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Preface/Editorial: Energy Recovery Processes
from Wastes

The current global municipal solid waste (MSW) generation levels are approxi-
mately 1.3 billion tons per year and are expected to increase to approximately
2.2 billion tons per year by 2025. Thus, with the growth of society, it is becoming
an inevitable by-product, and one of the greatest challenges for future generations is
to manage these large quantities of waste in a sustainable way. One approach is to
minimise the amount of waste produced and to recycle larger fractions of waste
materials. A considerable part of the waste is left out and needs a better solution
than landfilling. The problem of waste management sector cannot be solved by
itself; on the other hand, the energy sector is a perfect answer with ever-increasing
energy demands. Energy recovery technologies can provide alternative energy,
reduce the burden on landfill site and mitigate greenhouse gas emissions. A variety
of processes exist for waste conversions. The most used of these are thermal
conversions {incineration, fast and slow pyrolysis, gasification, production of
refuse-derived fuel (RDF), in the forms of methane, hydrogen and other synthetic
fuels (biochemical, e.g. anaerobic digestion/biomethanation, mechanical biological
treatment—composting, vermicomposting, refuse-derived fuel, etc.)} and chemical
conversions (trans-esterification and other processes to convert plant and vegetable
oils to biodiesel). The choice of conversion process depends on the type, property
and quantity of biomass feedstock, the desired form of the energy, end-use
requirements, environmental standards, economic conditions and project-specific
factors.

Waste can act as a major source of energy rather than a disposable material.
Segregated and processed waste in the form of RDF/SRF can act as an effective
alternative fuel, having comparable energy potential to coal. A sustainable waste
management strategy should extract the full energy and environmental value from
MSW. As a result—and despite a recent economic crisis—the global market for
WtE technologies has experienced substantial growth. Waste-to-energy plants are
not merely incinerators: there, the waste is recycled as energy in the form of
electricity and heat. The consumption of primary resources is consequently reduced.
A worldwide growth market is strategically expanding. The market for thermal
treatment and energetic recovery of residual and other types of solid waste is
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growing day by day. Increasing waste amounts, shrinking landfill spaces in
agglomerations and higher ecological standards stimulate this growth throughout
the world. Presently, more than 2430 WtE plants are active worldwide in more than
40 countries having a disposal capacity of around 360 million tons of waste per
year. Only in 2017, more than 80 new thermal treatment plants have been installed
with a total treatment capacity of 25 million tons per year. More than 2700 plants
have been estimated with a capacity of about 530 million tons per year to be
operational by 2027. In USA only, 86 WtE plants have the capacity to produce
2720 megawatts of power per year by processing more than 28 million tons.
Technological advancement, improved pollution control systems, governmental
incentives and stringent regulations have made WtE technology a potential alter-
native, especially for the developed countries. If 1 ton of MSW is incinerated for
electricity generation instead of landfilling (without gas recovery), then 1.3 tons of
CO2 equivalent emissions can be avoided if equivalent CO2 emissions from
fossil-fuel-based power plants are also considered to generate the same amount of
electricity (ASME, 2008).

The 8th IconSWM 2018 has received 380 abstracts and 320 full papers from
30 countries. Three hundred accepted full papers have been presented in oral and
poster presentations in November 2018 in Guntur, Andhra Pradesh, India. After the
thorough review by experts and required revisions, the board has finally selected
20 chapters in this book, Energy Recovery Processes from Wastes dealing with the
design of reactor and solar thermal steam generator, gas fermenter, plasma arc
gasification, thermolysis of waste polystyrene, waste pyrolysis, application of waste
HDPE oil and diesel–biodiesel blends, modelling and simulation of biodiesel,
thermochemical conversion of different feedstocks, production of biogas and
bioethanol, waste-to-energy conversion technologies, co-processing of wastes in
cement plants and economic feasibility of bioenergy systems.

The IconSWM movement was initiated for better waste management, resource
circulation and environmental protection since the year 2009 through generating
awareness and bringing all the stakeholders together from all over the world under
the aegis of the International Society of Waste Management, Air and Water
(ISWMAW). It established a few research projects across the country those include
the CST at Indian Institute of Science, Jadavpur University, etc. Consortium of
Researchers in International Collaboration (CRIC) and many other organisations
across the world helped in the IconSWM movement. IconSWM has become
significantly one of the biggest platforms in India for knowledge sharing, awareness
generation and encouraging the urban local bodies (ULBs), government depart-
ments, researchers, industries, NGOs, communities and other stakeholders in the
area of waste management. The primary agenda of this conference is to reduce the
waste generation encouraging the implementation of 3Rs (Reduce, Reuse and
Recycle) concept and management of the generated waste ensuring resource
circulation. The conference has shown a paradigm and provided holistic pathways
to waste management and resource circulation conforming to urban mining and
circular economy.
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The success of the 8th IconSWM is the result of significant contribution of many
organisations and individuals, specifically the Government of Andhra Pradesh,
several industry associations, chamber of commerce and industries, AP State
Council of Higher Education and various organisations in India and in different
countries as our partners including the UNEP, UNIDO and UNCRD. The 8th
IconSWM 2018 was attended by nearly 823 delegates from 22 countries. The 9th
IconSWM 2019 will be held at KIIT, Bhubaneswar, Odisha, during 27–30
November 2019, expecting nearly 900 participants from 30 countries.

This book will be helpful for the researchers, educational and research institutes,
policy-makers, government, implementers, ULBs and NGOs.

Hope to see you all in 9th IconSWM 2019 in November 2019.

Kolkata, India Prof. Sadhan Kumar Ghosh
June 2019
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Three-Stage Reactor Design to Convert
MSW to Methanol

Aastha Paliwal and Hoysall N. Chanakya

Abstract Implementation of decentralized waste management requires quick and
energy positive modes of waste reduction. Syngas conversion provides quick volume
reduction and energy-rich gas. However, lack of infrastructure for the use of syngas
at small scale makes this route less attractive. Conversion of syngas to locally usable
methane and methanol, enabling on source application of energy, is an easy solution.
We propose a three-stage reactor for the conversion of MSW, surplus agro-residue
to methanol. Gasification, biomethanation, and methane fermentation to methanol
represent the three stages of the process. S&T for the conversion of MSW, surplus
agro-residue to syngas are in place. Therefore, this paper discusses the remaining
two stages of the reactor, i.e., biomethanation via solid-state fermenter and methane
fermentation to methanol via hanging rope reactor and its potential in decentralized
production of a drop-in fuel, methanol from MSW rejects.

Keywords Methanol · Bioreactor · Syngas to methanol · Biofilm reactor · Gas to
fuel · Solid-state reactor

1 Introduction

Population of 1.3 billion increasing at an annual rate of 1.3% [1] and 62 million
tons of MSW per annum increasing at annual rate of 4% suggest decentralized waste
treatment is the most sensible option to deal with quantum of waste at hand [2].
However, the absence of rapid waste reduction and energy positive process at small
scale make ‘decentralized’ waste treatment an unattractive option at present. Gasi-
fication (to syngas) and biomethanation are two well-established waste-to-energy
technologies, but they come at a price. While gasification is a faster way of convert-
ing waste to energy and has broader feedstock, the end product, syngas, is locally
unusable; biomethanation provides ready-to-use fuel—biogas—but at long SRT of
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2 A. Paliwal and H. N. Chanakya

more than 30 days [3]. In India, wet MSW is best converted to biogas, while non-
recyclable dry wastes are best converted to syngas, providing a solution for over
95% of our MSW. Converting syngas from gasifier to a locally usable, drop in fuel
like methane/methanol at small scales [10–200 tpd] is a better way forward. Chem-
ical conversion routes have high operating cost (200–900 °C, 5–20 MPa, expensive
catalyst) [4] and hence are not feasible at small scales. Biological routes offer an
advantage of inexpensive operating conditions at ambient temperature and pressure.
Yet despite the long known existence of potential biocatalysts, biological conversion
of gas to fuel (GTL) is still at early stages of research and is yet to show promise of
commercialization. Two major hurdles in feasibility of attempted biological routes
of gas fermentation are use of pure culture and toxicity of the end product [5–7].
The use of pure cultures needs initial sterilization to eliminate contamination at the
time of installation and maintenance of sterile conditions throughout the operation
to maintain constant activity; this significantly increases the process cost. The use of
pure cultures, therefore, is only suitable for high-cost end products.

While scientists struggle with issues of mass transfer, high product toxicity, and
low specific productivity [6] to create a capability of gas fermentation, huge reserves
of biomethane and methane sinks in nature [8] tell us that viable solution and raw
material exist. Easier solution, therefore, is to try to incorporate natural phenomenon
much in the way it operates in nature and attempt to make the process as passive as
possible (Fig. 1).
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Fig. 1 Two-stage reactor: in the first stage: syngas to methane, and in the second stage: methane
to methanol
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2 Design: Two-Stage Reactor: Syngas → Methane
and Methane → Methanol

2.1 Rational for Two-Stage Reactor

Micro-organism capable of converting CO2 –CH3OH is not yet known; however,
distinct microbes which reduce carbon dioxide to methane and those which oxidize
methane are well documented and have been proven to play an important role in
maintaining C cycle. With an objective of mimicking this natural phenomenon and
requirement of contrasting growth environment for the employed microbes, a two-
stage reactor for carbondioxide reduction in thefirst reactor (anaerobic) andoxidation
of produced methane (aerobic) in the second reactor was designed.

2.1.1 Biocatalysts

• Hydrogenotrophic methanogens are anaerobic archae which consume CO2 as its
C source and hydrogen as the electron donor and reduce CO2 to CH4. These
methanogens play a significant role in stabilization of the biogas plant and are
known to be present in high concentrations in digested leaf biomass [3, 9]. Digested
biomass hence becomes an easy source of these microbes for the methane-
producing reactor.

• For the second reactor (methane-oxidizing reactor), aerobic methanotrophs would
be employed.However,CO2 is the naturalmetabolic endproduct of thesemicrobes,
while product of our interest is CH3OH, first intermediary product of metabolic
pathway. This necessitated the employment of chemical inducers to block the
metabolic pathway after methanol production and supplements to compensate for
the incurred energy loss from the arrested metabolism.

Consortia of these microbes would be enriched on the grown biofilms instead of
attempting to obtain pure cultures to enable robust biofilm activity and lower the
operating cost (maintaining pure culture is cost ineffective, and cultures are highly
sensitive to contamination and growth conditions).

2.1.2 Biofilm-Based Reactor

High activity, shock tolerance, longer retention, self-regulating mechanism of
biofilms is a common choice of survival in nature [10, 11]. Close association of
microbes in biofilms or in granules enabled faster treatment of high strength waste
water and is becoming preferred choice for waste water treatment reactors. Biofilms
as the choice of microbial population distribution in the reactor also opens the pos-
sibility to minimize the requirement of liquid as the gas transferring medium to
microbes, by enabling operation with a very thin film of liquid (just enough to ensure
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microbial sustenance). This should help in circumventing mass transfer limitations
of poorly soluble gases. With these considerations, a biofilm-based reactor was envi-
sioned.

Biomass Support of Choice

Biological biomass as biofilm support is known to produce high activity thin biofilms
[9, 12]. Composition of biomass support also allows its use as food reserves in period
of starvation, conferring enhanced shock tolerance.

• Spent biomass from herbaceous leaf based biogas plant can serve as biomass
support and easy source of hydrogenotrophic methanogens. It is known to have
high concentration of strongly adhered hydrogenotrophic methanogens (microbe
of interest for methanation reactor) [10] whichmakemajor contribution (>90%) to
produced methane [3]. Preparation time of methanogen enriched spent biomass is
15–30 days. [9]. This reduces lag (start-up period of anaerobic biofilms 3–9months
[13]), makes start-up inexpensive and biogas produced during the preparation
phase (up to 0.54–1.09 l biogas/l biomass occupied volume/d after reaching steady
state [9]) adds to energy economics of the entire process. Employment of biomass
support at this stage begins to give >89% carbon dioxide conversion to methane
in six days (4.49 ml CH4/g biomass/d [CST, unpublished study, 2018]).

