution, releasing
sugars
and
other
hydrolysates.
Poly
(3hydroxybutyrate) was the predominant biopolyester
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formed on the hydrolysates, but the cells could also
synthesize co-polyesters that exhibit high ductility [3].
3.3.1 Advantages of bioplastics from green waste
 Independence – Bioplastic is made from
renewable
resources:
corn,
sugarcane,
switchgrass, soy and other plant sources as
opposed to common plastics, which are made
from petroleum.
 Energy efficiency – Production uses less energy
than conventional plastics.
 Safety – bioplastic also generates 68% fewer
greenhouse gasses and contains no toxins [62].
 Bioplastics reduces global warming, pollution
and dependence on fossil fuels.
 It represents 42% reduction in carbon footprint
as per studies.
 Bioplastics can be made from agricultural by
products, from used plastics bottles and other
containers using microorganisms.
3.3.2Disadvantages
 Bioplastics are not currently proved to be more
sustainable than petrol-based plastics.
 Technically, bioplastics could be recycled but
would then require being part of a separate
collection and having enough quantity of good
quality
recyclable
waste,
recycling
infrastructure and sustainable outlet.
 Biological degradation without the required
conditions (micro-organism, temperature and
humidity) is very slow and can last several
years [63].
3.4 Biohydrogen production
In accordance with sustainable development
and waste minimization issues, bio-hydrogen gas
production from renewable sources, also known as
“green technology” has received considerable attention
in recent years. Recent reviews on hydrogen indicated
that the worldwide need on hydrogen is increasing with
a growth rate of nearly 10% per year for the time being
[64]
and contribution of hydrogen to total energy market
will be 8-10% by 2025[65].Due to increasing trend of
hydrogen demand, development of cost effective and
efficient hydrogen production technologies has gained
significant attention. Although being an abundant and
almost zero cost feedstock green waste do not contain
easily fermentable free sugars, but complex
carbohydrate
polymers,
i.e.
cellulose
and
hemicellulose, which are tightly bonded to lignin.
Thus, their biotransformation to hydrogen is not an
easy task in most cases. Even in the case that

cellulolytic microorganisms are used for fermentative
hydrogen production, residues have to be subjected to
some kind of pretreatment, so that their delignification
and the subsequent loosening of the structure of
cellulose and hemicellulose can be achieved,
facilitating thus the subsequent liberation and uptake of
sugars [84].
Keskin and Hallenbeck (2012) did a
comparative study on photofermentative biohydrogen
production from beet molasses, black strap, and
sucrose. With yields of 10.5 mol H2/mol sucrose for
beet molasses (1 g/l sugar); 8 mol H2/mol sucrose for
black strap (1 g/l sugar) and 14 mol H2/mol sucrose for
pure sucrose. One stage photofermentation system
appears promising over two-stage systems [66]. Cui and
Shen (2012) studied the effects of acid (HCl) and
alkaline (NaOH) pretreatments on saccharification of
grass and subsequent microbial hydrogen production at
35 °C and initial pH 7.0. Results showed that the
saccharification efficiency and hydrogen production
from grass pretreated by acid and alkali were higher
than those from unpretreated grass and that acid
pretreatment was better than alkaline pretreatment for
enhancing the hydrogen yield from grass [67].
Lignocellulosic
biomass
contains
approximately 70–80% carbohydrates. If properly
hydrolyzed, these carbohydrates can serve as an ideal
feedstock for fermentative hydrogen production.
Nasirian et al. (2011) investigated the effects of various
sulfuric acid pretreatments on the conversion of wheat
straw to biohydrogen. Simultaneous saccharification
and fermentation method proved to be the most
effective and economical way to convert wheat straw
to biohydrogen, whereas Foglia et al. (2010) did the
integrated study on a two-stage fermentation process of
biomass residues for the production of biohydrogen
[68],[69]
.
Cui et al. (2010) carried out batch experiments
to convert poplar leaves pretreated by different
methods into hydrogen using anaerobic mixed bacteria
at 35 °C. The results showed that enzymatic
pretreatment is an effective method for enhancing the
hydrogen yield from poplar leaves [70]. The biohydrogen generation potential of sugar industry wastes
was investigated by Ozkan et al. (2010).In the first
part, acidogenic anaerobic culture was enriched from
the mixed anaerobic culture (MAC) through
acidification of glucose and in the second part glucose
acclimated acidogenic seed was used, along with the
indigenous
microorganisms,
MAC,
2bromoethanesulfonate treated MAC and heat treated
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MAC. Reactors with initial COD concentration of
4.5 g/L had higher H2 yields (20.3–87.7 mL H2/g
COD) with minimum methanogenic activity, than the
reactors with initial COD concentration of 30 g/L (0.9–
16.6 mL H2/g COD) [71].
Sarkar and Kumar (2010) considered forest
residues (limbs, tops, and branches) and straw (from
wheat and barley) for producing biohydrogen in
Western Canada for upgrading of bitumen from oil
sands. Two types of gasifiers, namely, the Battelle
Columbus Laboratory (BCL) gasifier and the Gas
Technology Institute (GTI) gasifier are considered for
biohydrogen production. Carbon credits of $119 and
$124/tonne of CO2 equivalent are required for
biohydrogen from forest and agricultural residues,
respectively [72].
Ivanova et al. (2009) utilized air-dried samples
of sweet sorghum, sugarcane bagasse, wheat straw,
maize leaves and silphium without chemical
pretreatment as sole energy and carbon sources for H2
production by the bacterium Caldicellulosiruptor
saccharolyticus. The best substrate was wheat straw,
with H2 production capacity of 44.7 L H2 (kg dry
biomass)−1 and H2 yield of 3.8 mol H2 (mol glucose)−1.
Acidogenic fermentation of vegetable based market
waste to harness biohydrogen was demonstrated by
Mohan et al. (2008). The waste was evaluated as a
fermentable substrate for hydrogen (H2) production
with simultaneous stabilization by dark-fermentation
process using selectively enriched acidogenic mixed
consortia under acidophilic microenvironment.
Experiments
were
performed
at
different
substrate/organic loading conditions in concurrence
with two types of feed compositions (with and without
pulp). Higher H2 production and substrate degradation
were observed in experiments performed without pulp
(23.96 mmol/day(30.0 kg COD/m3);
13.96 mol/kg CODR (4.8 kg COD/m3)) than with pulp
(22.46 mmol/day
(32.0 kg COD/m3);
12.24 mol/kg CODR (4.4 kg COD/m3) [73],[74] .
Similarly Zhang et al. (2007) reported
biohydrogen production from the cornstalk wastes
with acidification pretreatment. The test results
showed that the acidification pretreatment of the
substrate plays a crucial role in conversion of the
cornstalk wastes into biohydrogen gas by the cow
[75]
dung
composts
generating
hydrogen
.
Antonopoulou et al. (2007) produced hydrogen from
sorghum extract using mixed acidogenic microbial
cultures, coming from the indigenous sorghum
microflora and Ruminococcus albus, The highest