• Aerobic bacteria have high growth rate. The growth of these bacteria needs to
be regulated to prevent problems of high slough off, blockage of gas diffusion
paths affecting substrate access to bacteria and interfering in steady continuous
operation of the reactor. Tough to degrade lignin rich coir fiber can be used as
biological biomass support to regulate bacterial growth [12]. To further maintain
the thickness of the biofilm, coir ropes would be packed vertically, which would
have a provision of slow rotation of the ropes (optional), to enable easy sloughing
off of the excess biofilm.

2.2 Operating Parameters

• Both the reactors would be operated at near ambient temperature and pressure. The
active parts of the reactor would be gas flow regulators, water/nutrient sprinkling
and re-cycling mechanism, rope/biofilm rotation system (in the case of methane
fermentation reactor).

• Gaseous substrate would be fed at uptake rate of microbes to maintain a constant
diffusion gradient and maximum conversion in single pass to ensure high product
purity in effluent (gas in case of methanation reactor and liquid in case of methane
fermentation reactor).

• Spent herbaceous leaf based biomass provides the nutrients needed to sustain the
growth of anaerobic bacteria, eliminating the need to provide synthetic media.
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Water sprinkling system of the reactor would be operated at rates which ensure
presence of only thin layer of water (<1 mm) on the biofilm. The slower the flow
rate of water, the less would be the bacterial washout. If the need to provide extra
nutrients is deemed necessary, secondary treated waste water, a cheap alternate to
expensive synthetic media would be used.

• Methane fermentation reactor needs to be provided with certain chemicals to stim-
ulate the bacteria for methanol production. Such a synthetic media would contain
chemical inducers (e.g., EDTA, NaCl etc.) to block the metabolic physiology of
bacteria aftermethanol production, Cu to induce the cell to produce higher concen-
tration of methane oxidizing enzyme (MMO) for high conversion rates of methane
to methanol. Because of interrupted physiology, these cells are starved of reducing
equivalents and hence would also need sodium formate like supplements of reduc-
ing equivalent [6, 14]. Regulation of nutrient laden water sprinkler in the case of
second reactor needs extra consideration because of high toxicity of methanol [6].
Flow rates need to be slow enough to allow nutrient and substrate uptake (bacteria
can uptake only the dissolved methane) but fast enough to prevent accumulation
of toxic concentration of methanol.

3 Foreseeable Challenges

• In biofilm-based reactor fed with gaseous substrate, orientation of biofilm packing
is of critical importance to prevent short circuiting and/or diffusion barriers which
can severely affect reactor performance.Understanding of biofilmgrowth behavior
a-priori is needed to engineer biofilm packing for maximum activity for periods
matching half-life of the biomass support.

• Blocking the pathway at first stage to obtain methanol brings the energy kinetics of
the cell under threat and greatly retards the growth potential [5, 6, 15].Maintenance
of cell at this critical stage, makes the controlling parameters stringent and the
process expensive.

• Trade-off between building gradual tolerance for methanol from early stages of
biofilm formation [inducing cells to produce methanol retards the growth (from
3 to 48 h)] at the cost of longer start-up period vs short start-up period at cost of
incurring shock to mature biofilm.

• When bacteria are allowed to undergo complete metabolic pathway, the growth
rate is as high as 3–6 h [15], this can allow fast biofilm build up. But it also means
bacterial biofilmwould experience significant shockwhen later it is operated under
chemically controlled environment for methanol production. Drop in methanol
production, possible extent of damage to the biofilm and required recovery time
in such a case is not known, but is a serious factor for careful consideration.
Long start-up period implies longer time of substrate requirement without desired
end product concentration, an investment which would incur significant cost and
increase the payback time.
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4 Conclusion

The biological approach of waste management is environmentally benign and less
expensive. It opens an opportunity of better waste management even at small
scales, contributing in implementing the vision of decentralized waste management.
Although there are serious challenges to be overcome for the success of this route,
especially in the case of methane fermentation reactor (mentioned earlier in the
paper), if successful, it can make waste management more efficient and lucrative for
both developed and developing countries.

Biomethanation and methane fermentation reactor can be integrated with biogas
plants and/or gasification plants. Here, methanation reactor can be used to increase
methane concentration of the biogas either as a stand- alone reactor or integrated with
methane fermentation reactor to obtain methanol. With each stage of the reactor, the
end product is concentrated in terms of energy density. Such a system as a whole
would create a capability to bring different approaches of waste treatment under
an umbrella of a common drop-in fuel (methane/methanol) as the energy-rich end
product.
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PCDD/PCDFs: A Burden from Hospital
Waste Disposal Plant; Plasma Arc
Gasification Is the Ultimate Solution
for Its Mitigation

Saikat Das, Abhijit Hazra and Priyabrata Banerjee

Abstract Standing on the twenty-first century, the world is suffering from critical
problems; growth in population invokes simultaneous generation and accumulation
of waste materials. The unscientific way of waste disposal causes severe diseases,
responsible for environmental and ecological imbalance. One of the major issues is
improper disposal of generated hospital solid waste (HSW); with growth in popu-
lation, there is simultaneous growth in patients and as an artifact concomitant piled
up of generated HSW. The general and widespread methods for waste management
comprises land filling and incineration of hazardous HSW that causes harm to our
habitat by GHGs emission and accelerates global warming. The presence of chlori-
nated compounds like polychlorinated dibenzo-dioxins and polychlorinated diben-
zofurans (PCDD/PCDFs) as solid residue in incinerated fly ash reduces the fertility
of soils and deteriorates their qualities with progression. The presence of PCDD
and PCDFs for several years produces several life-threatened diseases like cancer.
Emphasis is given to develop a technology that can be highly efficient for complete
and safe disposal of hospital wastes, with significantly less emission of chlorinated
compounds or gases in environment. Plasma arc-driven technology can be a unique
solution formitigatingHSWdisposal like burning problems.Disposal ofHSW inside
plasma generating chamber in the absence of air or oxygen at the temperature zone
3000–6000 °C significantly reduces the chances of formation of PCDD and PCDFs.
In addition, secondary treatment in adjacent chamber of the integrated waste man-
agement plant is of prior importance. In summary, evolution of flue gas signifies
the complete burning of pathogens at 1000–1500 °C. The rarefied combination of
several system components, e.g., plasma hearth, secondary chamber, ammonia and

S. Das · A. Hazra · P. Banerjee (B)
CSIR-Central Mechanical Engineering Research Institute (CMERI),
Mahatma Gandhi Avenue, Durgapur, West Bengal, India
e-mail: pr_banerjee@cmeri.res.in

S. Das
e-mail: mrsaikat.das.smit@gmail.com

A. Hazra · P. Banerjee
Academy of Scientific and Innovative Research at CSIR-Central Mechanical Engineering
Research Institute (CMERI), Mahatma Gandhi Avenue, Durgapur, West Bengal, India
e-mail: hazraabhijit94@gmail.com

© Springer Nature Singapore Pte Ltd. 2020
S. K. Ghosh (ed.), Energy Recovery Processes from Wastes,
https://doi.org/10.1007/978-981-32-9228-4_2

9

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9228-4_2&domain=pdf
mailto:pr_banerjee@cmeri.res.in
mailto:mrsaikat.das.smit@gmail.com
mailto:hazraabhijit94@gmail.com
https://doi.org/10.1007/978-981-32-9228-4_2


10 S. Das et al.

water scrubber, condenser, booster drive, etc., makes the integrated HSW disposal
procedure safe and environment-friendly. The presence of chlorinated gases is sig-
nificantly lower as per standards in India and signifies the practicality of plasma
arc-based next-generation solution to HSW.

Keywords Hospital solid waste disposal · PCDD · PCDF · Plasma treatment for
mitigation of hazardous materials · International society of waste management ·
Air and water

1 Introduction

Disposal and management of hospital waste following proper, scientific, and safe
method without affecting environment is a big issue for every nation. Today’s world
is suffering from two major problems: one is the escalation of inhabitants, while the
other, as a consequence of it, is the uncontrolled generation and improper disposal
of wastes. With the rapid change at the environment, people are easily affected by
different diseases which signify commendable lose in their immunity power. People
become sick and the generation of hospital waste is being increased throughout the
globe in the last few decades. More emphasis should be drawn in case of hazardous
hospital waste generation, handling, and transportation as well as disposal methods
toward maintaining a sustainable clean environment.

Different hazardous elements, pathogens, and chemicals make HSWnot only poi-
sonous to the human being but also to the environment [1]. Doctors, nurses, medical
stuffs, and other medical personnel can be seriously affected by the contamination
of hazardous hospital wastes; moreover, cattle, rag pickers, and ecology may get
seriously harmed if they come in direct contact to such contagious hospital wastes.
Considering hospital waste and household waste, some countries dispose such waste
through landfilling messing with household municipal solid waste [1, 2]. Even some
developed countries have strong regulating guidelines for hospital waste handling
and disposal, though these are not properly disposed throughout [2]. The differ-
ent elements present as adsorbable organic halogens (AOH), chlorine and different
chlorinated components, chemicals used as disinfectant, and tension actives make
the total waste more toxic in nature [1]. The presence of chlorinated components
in generated hospital waste causes severe environmental degradation. Due to the
improper handling of hospital waste, generated chlorinated components are stored
in open land that pollutes surface water and groundwater and even causes air pol-
lution by producing polychlorinated dibenzo-p-dioxins or polychlorinated dibenzo
furans [3]. The presence of urine, chlorinated chemicals, and autoclave disinfectant
chlorine causes higher accumulation of chlorine as hospital waste. Some of the well-
known waste disposal technologies as incineration produce harmful polychlorinated
dibenzo-p-dioxins or polychlorinated dibenzofurans as an outcome of the disposal
[3]. These PCDD or PCDFs are highly toxic in nature because they are highly stable
in the atmosphere [4]. The effect of pollutants like PCDD and PCDF can be very
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harmful toward the environment. Such chemicals were used by the US army during
Vietnam War, and as a consequence, the cultivated land, general people, and cattle
were affected tremendously and throat cancer, lungs cancer, etc., were also endemic
in nature.

2 Incineration—AWell-Known Method for Hospital Waste
Disposal

This is a well-established technology in the entire world for the disposal of HSW.
The waste materials are first put inside a closed chamber where it is burned or
combusted in the presence of flammable oxygen. The feedstock is mainly hospital
solid waste which contains pathogens, human blood, body fluids, amputated body
parts, chemicals, disinfectants, medicines, stripped medicines, etc. Some hospitals
use chlorinated compounds to disinfect hazardous, infectious hospital wastes in auto-
clave process, and then, disinfected hospital waste is sent to the incineration chamber
for further processing and final clearance. The main concern associated with the dis-
posal of HSW through incineration is the incomplete combustion of waste materials
and the gradual production of CO2 and CH4 as GHGs and also generation of poly-
chlorinated dibenzo-p-dioxins (PCDD) and polychlorinated dibenzofurans (PCDFs)
as flue gases. Generation of the GHGs causes severe problems like global warming,
while PCDD and PCDFs remain unaltered in the atmosphere for a very long time
and cause serious environmental degradation [5].

Mininnia et al. have developed a disposal system for hospital waste through incin-
eration that comprises of rotary kiln furnace, followed by after burning chamber, air
exhaust gas heat exchanger, water exhaust gas heat exchanger, dry reactor, bag fil-
ter, scrubber, and a chimney. The experiment was carried on varying eight different
parameters, and temperature variations at three points as after burning chamber,water
exhaust gas heat exchanger, and chimney are monitored and analyzed. After the kiln
furnace, the temperature varies within the limit of between 910 and 1200 °C; in after
burning chamber, the temperature further decreases in the range of 190–351 °C;
in water exhaust gas heat exchanger, finally, the produced gas mixture is emitted
through chimney where the temperature variation is about 70–96 °C (vide Fig. 1)
[6].

The existence multiple chlorinated components in HSW enhances the release of
PCDD and PCDFs as a final outlet. The authors observed in eight different obser-
vations the existence of PCDD/PCDFs is high in the after burning chamber (vide
Fig. 2) which is in the range of 1670–8618 ng N/m3, while the emission of such
toxic element is about 77–894 ng N/m3. The fly ash of incinerated hospital waste
contains PCDD/PCDFs in the limit of 69–4915µg/m3. Thus, the existence of several
toxic components in final outlet as fly ash and flue gas has become a major threat
toward a clean eco-friendly HSW disposal [6].
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Fig. 1 Temperature variation in different components of incineration process [6]

Fig. 2 Generation of PCDD/PCDFs inside different segments of incineration process [6]

Not only PCDD/PCDFs as toxic compounds, different polycyclic aromatic hydro-
carbons are also produced by treatment through incineration of waste (vide Fig. 3).
The carcinogenic polycyclic aromatic hydrocarbons are very much harmful for the
environment. Through incineration of waste materials, the total generation of poly-
cyclic aromatic hydrocarbons varies from 3377 ng N/m3 to 11390 ng N/m3 inside
the after burning chamber of which carcinogenic compounds lie in the wide range of
25–1022 ng N/m3. The presence of toxic effluents like polycyclic aromatic hydro-
carbons gradually decreases in the next two parts: heat exchanger and stack. In
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Fig. 3 Generation of polycyclic aromatic hydrocarbons inside different segments of incineration
process [6]

the heat exchanger, the total polycyclic aromatic hydrocarbons vary in the range of
174–1669 ng N/m3. Carcinogenic compound that present in the final outlet is found
to lie between the range of 4–66 ng N/m3. Total polycyclic aromatic hydrocarbons
lie in the range of 763–4646 ng N/m3.

He et al. experimentally found that the emission of PCDD/PCDFs is huge in the
final outlet of gas coming out of hospital waste treatment process through incinera-
tion. They recognized that contribution of furan as a toxic element is about 82%,while
the contribution of dioxin is about 18% (vide Tables 1 and 2) where the main compo-
nents are 1,2,3,4,6,7,8-HpCDF, 1,2,3,4,6,7,8-OCDF, 1,2,3,4,6,7,8-OCDD contribut-
ing about 7.35, 8.29, 2.60 ng I-TEQ N/m3, respectively. They also found that the
dioxin was present in the range of 0.74 ng I-TEQ N/m3. The five main compo-
nents together contribute about 80% of total PCDF emission. Among these five

Table 1 Generation of dioxin and furan and their various components through incineration process
[7]

Different elements of dioxin % of presence in flue gas

Dioxin (18%) 0.74 ng I-TEQ N/m3

and Furan 82%
2,3,4,7,8-PeCDF 28.2

1,2,3,4,7,8-HxCDF 10.5

1,2,3,6,7,8-HxCDF 13.2

2,3,4,6,7,8-HxCDF 16.6

1,2,3,4,6,7,8-HpCDF 9.9

Priyabrata Banerjee et al./Sustainable Waste Management 2018
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Table 2 Generation of furan
and its various components
through incineration process
[7]

Ng I-TEQN/m3 % of presence
in flue gas

Furan 1,2,3,4,6,7,8-
HpCDF

7.35 82%

1,2,3,4,6,7,8-
OCDF

8.29

1,2,3,4,6,7,8-
OCDD

2.60

2,3,4,7,8-PeCDF contributes about 28.2%, 1,2,3,4,7,8-HxCDF 10.5%, 1,2,3,6,7,8-
HxCDF 13.2%, 2,3,4,6,7,8-HxCDF 16.6%, 1,2,3,4,6,7,8-HpCDF 9.9% [7].

Wang et al. experimentally found that the emission of PCDD/PCDFs is extensively
increased at a very higher level if significant amount of PVC is found as waste
material. The seventeen most toxic elements of PCDD and PCDFs are analyzed and
found in four different observations that the percentage fraction of OCDD; the most
toxic elements among these are found to lie in the range of 20–65%. Among the
mixture of flue gas, 1,2,3,4,6,7,8-HpCDD and OCDD hold the highest percentage
of the presence. It has been observed in four set of experiments in different working
conditions [3].

3 Landfilling

Once landfilling was a reliable method for disposal of waste, where there is hardly
any need for establishing any setup for disposal of waste. Waste materials are col-
lected from several sources, and they are dumped on the landfilling sights for their
natural degradation. As a consequence, the environment as well as cattle is badly
affected by this, especially when there is huge pressure on land due to the growth in
population. Hazardous waste as hospital waste when accumulated with MSW and
disposed through landfilling causes a more generous hazardous pollution to the envi-
ronment. The chlorine components directly come in contact to the ambience and can
cause groundwater contamination and form several compound of dioxins and furans.
Thus, landfilling became a severe threat to the complete disposal of HSW [8].

4 Plasma Arc-Driven Hospital Waste Disposal System
for Treatment of Hospital Waste

There are basically two types of problems to the researchers when they deal with the
different technologies for disposal of HSW. The first one is the huge accumulation of
hospital waste: to find out a safe technology that can be fruitful to destroy completely
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the waste materials, and the other one is to maintain a proper ecological balance by
emitting non-toxic effluents after disposal of HSW. The existing technologies such as
incineration, autoclave, biological disinfection, and landfilling are either incapable
of complete disposal of HSW or cause harmful toxic emission to the environment.
At this situation, plasma arc-driven technology could be a viable solution to both the
major problems.

Plasma is the fourth state of matter where ions, electrons, and neutral particles
coexist at a higher temperature. The temperature in plasma generation zone is about
3000–6000 °C. At this very high temperature, the waste materials are completely
disposed, the molecular bonds of the particles are broken, and they remain in the
ionized form within the zone of plasma generation. After that, they constitute the
lower bond gaseous molecules and get emitted. Organic bonds are incapable of
remaining the same at the higher temperature.

5 Biomedical Waste Management Rules, 2016

The new biomedical waste management rules came on March 2016 by the Ministry
of Environment, Forest and Climate Change, Government Of India which reveals
that the safe limit of suspended particulate matter is 50 mg/Nm3. The retention time
for incineration of biomedical waste is 2 s. These rules are implemented to trim down
the emission of dioxin and furan levels from the incineration chamber. Hypochloride-
treated chemicals and biomedical waste are treated in combustion chamber causing
toxic gas emission to the atmosphere owing to the presence of chlorine. It has been
mentioned clearly in biomedical waste management rules that medical waste after
being treated should not be mixed with MSW anyhow [9].

6 Formation of PCDD and PCDF by de Novo Synthesis
Through Incineration of Biomedical Waste

PCDD and PCDF are generally formed due to the incineration of hospital waste;
it is formed on the basis of some factors as operational temperature, the presence
of chlorinated components in waste material, availability of oxygen, feeding proce-
dures, retention time of HSWwithin combustion chamber, and amount of feedstock.
Dioxins and furans are generally formed within the incineration chamber in the tem-
perature range between 230 and 280 °C. PCDD and PCDFs are reformed at the
temperature range of 150–200 °C [7]. These components are able to hold their sta-
bility in nature and these can be reformed in various temperature ranges. Through de
novo synthesis, PCDD and PCDF are formed. The emission of toxic gases as PCDD
and PCDFs in the atmosphere may cause malfunctioning of endocrine of human
being that reduces the natural immune of body [10].
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The generation of dioxin and furan is executed by three processes as high tem-
perature synthesis, catalytic synthesis, and de novo synthesis. The high tempera-
ture synthesis occurs at the temperature range of 500–700 °C through the existence
of chlorinated precursors. Catalytic synthesis occurs at the temperature range of
300–500 °C with or without the presence of chlorinated precursors. De novo syn-
thesis occurs at the temperature range of 200–400 °C due to the presence of totally
unburned carbon particles, chlorinated compounds, and some volatile components
in ash [10].

7 Result and Discussion

7.1 Plasma Treatment for Hospital Waste Disposal

Plasma treatment for hospital waste disposal can be the real solution for treatment of
hazardous hospital wastes completely and also it emits significantly less dioxin and
furan into the atmosphere. The temperature generated within the plasma-generating
chamber is in the range of 3000–6000 °C; at this high temperature, the formation of
dioxin and furan is very much less because these toxic components are mainly gen-
erated in temperature range of 200–700 °C. Comparing with incineration process for
treatment and disposal of waste, plasma arc-treated mechanism is more sustainable,
causing less toxic emission to the environment.

7.2 Plasma Hearth Design for 1 Ton Per Day Hospital Waste
Disposal

At CSIR-CMERI, a one ton per day hospital waste disposal plant has been designed.
Plasmaplume is formedwithin the primary plasmageneration chamber in the absence
of oxygen. Thus, very high temperature and dearth of oxygen restrict the formation
of toxic elements like dioxin and furan inside this chamber. The salient feature of
this technology is very high volume reduction (in the range of 95–99%). All organic
waste components of HSW are gasified, and the inorganic parts such as glass and
metals are liquidified and collected separately as slag. The produced gas is combusted
in another chamber, while the slag material is used as an ingredient for construction
of debris, bricks, pavement making materials, etc.
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7.3 Combination of Plasma Electrodes and Plasma Torches
for Plasma Arc Formation

Inside the plasma-generating chamber, plasma is produced by introduction of carrier
gas argon. The setup has been developed and designed in such a way that a combi-
nation of electrodes and torches can be used simultaneously. Plasma arc is generated
within the plasma-generating chamber where two opposite electrodes come in close
vicinity with each other. Through the narrow passage of the plasma torch argon
gas is sent which itself acts as plasma medium. There is a circular carbon block
placed at the bottom of plasma-generating chamber which will act as an anode to the
system. Cylindrical hollow carbon block acted as cathode generates plasma plume
when these two opposite electrodes come closely and then drawn apart. When any
external fluid is not used, the system acts as plasma electrode, while argon is used
as plasma-generating gas, the system acts as plasma torch. Inside the plasma hearth,
the temperature is so high that all organic compounds are being dissociated, and
generated hospital waste is also ionized. The inorganic compounds are melted in
high temperature plasma hearth, and there will be a definite percentage of vitrified
non-leachable slag.

Priyabrata Banerjee et al./Sustainable Waste Management 2018

7.4 Secondary Treatment of Flue Gas Coming
from the Outlet of Plasma Hearth Chamber

Hospital waste after being treated in primary plasma hearth, it generally gasifies
90–95% of the organic materials and the gas thus produced is treated within a sec-
ondary incinerator chamber. In the secondary chamber, the gas is incinerated in the
presence of excess oxygen to make sure that there should not be any pathogen or
harmful hazardous hospital waste remains in the final gas output. The temperature
generated inside the secondary heating chamber is in the range of 1000–1500 °C.
Through a spark plug ignition is created inside this chamber, air is supplied to the
secondary treatment chamber through an air compressor.

7.5 Gas Analysis from the Outlet of Secondary Chamber

The gas output from the secondary treatment chamber is collected through a special
setup and is finally analyzed in gas chromatography analyzer. Generally through
the incineration procedure, generation of dioxin and furan is more than the plasma
arc gasification process. Gas coming out from the outlet of secondary chamber is
cleaned through a special system setup. The comparative analysis of WHO toxic
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emission standards with the toxic emissions from hospital waste disposal plant at
CSIR-CMERI is analyzed (Tables 3 and 4).