hydrogen yield obtained from sorghum extract
fermented with mixed microbial cultures in
continuous system was 0.86 mol hydrogen per mol of
glucose consumed, at a hydraulic retention time of 12
hours. On the other hand, the hydrogen yield obtained
from sorghum extract treated with R. albus was as
high as 2.1-2.6 mol hydrogen per mol of glucose
consumed [76]. Hanaoka et al. (2005) obtained
hydrogen from woody biomass at a much lower
pressure compared to other carbonaceous materials
such as coal and heavy oil in steam gasification using
a CO2 sorbent. H2 yield increased with increasing
reaction temperature. Cellulose is the major constitute
of plant biomass and highly available in agricultural
wastes [77]. Hydrogen gas production potential from
microcrystalline cellulose was determined as 2.18 mol
H /mol cellulose with 12.5 g/L cellulose concentration
2

at mesophilic conditions [78].
Liu et al. (2003) reported the maximum
hydrogen yield of 102 ml/g cellulose which is only
18% of the theoretical yield. Low yield was explained
as partial hydrolysis of cellulose [79]. Utilization of
cellulose hydrolysate provided 4.10 mmol/h H
2

production rate [80]. Similarly, production of hydrogen
gas was higher from hydrolysate of Avicel cellulose or
xylan than that of pure xylose or glucose [81].
3.4.1 Advantages of hydrogen production using
green waste
 Hydrogen is a clean energy with zero
emissions when burned and an efficient energy
carrier.
 Lignocellulosic residual remains from large
sources of biomass on which production of 2nd
generation hydrogen can be based.
3.4.2 Disadvantages
 Cost of production and cost of storage are
high, not an economical process.
 Flammability hazard
 Storage problem.
 Major limitation of hydrogen production from
biomass and wastes, however, remains the
relatively low rates and yields of hydrogen
generation.

4. Conclusion
In serious consideration of the environmental
issues associated with the dumping of the green wastes,
search for suitable alternatives to deal with the wastes
is in progress worldwide. Researchers have been
showing their interest in biomass based fuels as it
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provides energy and reduces the effects on
environment. Bio resources are available in the form of
foliage, plant residues, fallen flowers, garden refuse,
leaf litter, cut grass, residues of pruning, weeds and
other organic matter discarded from gardens and
greeneries which can be processed and converted into
various forms of energies that can be used as fuels.
Processing and valorization of green waste would
reduce the quantity of green waste reaching dumping
sites or burned open. The environmental consequences
of improper green waste disposal can also be
minimized through processing green waste for value
added product generation. Although these options seem
to be useful, cost effectiveness and compatibility of
these processes in large scale is the major concern.
Further research is necessary to make these processes
efficient and economically viable for converting green
wastes into valuable products.
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