Table 3 WHO report on
accepted level of toxins in the
environment [11], toxic
element’s presence in plasma
arc-treated hospital waste
disposal gas

Sl. No. Structure WHO-TEF

1. 2,3,7,8-TCDD 1

2. 1,2,3,7,8-PeCDD 1

3. 1,2,3,4,7,8-HxCDD 0.1

4. 1,2,3,6,7,8-HxCDD 0.1

5. 1,2,3,7,8,9-HxCDD 0.1

6. 1,2,3,4,6,7,8-HpCDD 0.01

7. OCDD 0.0001

8. 2,3,7,8-TCDF 0.1

9. 1,2,3,7,8-PeCDF 0.05

10. 2,3,4,7,8-PeCDF 0.5

11. 1,2,3,4,7,8-HxCDF 0.1

12. 1,2,3,6,7,8-HxCDF 0.1

13. 1,2,3,7,8,9-HxCDF 0.1

14. 2,3,4,6,7,8-HxCDF 0.1

15. 1,2,3,4,6,7,8-HpCDF 0.01

16. 1,2,3,4,7,8,9-HpCDF 0.01

17. OCDF 0.0001

18. 3,3′,4,4′-CB(77) 0.0001

19. 3,4,4′,5-CB(81) 0.0001

20. 3,3′,4,4′5-CB(126) 0.1

21. 3,3′,4,4′,5,5′-CB(169) 0.01

22. 2,3,3′,4,4′-CB(105) 0.0001

23. 2,3,4,4′,5-CB(114) 0.0005

24. 2,3′,4,4′,5-CB(118) 0.0001

25. 2,3,4,4′,5-CB(123) 0.0001

26. 2,3,3′,4,4′,5-CB(156) 0.0005

27. 2,3,3′,4,4′,5-CB(157) 0.0005

28. 2,3′,4,4′,5,5′-CB(167) 0.00001

29. 2,3,3′,4,4′,5,5′-CB(189) 0.0001

Priyabrata Banerjee et al./Sustainable Waste Management 2018
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Table 4 Toxic element’s presence in plasma arc-treated hospital waste disposal gas

Sl. No. Parameter Results (ng.TEQ)

1. 1 2 3 4 6 7 8-Heptachlorodibenzo-p-dioxin <0.00024

2. 1 2 3 4 7 8-Hexachlorodibenzo-p-dioxin <0.0024

3. 1 2 3 7 8 9-Hexachlorodibenzo-p-dioxin <0.0024

4. 1 2 3 7 8-Pentachlorodibenzo-p-dioxin <0.024

5. 2 3 7 8-Tetrachlorodibenzo-p-dioxin <0.005

6. 1 2 3 6 7 8-Hexachlorodibenzo-p-dioxin <0.0024

7. Octachlorodibenzo-p-dioxin <0.000015

8. 2 3 4 7 8-Pentachlorodibenzofuran <0.0072

9. 1 2 3 4 6 7 8-Heptachlorodibenzofuran <0.00024

10. 1 2 3 4 7 8 9-Heptachlorodibenzofuran <0.00024

11. 1 2 3 4 7 8-Hexachlorodibenzofuran <0.0024

12. 1 2 3 6 7 8-Hexachlorodibenzofuran <0.0024

13. 1 2 3 7 8 9-Hexachlorodibenzofuran <0.0024

14. 1 2 3 7 8-Pentachlorodibenzofuran <0.00072

15. 2 3 4 6 7 8-Hexachlorodibenzofuran <0.0024

16. 2 3 7 8-Tetrachlorodibenzofuran <0.0005

17. Octachlorodibenzofuran <0.000015

Total Dioxins and Furans <0.01

7.6 Use of Water Scrubber, Ammonia Scrubber
and Condenser for Gas Cleaning

Ammonia scrubber, water scrubber, and condenser are used as gas cleaning system.
The gas coming out from the secondary treatment chamber is passed through these
chambers. Toxic components as HCl vapor reacting with ammoniacal solution are
getting separated from the emitted flue gas mixture. Thus, application of ammonia
scrubber reduces the existence of toxic acid vapor in output gas mixture. The use
of water scrubber or dry scrubber helps to reduce significantly ammonia vapor and
other toxic gases from the gas mixture that has been generated after the treatment
within secondary chamber. After that, the gas mixture is passed through a water-
cooled condenser where the temperature of produced gas mixture is reduced, and
then, finally it is released through a 30 m high chimney following the protocol of
recent environment protection and pollution control rule, 2016.
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8 Conclusion

Treatment of hazardous hospital waste is really a daunting challenge to the society
due to its toxic and infectious nature. The treatment has to be channelized properly
and must be scientific and specific that may not harm our environment. Plasma arc
treatment in primary chamber and followed by secondary treatment inside secondary
chamber would be the real solution of disposing of hospital waste. Emphasis has
also been given to release non-toxic gases to the environment and to the atmosphere.
Direct incineration of HSW emits toxic gases that are mainly PCDD and PCDFs.
These chlorinated stable gaseous components are generated while hospital waste
is treated in the temperature range of 400–1000 °C in incineration chamber. Dual
treatment of HSW through plasma cracking chamber and secondary chamber emits
significantly less amount of PCDD and PCDFs which remains within the emission
standards of India’s national toxic emission standards of HSW emission.
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Catalytic and Non-catalytic Thermolysis
of Waste Polystyrene for Recovery
of Fuel Grade Products and Their
Characterization
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Abstract One of the important types of plastic extensively used in packing industry
is polystyrene (PS). Having the lowest recycling rate among other categories of
plastic waste, and not been included in the roadside recycling program, polystyrene
is an attractive polymer waste for recovery of energy. PS mostly contains a large
volume due to high air content in its products such as styrofoam. Being produced
from petroleum product, it contains a large amount of energy which can be recovered
by pyrolysis process which produces fuels like pyrolytic oil, combustible gases and
char (carbon). In this study, zeolite (ZSM-5) catalyst was used during the catalytic
pyrolysis process. Initially, TG analysis was performed to analyze the minimum
degradation temperature of PS at four different heating rates and also to determine the
effect of heating rate on its degradation. From the analysis, optimum temperature was
selected based on time and temperature andwas used as final temperature (500 °C) for
batch pyrolysis. Ten percent of the catalyst is usedwith 200 gmof PSwaste crushed in
small size of 1–2 cmand then pyrolyzed. Themain product fromcatalytic thermolysis
was non-condensable gases 52%, pyrolytic oil 42% and remaining residue as char
whereas non-catalytic process produces 78% pyrolytic oil, 14% gases and remaining
8% char. The products obtained from cracking in presence and absence of catalyst
mainly constitutes aromatic, branched and cyclic hydrocarbons in the liquid phase,
a high amount of hydrogen and C1–C4 hydrocarbons and some amount of CO and
CO2 due to the presence of oxygen in the raw material. The presence of catalyst
during degradation increases the cracking forming a high amount of gaseous product
whereas produces low range hydrocarbons (C8–C16) in oil phase as compared to
non-catalytic pyrolytic oil which contains a high range of hydrocarbons (C8–C25).

Keywords Polystyrene waste · Thermolysis · Catalytic cracking · TGA

R. K. Singh (B) · A. K. Sadhukhan · P. Gupta
Chemical Engineering Department, National Institute of Technology, M.G. Avenue,
Durgapur 713209, West Bengal, India
e-mail: ksinghmjpru@gmail.com

B. Ruj
Environmental Engineering Group, CSIR-Central Mechanical Engineering Research Institute,
M.G. Avenue, Durgapur 713209, West Bengal, India

© Springer Nature Singapore Pte Ltd. 2020
S. K. Ghosh (ed.), Energy Recovery Processes from Wastes,
https://doi.org/10.1007/978-981-32-9228-4_3

23

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9228-4_3&domain=pdf
mailto:ksinghmjpru@gmail.com
https://doi.org/10.1007/978-981-32-9228-4_3


24 R. K. Singh et al.

1 Introduction

High demand of plastics in various fields like agriculture, households, packing mate-
rials and various other applications, the plastics are produced in high quantities. An
extensive research explains that plastics production is increasing by average of 5%
every year on global basis since 1950 [1]. Therefore, the extensive usage of plastics
also produced the waste which is further increasing day by day. In municipal solid
waste, after food and paper, plastic is the third largest contributor [2]. About 90%
of waste (MSW) in countries like India is deposited through land filling and plastics
generally constitute about 7–10% of MSW [2, 3]. Polystyrene, one of the impor-
tant types of plastic extensively used in packing industry, can be used to produce
higher wt% of liquid oil to be used as an alternate fuel. The increase in demand of
polystyrene clearly explains its uses and necessity of production. Many researchers
have studied pyrolysis of polystyrene and co pyrolysis of polystyrene with other
plastic types due to the capability of poly styrene to increase the yield of gaseous
products [4]. Polystyrene is a particularly attractive synthetic polymer, of the major
polymers, polysterene was excluded from recycling programs and has the lowest
recycling rate among polymers [5]. There are several kinds of polystyrene produced
in the industry for various purposes. These include EPS (Extended poly styrene),
VPS (Virgin polystyrene), CPS (Polystyrene containers) and HIPS (High Impact
Polystyrene). The difference lies in the composition and contaminants and additives
added during the production of PS. For the reduction and management of plastic
waste generally, primary recycling, landfilling and open burning are the main pro-
cesses. Energy recovery methods are under extensive study where the plastics are
converted to liquid oil through processes like cracking, carbonisation (pyrolysis) etc.
Thermal cracking via pyrolysis is a suitable process for the tertiary recycling of PS
[6]. Pyrolysis is a thermo-chemical process performed at high temperatures about
350–850 °C in absence of oxygen where the process breaks the bonds or carbon
chain into smaller chains and sometimes monomers [2]. Pyrolysis of poly styrene
can be done with and without catalysts, but there would be a difference in products
and their composition. The major advantage of thermal process is the production of
light hydrocarbons at low residence times and high temperatures. But during thermal
cracking, the product obtained has limited commercial value and the product having
a broad range of hydrocarbons is generally considered as the drawback of the pro-
cess [6, 7]. Thermal pyrolysis was done by several researchers [8–10] for recovery
of gasoline-range hydrocarbons. Onwudili et al. [10] performed a batch pyrolysis in
pressurised autoclave reactor for 1 h at 300–500 °C and obtained a 97% liquid oil
yield at a temperature of 425 °C which is considered optimized temperature and with
a gas production of 2.5%. Similar study by Demirbas [3] showed that the liquid oil
reduced to 89.5%when performed at a temperature of 581 °C during a batch process.
To overcome the defects of thermal cracking and for a selective and better production
of products catalytic cracking is used. Research scholars of Hamburg University [6]
found that styrene concentrations in liquid oil can be reduced by using FCC catalyst.
Experimental results showed that presence of FCC catalyst produced coke up to 20%
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whereas non-catalytic pyrolysis produced only traces of coke. Besides, lower acti-
vation energy the influence of other catalysts on PS is less when compared to other
plastics but HZSM-5 and Al2O3–SiO2 because of higher acidity showed significant
effect. It is observed that usage of HMCM-41 mainly produced ethyl benzene and
benzene instead of styrene. Alkaline materials like magnesium and barium oxide
are found to be selective towards styrene in PS cracking. There is a necessity for
studying characteristics of individual plastics because of their importance in various
fields. Since, the yield of high calorific plastic oil depends on type of process used
this study provides a detailed investigation into catalytic and non-catalytic pyrolysis.
In this study the effect of catalyst (HZSM-5) on PS pyrolysis was analysed and was
compared with the thermal treatment process. The impact of catalyst on the product
distribution, quality and quantity was discussed. In addition, the obtained gases and
oil were also characterised for the enhanced effect of catalyst during the pyrolysis
process.

2 Materials and Methods

2.1 Materials

The raw materials used for the catalytic and non-catalytic pyrolysis process was
polystyrene waste in the form of EPS, CD covers, styrofoam, PS cutlery etc. All
these waste were collected from the educational institute and their canteens located
in Durgapur. The waste sample was first cut into a range of 1–2 cm pieces and then
allow to rest in a hot air oven maintained at a temperature of 260 °C for 5 min so
that the waste volume might reduce by melting. These melted-solidified waste is
then used for the experimentation. Ultimate and proximate analysis was performed
to determine the component present in it as shown in Table 1.

Table 1 Proximate and
ultimate analyses of PS waste

Proximate
analysis

Percentage
(%)

Ultimate
analysis

Percentage
(%)

Moisture 0.28 Carbon 89.2

Ash 0.84 Hydrogen 8.78

Volatiles 94.33 Nitrogen 0.01

Fixed
carbons

4.55 Sulphur 0.00
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Fig. 1 Schematic of pyrolysis set-up

2.2 Experimental Set-up and Procedure

Pyrolysis experiments were carried out in an unstirred stainless steel reactor in a semi
batch operation with a large amount to represent a real upscale process. The heating
rate was at fixed at a rate of 20 °C min−1 during the operation. The experimental
set-up is presented in Fig. 1. The set-up comprises of pyrolysis section condensation
section, oil collection and gas collection units. The reactor is filled with waste and
then purged with nitrogen for a period of 20–30min at a flow rate of 200–300ml/min
for removing anyO2 from the reactor aswell as fromall other collection units attached
with reactor. The reactor was heated up to a temperature of 500 °C in presence and
absence of the catalyst (ZSM-10%). During degradation period, vapour leaving the
reactor was passed through the condenser for gas-liquid separation; liquid pyrolytic
oil was collected in the oil collection unit. Remaining non-condensable gases were
passed through a water bath and collected in the gas collection tank.

2.3 Analytical Techniques

PS waste was analysed by CHNS analyser which compiles with the ASTM D5373
standard for elemental analysis of fuels. The proximate analysis for ash and moisture
content are analysed according to D3174-82 and D3173-85 ASTM standards. A
Thermo gravimetric analyser (make: SHIMADZU; model: DTG-60/60H) TG/DTA
apparatus was used to analyse the thermal degradation behaviour of PS waste during
pyrolysis reaction. The runs were performed at slow heating rate of 5, 10, 20, and
40 °C min−1. Samples were flushed with Nitrogen at a flow rate of 0.2 L min−1 to
ensure inert atmosphere. The experiments were repeated three times for each sample
and the reproducibility was found to be within ±3%. Non-Condensable gases were
analysed by Gas chromatograph (Model: GC-1000) from Thermo Fisher Scientific.
The configuration for the Gas chromatography is shown in Table 2. The obtained oil
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Table 2 GC configuration
for PS waste pyrolysis sample
analysis

Parameters Analytical conditions

Detector TCD FID

Column (Chemito
make)

Spherocarb Porapak-Q

Length 72 in. (6 ft) 96 in. (8 ft)

I.D. 1/8 in. 1/8 in.

Mesh size 80/100 80/100

Carrier gas Argon Argon

Flow rate (carrier
gas)

30 ml/min 30 ml/min

Max. heating range
(column)

225 °C 250 °C

Oven heating 50 °C 70 °C

Injector
temperature

100 °C 225 °C

Detector
temperature

150 °C 250 °C

Gas detection H2, N2, CO, CO2 CH4, C2H4, C2H6,
C3H8, C4H10

Sample injection 1.0 ml 0.2 ml

was also analysed using GC-MS for the determination of the major compounds as
well as the distribution of hydrocarbons based on the carbon number distribution.

3 Result & Discussion

3.1 Thermogravimetric Analysis

TGA analysis of the PS waste is shown in Fig. 2a, b. The figure shows the different
rate of degradation of PSwaste. It was analysed that on increasing the heating rate, the
degradation shifts towards high temperature and a rapid degradation was observed
at high heating rates. In addition, it was observed that on increasing the heating
rate the conversion increases with increase in amount of solid residue. Maximum
conversion at all heating rate was obtained around 380–520 °C during which the
maximum degradation takes place [7, 9]. The heating rate of 20 °C/min was used
for the process of pyrolysis. During the process the products obtained weighted and
yield was measured and gas was measured generally by difference.
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Fig. 2 a Mass fraction versus temperature. b Rate of reaction versus temperature

3.2 Effect of Catalyst on Product Yield Distribution

The product distribution for catalytic and non-catalytic pyrolysis of PS at a process
temperature of 500 °C is shown in Fig. 3. It can be seen that there is a high impact of
catalyst on the oil and gas yield whereas very little effect on the residue is observed.
During the thermal pyrolysis process the degradation of long chain hydrocarbons is
more prominent in medium length hydrocarbons causing higher formation of liquid
phase product while there is also small production of short chain hydrocarbons which
adds to the gas phase product [9, 10, and 12]. The thermal degradation of PS produces
78% pyrolytic oil having a density of 0.875 g/cm3 whereas the gas phase product
is 14% with the remaining as residual char. This residue is a good source of carbon
as it contains a large amount of fixed carbon. In case of the catalytic pyrolysis the
presence of catalyst increases the reaction rate as well as helps to break down the
long chain hydrocarbons into short chain hydrocarbons and into monomer in a large
quantity. The rapid cracking results into formation of lowered hydrocarbons as well
as a large amount of free hydrogen atoms in the gas phase which results in higher
gas phase product [9]. The catalytic process produces an enhanced gas phase product

Fig. 3 Product yield
distribution for catalytic and
non-catalytic pyrolysis of PS
at 500 °C
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with 52% recovery whereas the oil phase product is decreased to a maximum of 42%
oil yield. Although it has been observed that the oil obtained have a lower density and
low range hydrocarbons fraction similar to gasoline which will be further discussed
in Sect. 3.4.

3.3 Characterization of Pyrolytic Gas

The pyrolytic gases from both the catalytic and non-catalytic process which were
obtained from the experiment performed at temperature of 500 °C for PS waste. Two
detectors TCD and FID were used to determine the component presents in gases.
IRIS 32 software was used to analyse the peaks provided by the chromatogram.
Results from both detectors were compared and reported in Fig. 4. It is evident that
the effect of catalyst on the PS degradation produces more low range hydrocarbons
such as methane, ethane and butane in both quantity and quality. The concentration
of methane and ethane has increased to 20.47 and 9.39% in catalytic pyrolysis from
13.75 to 4.01% which was obtained during the non-catalytic pyrolysis respectively
whereas, the increase in concentration of propane was also increased from 0.74 to
3.70%during catalytic process. It was observed that the non-catalytic process favours
the formation of hydrogen. CO2, and higher hydrocarbons such as n–C5 and n–C6

which can also be observed from the Fig. 4. A higher amount of CO andCO2 was also
observed during the analysis which is the result of presence of air/oxygen obtained
from the thermocol, styrofoam and EPS.

Fig. 4 Gas analysis for catalytic and non-catalytic pyrolysis of PS waste at 500 °C
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3.4 Characterization of Pyrolytic Oil

The oil obtained was characterized based on the carbon number distribution using
GC-MS. Table 3 represents the physical characteristics of the pyrolytic oils whereas
Table 4 represents the fraction hydrocarbon fractions based on their carbon number.
From Table 3 it can be easily observed that the catalytic oil have a lesser density as
compared to the non-catalytic process whereas the viscosity was also found lower
than the non-catalytic process. It can be observed from the analysis that the flash and
fire point are nearby values whereas there is a high difference in the pour and cloud
point of the pyrolytic oil. Also, the calorific value of the catalytic pyrolysis oil is
comparatively higher due to the presence of low range hydrocarbons in the oil phase
product [9–12].

It has been analysed that due to the presence of catalyst the cracking is rapid
and more to form lower range hydrocarbons such as methane, ethane, propane etc.
which are non-condensable whereas the low range hydrocarbon fraction concentra-
tion increases in the oil product (C5–C13). During non-catalytic pyrolysis the pro-
duction of the oil phase product is higher in which the hydrocarbon ranging C14–C24

have a higher fraction of 49.6% whereas in case of the catalytic process it reduces
to 34.2% due to the higher cracking in presence of catalyst [12]. Catalyst allows the
degradation of long chain hydrocarbons into shorter one which increases the C5–C13

fraction in the non-catalytic process from 42 to 64% in catalytic process. Also it has
been observed that non-catalytic produces a higher fraction of >C24 which is 8.4%
whereas the same has been decreased to 1.8% during the use of catalyst. The most
prominent compound was styrene [10–12] which is present in high quantity in both
the cases whereas there are some other identified compounds presented in Table 5.

Table 3 Physical properties
of catalytic and non-catalytic
pyrolytic oil obtained from
PS at 500 °C

Properties Non-catalytic Catalytic

Density (gm/cm3) 0.875 0.781

Viscosity (cSt) 4.18 3.46

Flash point (°C) 36 35

Fire point (°C) 42 41

Pour point (°C) −5 −14

Cloud point (°C) −18 −27

Calorific value (MJ/kg) 39.871 43.11

Table 4 Hydrocarbon
distribution during in
pyrolytic oil from catalytic
and non-catalytic pyrolysis
process at 500 °C

Hydrocarbon range Non-catalytic Catalytic

C5–C13 42 64

C14–C24 49.6 34.2

>C24 8.4 1.8
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Table 5 Major compounds identified in oil fractions during catalytic and non-catalytic pyrolysis
of PS at 500 °C

Major identified compounds Non-catalytic (area%) Catalytic (area%)

2-Methyl butane 3.8 5.4

2-Propenylidene-cyclobutene 3.19 4.48

Styrene 8.18 11.94

Cyclopentasiloxanedecamethyl 1.47 2.19

Benzene ethenyl- dimer 4.11 4.26

Tetradecanoic acid 2.57 2.98

Hexadecanoic acid 4.41 3.21

Benzene ethenyl- trimer 3.84 4.57

Squalene 2.14 1.19

4 Conclusion

This work represents the pyrolysis of PS in absence and in the presence of catalyst
and the results were compared. From TG Analysis it is confirmed that increase in
heating rate increases the degradation temperature whereas it also impacts on the
residual fraction obtained. Presence of catalyst produces more gas phase products
whereas absence of catalyst caused increased oil product during pyrolysis. There is
no severe impact observed on the residual fraction (char). The physical analysis of
oil shows that catalytic oil is superior in quality whereas quantity was highly affected
by the presence of catalyst. The major component in the oil is styrene which is the
monomer of the raw material. So it can be said that the process converts the waste
into its raw material as well as produces products with high energy density. These
products can be used for energy generation and hence energy can be recovered from
the waste in sustainable way.
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Energy Recovery from Tyre Waste
Pyrolysis: Product Yield Analysis
and Characterization
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Abstract Yearly, out of 1 billion tyres, 40% are heavy-load vehicle tyre which was
rejected or discarded to the dump sites where it piles up due to its non-degradable
nature creating a problem for disposal.With the same rate of production, the problem
is increasing day by day forcing the researchers to find alternatives for the disposal
as well as energy recovery as these are a good source of carbon fuel. Methods
such as open burning are not favoured because of high pollutant emission into the
environment. Pyrolysis has emerged out as the best-suited option for the disposal as
well as energy recovery. In this study, TG analysis was performed to determine the
effect of temperature on the degradation of tyre waste in an inert atmosphere. Further,
based on the analysis, heavy-vehicle tyres were pyrolysed in a temperature range of
550–800 °C for the recovery of valuable products such as pyrolytic as fuel oil, non-
condensable gases as fuel gas and residue char as the carbon source. The pyrolysis
process produces oil yield between 50 and 60%with a char yield of 32–38%, and the
remaining were gases. The oil had a high calorific value of 34.743 kJ/Kg, whereas
the evolved gas contains a heating value of 54.553 kJ/Kg. The gases obtained were
analysed using gas chromatography showing a high percentage of hydrogen and
C1–C4 hydrocarbon gases. The obtained char was analysed via SEM-EDX which
confirms the presence of sulphur in high percentage. Also, the remaining char was
activated using steam at 800 and 900 °C to increase the surface area for utilization
as an activated carbon source and was determined by BET analysis.
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1 Introduction

Being a part of the urban stream, the generation of waste is increasing rapidly from
different sources including the tyre waste which is also increasing day by day with
an increase in population and a rapid boom in the transportation sector. After the uti-
lization, the tyre has no end use and is generally considered as waste. In developed
countries like Western Europe, USA, Japan, Australia, etc., the generation of tyre
waste gave rise to stockpiling as these are non-biodegradable as well as considered as
a loss of energy sources. These stockpiles add to the environmental pollution during
open burning creating more toxic compounds causing health hazards. A similar sce-
nario was also observed in developing countries like India [1–3]. Approximately, 1.5
billion tons of tyres are manufactured for their utilization in transportation vehicles
such as a light vehicle, heavy vehicle, etc., and increasing [4]. About 0.6 million tons
of scrap tyres is generated in India annually. Worldwide an estimated 13.5 metric
tonnes of tyres were scrapped which includes all kinds of vehicle tyres such as cycle,
motorcycle, cars/jeeps, tractors, trucks, and other heavy-load vehicles such as earth
movers.

Different techniques were applied over time for the safe disposal of tyre waste as
mis-handling of these results in a threat to human health and the environment. Waste
tyres being non-biodegradable, landfilling is not a viable option for disposal, while
incineration of these tyres results in the generation of a large number of dioxins and
furans. Retreading, reclaiming are other options for the re-utilization of waste tyres
[2, 3, 5]. An alternative solution for reducing the waste tyres with less environmental
impact was pyrolysis which currently possesses huge attention from the researchers
all over the world. Pyrolysis involves the thermal decomposition of the wastes at
elevated temperature under an inert atmosphere like nitrogen. This process produces
three forms of refined products such as condensable liquid (oil), non-condensable
gases and the residue called as char in separated conditions. Condensable oil obtained
from the pyrolysis of tyre waste is a good source of refinery feedstock for extracting
high-value products, whereas it can also be used as furnace oil without any upgrada-
tion. The non-condensable gases obtained during the process have a higher calorific
value and can be used for heating in the process itself. The residual char was obtained
at the bottom of the reactor and had an economic value. These char or carbon black
can be utilized for the activation process or as carbon black in remanufacturing of
tyres. As all the products obtained have some economic value and can be used for
energy recovery via appropriate technology [2, 3, 6], in this paper, we have carried
out pyrolysis of heavy-vehicle tyre (Truck tyre) waste in a fixed bed reactor to obtain
products like oil, gas and solid char at temperature ranges 550–800 °C at a heating
rate 20 °C/min. The gaseous products were characterized using gas chromatography,
whereas solid char were characterized using SEM-EDX.
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2 Materials and Methods

2.1 Materials

In this study, heavy-vehicle tyre (truck tyre/lorry tyre) was used for the pyrolysis
process acquired from the roadside scrap tyre vendors in Durgapur, West Bengal,
India. The tread, shoulder and sidewall rubberwere used for the analysis. The tyrewas
cut into small pieces of not larger than 2 cmandwas used as a sample during pyrolysis.
Ultimate andproximate analyseswere performed to determine the component present
in it as shown in Table 1.

2.2 Experimental Set-Up and Procedure

A fixed bed, non-stirred semi-batch, electrically heated reactor system was used for
the process. The reactor is a cylindrically shaped reactor made from SS-304 with
an internal diameter of 2 in. and of length 12 in. and can maintain a maximum
pressure of 2 atm. The heating was done at a fixed rate of 20 °C/min during the
operation. The experimental set-up is presented in Fig. 1. The set-up comprises of
pyrolysis section condensation section, oil collection and gas collection units. The
reactor is filled with waste and then purged with nitrogen for 10–20 min with a
flow rate of 200–250 ml/min for removing any O2 from the reactor as well as from
all other collection units attached with the reactor. The reactor was heated within a
range 550–800 °C. During degradation period, vapour leaving the reactor was passed
through the condenser for gas–liquid separation; liquid pyrolytic oil was collected
in the oil collection unit. Remaining non-condensable gases were collected in a gas
collection tank after passing through a water bath and ice trap.

2.3 Steam Activation

During the activation of char obtained from the tyre waste pyrolysis, the char was
again heated from room temperature to the required temperature of 800 and 900 °C

Table 1 Proximate and ultimate analyses of truck tyre waste

Proximate analysis Percentage (%) Ultimate analysis Percentage (%)

Moisture content 1.61 Carbon 83.38

Volatile matter 63.70 Hydrogen 7.73

Ash content 5.43 Nitrogen 0.35

Fixed carbon 29.26 Sulphur 2.4
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Fig. 1 Schematic of pyrolysis set-up

in an inert atmosphere obtained from continuous purging of nitrogen. After the
temperaturewas reached, the samplewaspurgedwith steamandnitrogenwas stopped
inside the reactor for a period of 1 h. Further, the sample was cooled and tested for
the surface area analysis.

2.4 Analytical Techniques

Truck tyrewastewas analysed according toASTMD5373 standard byCHNanalyser
for elemental analysis of the fuel. The proximate analysis for ash and moisture
content is performed according to D3174-82 and D3173-85 ASTM standards. A
thermogravimetric analyser (make: SHIMADZU; model: DTG-60/60H), TG/DTA
apparatus, was used to analyse the thermal behaviour of tyre waste during pyrolysis
reaction. The runswere performed at a slowheating rate of 5, 10, 20, and 30 °Cmin−1.
During the heating process, the environment is kept inert using nitrogen gas with
a continuous flow at a rate of 40 ml/min. The experiments were repeated thrice
to determine the reproducibility and found to be within ±2.3%. Non-condensable
gases were analysed by gas chromatograph (Model: GC-1000) from Thermo Fisher
Scientific. The configuration for the gas chromatography is shown in Table 2. Also,
the sample obtained from the steam activation was analysed by BET analysis to
determine the surface area of the char before and after activation.
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Table 2 GC Configuration for tyre waste pyrolysis sample analysis

Parameters Analytical conditions

Detector TCD FID

Column (Chemito make) Spherocarb Porapak-Q

Length 72 in. (6 feet) 96 in. (8 feet)

I.D. 1/8 in. 1/8 in.

Mesh size 80/100 80/100

Carrier gas Argon Argon

Flow rate (carrier gas) 30 ml/min 30 ml/min

Max. heating range (column) 225 °C 250 °C

Oven heating 50 °C 70 °C

Injector temperature 100 °C 225 °C

Detector temperature 150 °C 250 °C

Gas detection H2, N2, CO, CO2 CH4, C2H4, C2H6, C3H8, C4H10

Sample injection 1.0 ml 0.2 ml

3 Result and Discussion

3.1 Thermogravimetric Analysis

The degradation and reaction rate curves from TGA analysis of waste tyre truck
are shown in Fig. 2a, b. The degradation of waste was analysed at four different
heating rates of 5, 10, 20, and 40 °C/min to access the effect of heating rate. It
was analysed that increased heating rate causes the degradation to shifts towards
the high temperature and a rapid degradation was observed at high heating rates.
In addition, on increasing the heating rate, the conversion also increases with an
increase in solid residue.Maximumconversion at all heating ratewas obtained around
350–450 °C during which the maximum degradation takes place. The heating rate
of 20 °C/min was used for the process of pyrolysis. During the process, the products

Fig. 2 a Mass loss fraction versus temperature, b rate of reaction versus temperature



38 R. K. Singh et al.

obtained weighted, and yield was measured, while gas was measured generally by
the difference.

3.2 Effect of Temperature on Product Yield

Theproduct distribution obtained from the tyre for a temperature range of 550–800 °C
for heavy-vehicle tyre waste at every 50 °C increment in temperature was measured
and is shown in Fig. 3. At lower temperature, partial conversion results in a higher
amount of solid contents whereas an increase in process temperature results higher
conversion with low solid contents [6, 7]. Increased temperature results in higher
condensable volatiles while further increase results in increased gas-phase product
as depicted in Fig. 3. It was reported that the oil conversion increases up to a certain
temperature, while further increase results in loss of condensable volatiles. The char
content continually decreases with increase in temperature, whereas at higher tem-
perature the gases yield increases [8, 9]. From the experimental investigation, 750 °C
was considered as optimum temperature for the degradation of tyre waste with max-
imum oil recovery. Slow heating in the initial phase results in high residence time
of volatiles in a reactor which results in higher gas production, whereas at higher
temperature the secondary reactions play an essential role during cracking forming
the high amount of C1 and C2 compounds [7–10]. At 750 °C, the amount of char
increased as compared to 700 °C which can be explained by the further interaction
of volatiles with char to form secondary chars.

Similarly, Williams et al. [7] pyrolysed waste tyre at varying heating rate and
process temperature in a fixed bed reactor. They reported that high temperature and
heating rate produces a more condensable product. At a heating rate of 5 °C/min, the
condensable yield was 3% and 54.8% at a process temperature of 300 and 720 °C,
respectively. Likewise, Mastral et al. [10] and Diez et al. [8] observed oil yields

Fig. 3 Product yield
distribution versus
temperature
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increased when tyres were pyrolysed at higher temperatures. In Rodriguez et al.
[9] study, no significant difference in the energy value of the condensed oil was
observed, whereas the yield increases with increase in process temperature from 300
to 700 °C from 4.8% to 38.5%. Laresgoiti et al. [11] obtained a significant increase
in oil yield up to 500 °C with a maximum yield of 38.5% at 700 °C, while a similar
yield of 38%was obtained at a processing temperature of 500 °C. The yield obtained
at 400 °C was 24.8% [11].

3.3 GC Analysis of Pyrolytic Gas

During the pyrolysis process, the non-condensable gases evolved at an optimum tem-
perature of 750 °C were analysed and reported in Table 3. During the degradation,
the higher amount of SBR and NR results in the higher formation of C1 and C2 com-
pounds as observed [6]. During the degradation process, olefins were evolved which
goes under dehydrogenation reaction followed by Diels–Alder reaction resulting in
a high amount of H2 and methane. Further, the secondary reactions during pyrolysis
also favour the formation of high gas-phase products [7, 10].

3.4 Characterization of Pyrolytic Char

3.4.1 Proximate and Ultimate Analyses of Tyre Char

The characteristic properties of the obtained char can be defined by the ultimate
and proximate analyses and were provided within Table 4. The presence of volatiles
in char further confirms the deposition of volatile compounds due to the secondary
interaction of char with volatiles. The presence of synthetic rubber in the tyre waste
results in higher ash contents, while higher carbon content was also observed [7–10].
Ultimate analysis reports a higher amount of carbon which is due to the presence of

Table 3 GC Analysis of
pyrolytic gases by thermal
conductivity detector (TCD)
and flame ionization detector
(FID)

S. No. Compound name Amount (%)

1 H2 16.991

2 CO 4.880

3 CO2 14.610

5 CH4 9.092

6 C2H4 2.707

7 C2H6 12.791

8 C3H8 2.672

9 C4H10 4.011
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Table 4 Proximate and ultimate analyses of tyre char obtained at 750 °C

Proximate analysis Tyre waste char (%) Ultimate analysis Tyre waste char (%)

Moisture content 1.00 Carbon 86.13

Volatile matter 4.00 Hydrogen 5.23

Ash content 63.2 Nitrogen 6.45

Fixed carbon 31.8 Sulphur 2.04

unreacted carbon black used during the manufacturing of tyres, whereas the majority
of the sulphur used for vulcanizing is retained in the solid residue. Also, a good
amount of nitrogen was also reported. The amount of hydrogen and oxygen content
in char has a significant impact on the combustion characteristics [2]. It was also
analysed that a large amount of sulphur was present in the char and can be removed
later. The presence of sulphur (85%) in char ensures less emission of sulphur to the
environment.

3.4.2 SEM-EDX Analysis of Tyre Char

The surface structure was observed of the obtained char at different magnifications
via SEM analysis and was shown in Fig. 4a–d. The analysis shows that the char
surface has a high roughness which ensures high reactivity. The figures show that the
high surface area was created during the degradation process while it was reported
that slow heating results in high pores, whereas rapid heating results in the formation
of cracks and channelling. For truck tyre pyrolytic char EDS or energy-dispersive
X-ray spectroscopy was also performed to know the different components present in
it with their concentration. Results are given below for pore diameter 500µm. In this
experiment, we use standard CaCO3, FeS2 and Zn for the detection of C, S, O and Zn,
respectively. For different number of iterations, the results were obtained at different
spots and results were reported in Table 5. The white spots in SEM images show the
presence of sulphur. From the EXD analysis, it was observed that majority of the
sulphur is retained in the solids (Fig. 5). It was reported that during the degradation
process the sulphur reacts with the additives like ZnO and Fe2O3 and forms stable
compounds as ZnS and FeS and retained in the solid state. Further, it was reported
that with an increase in temperature the sulphur concentration decreases whereas the
formation of H2S in the gas phase increases [7, 9] (Table 5).

3.5 Tyre Char Activation

The char obtained at the optimum temperature (750 °C) was used for the activation
process to increase the surface area and its utilization as activated carbon as it contains
a high amount of fixed carbon. The char obtained directly has a surface area of
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Fig. 4 SEM images of pyrolytic char obtained at 750 °C

Table 5 Component analysis of pyrolytic char through SEM-EDX analysis

Element Point 1 Point 2 Point 3 Point 4 Point 5 Point 6

Carbon 96.30 73.29 91.57 100.00 95.29 91.87

Sulphur 1.21 6.55 2.62 00 1.15 1.97

Zinc 2.49 20.16 5.81 00 3.56 6.16

41.762 m2/gm, whereas the steam treatment at 800 and 900 °C for 1 h increases
the surface area to 225.399 and 408.745 m2/gm, respectively. There is a reduction
in weight % of 12–14% during the activation of char. At high temperature, steam
activation had a high impact as at this temperature the steam penetrates more into
the char particle to form more cracks which in turn increase the surface area and the
pore volume.
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Fig. 5 SEM-EDX image of
pyrolytic char obtained at
750 °C at 500 µm resolution

4 Conclusion

During this study, tyre waste was successfully disposed of/reduced via pyrolysis
process with the recovery of valuable products. The pyrolysis of the heavy tyre
was done to obtain fuel oil and value-added products. The oil recovery % increases
on increasing the temperature up to 58.5% at 750 °C which was more significant
than the yield obtained by any other researchers. Also, it was observed that char
percentage decreases on increasing temp, having most of the sulphur (85%) remains
in the char. Also, a very little presence of sulphur in gas phase ensures the safety of
the environment which has to vent off to the environment after burning.
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Solid-State Gas Fermenter to Convert
Syngas to Methane

Aastha Paliwal and Hoysall N. Chanakya

Abstract As we source segregate decomposables from inerts, gasification becomes
attractive for quick treatment and disposal of MSW, while also raising critical ques-
tion of what needs to be done with excess or locally unusable syngas. With SDGs
being drivers, we quickly need to find alternatives to efficiently and sustainably
convert MSW in fuels, fertilizers, and locally value-added products. Conversion to
methane or methanol is a simple option. Gas fermenting bacteria are known for more
than a century, yet the potential to use them as biocatalyst for commercial GTF (gas
to fuel) is being recently investigated. Methanotrophs, methanogens, and acetogens
are themajor groups in focus, where potential use inmethanol production, increasing
in situ methane content in biogas and syngas fermentation to produce liquid fuel, is
active area of research but has met limited success so far. Fairly established science
of methane production through CO2 reduction via hydrogenotrophic methanogens,
high turnover rates, and significance of thesemicrobes in biogas stabilization suggests
the potential of this route in GTF production. This paper describes a biofilm-based
reactor as a potential reactor design for syngas conversion to methane.

Keywords GTF · Reactor design · Biofilm reactor · Hydrogenotrophic
methanogens · Biofuel · Syngas · Methane

1 Introduction

The end of twentieth century witnessed a significant convergence of different fields
of science for the hunt of better fuel alternatives. With increasing dependence of
the ‘global community’ on energy (at the center of which lies fossil fuel-based
energy) and its role in determining the growth of nations [12], search for ‘economic,
renewable and environmentally benign’ alternate fuels/energy sources still remains
the research focus cutting across various domains of science and technology. Roots
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of urgent need of alternate fuel can be traced back to ‘fuel crises of 1970s’ which
brought proponents like hydrogen and solar, methane and methanol at front.

While chemical routes of production: synthetic (thermochemical) or bio-based
‘chemurgy,’ were obvious from the research trends of the twentieth century, con-
cept of ‘sustainable technologies’ in 1987 [9] attracted a lot of microbiologists,
who until then had limited their role to investigating underlying bacterial physiol-
ogy and remained relatively distant from the field of energy production and waste
management. This involvement of microbiologists changed the dynamics of wastew-
ater treatment, making ‘biofilm’ (stagnant/moving)-based reactors popular choice
and opening new (biological) routes of ‘GTL’—gas-to-liquid fuel production using
microbes, a process commonly referred as ‘gas fermentation,’ ‘bio-GTL.’

Despite recent advances in the direction of gas fermentation, commercial use
of hydrogenotrophic methanogens for carbon sequestration and hydrogen storage as
methane has still eluded scientists. Largemethane reserves, catalytic route of produc-
tion from syngas, and low chemical production/procurement cost could be possible
reasons for the lagging interest in tapping this potential. However, rising environ-
mental concerns and realization of the significance of decentralized technologies in
waste management, especially for a country like India where the resource potential
is spread, make gas fermentation to methane an attractive route. With source segre-
gation of MSW, gasification of undigestible fraction offers fast conversion to syngas,
and integration with bioconversion of this gas to methane opens a new route of tap-
ping energy from waste. Biological production of methane from syngas renders the
process economic, rapid with a small environmental and physical footprint even at
small scales (10–200 ton per day). This route of waste-to-energy (W2E) conversion
will delivermethane as the end product, for which infrastructure is well in place. Inte-
gration of gasification with biological methane production using hydrogenotrophic
methanogen increases the resource base, allowing MSW, surplus agro-residues, lin-
ear plastics, etc., to serve as input feed. The time frame of entire reaction is <24 h.

2 Limitations of Current Gas Fermenting Reactors

Current routes of gas fermentation to fuel (for methanol, ethanol, acetate, etc.) face
severe feasibility limitations due to

1. The mass transfer limitation of less soluble gas (solubility of hydrogen < 2 mg/l
[11])

2. High operating costs associated with pure cultures
3. Long startup period (>3 to 9 months) of biofilm based reactors [10]
4. High operating cost of CSTR
5. Toxicity of the end product (e.g., methanol, ethanol) [7]
6. Chemical, physiological, and/or genetic manipulation needed to block metabolic

process after formation of product of interest (knowledge gap) [8]
7. Low specific productivity of product [7].
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We propose a solid-state gas fermenter as a potential bioreactor design for con-
version of syngas to methane using hydrogenotrophic methanogen as biocatalysts.

3 Solid-State Gas Fermenter

Technology for converting waste to syngas is in place [6]. The question that arises
then iswhetherwe canfind any naturally occurring biological phenomenon to convert
surplus syngas to drop in fuels like methane and methanol. This requires overcoming
the foreseeable limitations of gas fermentation and reduction of operating and pro-
duction costs. Figure 1 represents a sketch of the proposed solid-state gas fermenter
for this purpose.

3.1 Biocatalyst: Hydrogenotrophic Methanogens

Inocula from mesophilic biomethanation plants quickly lower the redox potential of
the reactor system (≤ −250 mV) by rapid consumption of oxygen (micro-aerophilic
bacteria of the consortia) and all other oxidized species. Redox potential of this
order arrests the growth of aerobic bacteria, naturally enriching the anaerobic bac-
teria. Administration of carbon dioxide as the only carbon source further moves the
enrichment process in favor of hydrogenotrophic methanogens. This self-regulating
nature of consortia enhanced by single carbon source, CO/CO2, renders the need
of stringent process control redundant. We seek to exploit this natural tendency of
anaerobic consortia to create a biological process that can work at low input energy
and operate successfully even at small scales.

Fig. 1 Solid-state gas
fermenter for conversion
of syngas to methane
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3.2 Biofilm-Based Approach

Ubiquitous presence of biofilms and associated removal of organic compounds (COD
reduction) in the surrounding environment was described by Costerton [5]. He sug-
gested the high treatment potential and high tolerance of biofilms to extreme environ-
ments (toxic material, high abrasion forces, competition, predators). Following his
work, a large number of biofilm-based reactors (both stationary and moving) have
been employed in wastewater treatment and the concept was adopted for gas fermen-
tation reactors later where they conferred the advantage of retaining high microbial
biomass with enhanced access to a gaseous substrate.

Natural (pumice stones), synthetic (PVC, styrene, PPE, etc.), and biological (coir
fiber, ridge gourd fiber, rice husks, etc.) supports have been tried for a variety of
treatment options [1]. Chanakya and Khuntia [1] demonstrated biological biomass
support achieved similar COD reduction (>90%) of the wastewater despite being
less dense (biofilm content on such supports was 4–10 times thinner than biofilms
formed on synthetic support). The high activity of thinner biofilms on biological
supports was hypothesized to result from low EPS, high bacterial cell concentration
as opposed to high EPS, low bacterial cell concentration with synthetic support.

In category of biological biomass support, spent biomass from herbaceous leaf-
based biomethanation plants (0.54–1.09 lbiogas/lbiomass occupied volume/d [4])
is an attractive alternative. In leaf digestion, >90% methane is contributed by
hydrogenotrophic methanogens [2] which adhere to decomposing biomass in con-
centrations that can provide over 20 times higher gas conversion rates than occurring
in the digester [4] and hence is an easy source of microbe of interest.

Digested leaf biomass residue after anaerobic digestion used as biomass support
and source of methanogens provided rapid start-up, where 89.9% CO2 conversion
efficiency, producing 4.49 ml CH4/gbiomass/d, was obtained in only 6 days [CST
unpublished work, 2018]. Continuous disintegration of biomass support (half-life
93days)might also contribute inmethaneproduction at somepoint. In anunpublished
work at CST, 2018, sometimes ~125% conversion to methane was observed, and it is
hypothesized that methane from continued disintegration was responsible for excess
methane detected. This also suggests that potential of this biomass support to serve
as food reserve rendering enhanced tolerance and fast recovery from starvation.

3.3 Operating Parameters

Solid-state methanogenic reactors have been tried for long to convert agro-residues
andMSW to biogaswithout succumbing to problems of floating of feed. It is operated
with very less liquid volume, enough to sustain microbes and appropriate nutrient
supply, recycled to replenish the washed-out microbes (~40%) [3] and minimize
nutrient requirement. Porosity and high surface area of decomposing biomass as
well as a gradually descending film of digester liquid leaching down the biomass bed
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provide necessary conditions for effective diffusion of even poorly soluble hydro-
gen into hydrogenotrophic methanogens. This increases the accessibility of gas to
methanogens, who have very high turnover rate for hydrogen, resulting in high reac-
tion rates.

4 Conclusion

Integration of solid-state biofilm reactor with syngas generator is proposed to con-
vert MSW to methane. Such plants would allow faster and high purity conversion
of waste to methane and obviate need for various forms of rejects and inerts to be
landfilled at high economic and environmental costs. With low water requirements,
self-regulating thin yet highly active biofilms, methane can be generated from an oth-
erwise low-quality syngas that has fewer local applications.Gasflow,water recycling,
and sprinkling system being the only active part, the reactor is relatively passive. In
future, we can look forward to adopt same principle for gas fermentation of methane
to methanol using methanotrophs and integrate the two reactors to enable conversion
of syngas to methanol in a two-stage reactor.
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Abstract The biodiesel quality can be maintained by the most significant criteria
called ‘Storage oxidation stability.’ The chief technical blockage related with the
commercialization of biodiesel is the poor oxidation stability. The investigation of
present paper involves the effects of pyrogallol (PY) antioxidantwhich helps tomain-
tain the thermal stability, accelerated stability, and storage stability for a long tenure
by additive concentration. For different concentrations of PY, the C–H bonds and
O–H bonds regions following the biodiesel oxidation variability can be characterized
by the Fourier-transform infrared (FTIR) spectroscopy. The stability for oxidation
can be increased by 95.67%, stability for storage by 15.42% and stability for thermal
by 71.24% were obtained by adding up of PY at 950 ppm concentration (B100P3)
enhanced with biodiesel which is in pure nature. Further concentration of antiox-
idant leads to the deterioration of hydrophilic and hydrophobic clusters formation
which is characterized by the FTIR spectrum data. From the investigation, it is came
to a conclusion that by dosing 950 ppm of PY antioxidant the Alexandrian laurel
biodiesel could be accumulated over a long period of time.
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Nomenclature

FTIR Fourier-transform infra red
PY Pyrogallol
TGA Thermogravimetric analyzer
TON Onset temperature

1 Introduction

Momentous attention of biodiesel is due to energy concerns like hike in fuel produc-
tion cost, demand, or supply of fuels due to instability and harmful environmental
impact due to fossil fuel burning [1]. In 2014, biodiesel production has been increased
globally by 7.4% and among India biodiesel production is increased by 29.1%which
is about 0.320 million tones than the previous year [2]. When compared to the year
2014 oil consumption level has been escalated by 1.6, 6.2, 2.6, 6.4, 1.8, 6.3, and 8.1%
in Italy, USA, Brazil, China, Australia, and India by the year 2015 [3]. In USA, due
to implementation of renewable energy, the NOx emission has been declined by 50%
[4]. The global energy crisis is mainly due to the emissions from the transportation
sector [5]. The main degradation in biodiesel is due to contamination of foreign par-
ticle, thermal-oxidation decomposition, hydrolysis, and oxidation which will lead to
change in fuel properties and hindering in engine performance [6, 7]. The term ‘fuel
stability’ is mainly focused for the biodiesel degradation. The properties like thermal
stability, oxidation stability, and storage stability were conversed for the stability of
fuel [8]. The oxidation reaction can be stabilized by antioxidants which will react
with peroxide radicals which lead to the liberation of antioxidant free radical, thereby
inhibiting the process of oxidation [8, 9]. High value of heat liberation and high yield
of oil can be obtained from Alexandrian laurel when compared to neem, jatropha,
and karanja biodiesel sources [10]. Table 1 represents the properties of fuel blends.

From the study, it has been observed that the oxidation stability analysis in
biodiesel shows 44.57% higher oxidation stability when 10% pentanol with adding
up of 20%biodiesel [11]. Characteristics of diesel engine like performance, emission,
and combustion can be improved by changing the operating parameters like com-
pression ratio and injection timing [12, 13]. For characterizing the oxidation stability
of various concentrations of pentanol and TBHQ, FTIR has been used [14–16]. FTIR
spectroscopy is used for the observation of fuel stability which has been proposed
as the most efficient and easiest method [17].
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2 Materials and Methodology

2.1 Rancimat Instrument

Figure 1 represents the Rancimat apparatus used for the study of antioxidant char-
acteristics. By using 873 biodiesel Rancimat instrument, oxidation stability can be
determined based on the EN14214 test method. The resistance to chemical and
physical properties degradation by fuel is known as oxidation stability. The oxida-
tion reaction can be controlled by the presence of hydro peroxides and peroxides [6].
For this test, the Indian standard IS15607 is used. From theMet Rohmmanufacturer,
the Rancimat instrument is obtained. For six hours of induction period, the biodiesel
should be displayed at 110 °C as per the EN14214 standard for 6 h.

2.2 FTIR Spectroscopy

As shown inFig. 2PerkinElmer spectrum instrument has beenused for FTIRanalysis.
For correlating the oxidation stability, the FTIR acts as an effective tool. This can
be done by characterizing the specific molecular compounds with the absorption
frequency range of 600–4000 cm−1. For evaluating the fuel stability results, the
C–H and O–H bonds were determined with the corresponding frequency range of
3000–3700 and 2800–3000 [14, 15].

Fig. 1 Metrohm 873
biodiesel Rancimat apparatus
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Fig. 2 PerkinElmer
spectrum instrument

2.3 Thermogravimetric Analyzer

During combustion inside the engine cylinder biodiesel exhibits higher temperature
which increases theNOx emission [18, 19]. Figure 3 represents the thermogravimetric
analyzer—TGA 2050 which is used in this paper to study the thermal stability. The
main use of thermogravimetric analyzer is to analyze the resistance offered by fuel
against degradation for thermal stability. When compared to higher temperature, the
oxidation reaction is different at lower temperature. Diels–Alder reaction explains
that at above 250 °C, it will initiate the oxidation reaction of fatty acid chains in a
rapid manner [20]. As a result of elevated engine cylinder temperature, there is a
chance of recirculation of fuel back into the fuel injection system which will lead to
change in fuel physical and chemical properties [6]. The investigation of antioxidants
can be obtained from ‘onset temperature,’ but for thermal stability there is no specific
standard [21].While investigating previous research papers, it has been observed that
there has been no sufficient study concerning thermal stability of biodiesel [22].

2.4 Test Fuels

About 80% of biodiesel can be obtained from the Alexandrian laurel oil by the gen-
eral process of transesterification [13, 23–25]. Reactants like high-grade methanol
(20% v/v oil) and sodium hydroxide (0.9% w/w oil) were added with raw oil which
has been leveled at 60 °C and at 300 rpm it is stirred. With the help of gravity separa-
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Fig. 3 Thermogravimetric
analyzer—TGA

tion, the glycerol was removed after 12 h. Finally, C.I. biodiesel was obtained after
washing with distilled water [11]. After obtaining biodiesel, it has been dosed with
pyrogallol completely soluble in different concentrations ranging from365, 650, 950,
1100, 1500 ppm. Table 1 represents the properties of test fuels which are determined
with the help of equipments in thermal laboratory, Government College of Tech-
nology, Coimbatore, India. The test fuel blends which are evaluated are as follows:
(a) pure biodiesel (B100), (b) 365 ppm pyrogallol (B100P1) + 100% biodiesel, (c)
650 ppm pyrogallol (B100P2) + 100% biodiesel, (d) 950 ppm pyrogallol (B100P3)
+ 100%biodiesel, (e) 1100 ppm pyrogallol (B100P4)+ 100%biodiesel, (f) 1500 pp,
pyrogallol (B100P5) + 100% biodiesel.

3 Results and Discussion

3.1 Analysis of Thermal Stability

A sample quantity of 9 mg fuel was varied with oxygen and heated to 400 °C at
a rate of 10 °C/min. The process is performed to analyze the thermal stability of
biodiesel samples using onset temperature with the help of TGA 2050 thermogravi-
metric analyzer (TON). The fuel samples of B100P3 and B100P4 showed (68.65
and 50.78%) elevated TON when compared to B100. This was found out when the
biodiesel sample shows lower onset temperature when compared to biodiesel sam-
ple with antioxidant. Figure 4 shows higher onset temperature for all samples by the
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Fig. 4 Thermogravimetric
analyzer onset temperature
(TON) readings for all fuel
blends

addition of pyrogallol antioxidant. Better thermal stability of sample is specified by
elevated TON [6, 26]. Due to elevated temperature, the sample will lose its weight
which will lead to the removal of secondary oxidation products.

3.2 Analysis of Oxidation Stability

The C.I. biodiesel shows higher stability of oxidation enhancement with the pyro-
gallol antioxidant. This can be observed from Table 1 in which the samples have
been initially tested at 110 °C with the IP of above 7 h. From Table 1, it has been
observed that the sample B100P3 shows higher induction period at 110 °C of about
26.82 h. With the help of automated Rancimat software, the obtained IP values are
extrapolated at 20 °C, and also it has been estimated for years and hours in Table 2.
Figure 5 shows the induction period difference between pure Alexandrian laurel and
with the addition of pyrogallol antioxidant for the fuel samples by the following four
temperatures such as 135, 140, 145, and 150 °C.

Up to 950 ppm (B100P3), the induction period increases with raise in pyrogallol
antioxidant. When there is additional boost in induction period, it will lead to fall
in the period level due to the breakage of chemical structure. Pyrogallol antioxi-

Table 2 Represents
Rancimat measurements of
all fuel blends at 30 °C

Samples Extrapolated IP at 30 °C

(year) (h)

B100 0.06 673.5

B100P1 0.51 4569.5

B100P2 0.64 5492.7

B100P3 1.2 12,468

B100P4 1.0 10,854

B100P5 0.89 7682.5
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Fig. 5 Induction periods from Rancimat instrument for all fuel blends

dant involved in B100P3 sample resulted in 95.87% higher oxidation stability when
compared to pure biodiesel. The breakage of hydrophilic and hydrophobic clus-
ters resulted to diminish in the level of B100P4 and B100P5 oxidation stability.
The above-mentioned characteristics can be clearly comprehensible with the help of
Fig. 6 which has been obtained from FTIR spectrum.

Fig. 6 Fuel samples spectrum from FTIR
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3.3 Analysis of Storage Stability

Generally, the storage stability can be analyzed by the changes in acid value and
kinematic viscosity of fuel blends. The acid value and kinematic viscosity changes
over the period of 100 days for all fuel blends are shown in Figs. 7 and 8. From Figs. 7
and 8 for all the samples, it can be seen that with increase in the storage time, the acid
value and kinematic viscosity increase. For this investigation, the KV and AV for all
samples were dogged over an equal interval of 10 days in the aluminum containers at
30 °C. When there is an increase in kinematic viscosity level, there will be also raise
in the level of acid value simultaneously. This is due to the oxidation reaction which
leads to the formation of sediments and gums resulting in the formation of oxidized
polymeric compounds and peroxides in the biodiesel samples [27]. Further during
the period of storage, the formed hydro peroxides and oxides oxidized further in the
acid value which has led to increase in the level of acid value [27]. By preventing
the formation of peroxides, the boost in acid value and kinematic viscosity of fuel
samples can be kept in control. This is possible by adding the pyrogallol antioxidant

Fig. 7 Variation of acid
value for all fuel samples
stored for 100 days

Fig. 8 Variation of
kinematic viscosity for all
fuel samples stored for
100 days



60 P. Mohamed Nishath et al.

in the fuel samples which will show better storage stability as well as lessening the
increase rate in acid value and kinematic viscosity. Both kinematic viscosity and
acid value show a drastic raise in the level of pure biodiesel (B100) after 40 days of
storage. Better resistance to increase in the level of acid value and kinematic viscosity
is shown by pyrogallol antioxidant up to 950 ppm. This can be proved again from the
FTIR spectrum graph which shows not a foremost change in the kinematic viscosity
and acid value at 950 ppm (B100P3) for 150 days. Above 950 ppm due to the low-
grade structure of B100P4 and B100P5 samples, the concentration level increases
and the storage stability decreases.

3.4 Evaluation of Fourier-Transform Infrared Spectroscopy
(FTIR)

The major use of FTIR spectroscopy is the collection of wide spectral range as well
as infrared spectrum of emission or absorption of solid, liquid, or gas. With the help
of specific molecular bonds which transmit the infrared spectrum regions, the graph
has been plotted. For all samples, the FTIR spectrum data has been plotted as wave
number (cm−1) versus transmittance percentage (%) which is shown in Fig. 6. The
chief components for the oxidation reaction are C–H and O–H bonds, respectively
[11]. Lower presence of molecular compounds in the samples can be identified from
the higher infrared transmittance in the FTIR graph. The most important factor to
be considered in the biodiesel samples is to prevent the presence of large number
of oxygen molecules which will lead to lower storage stability, thermal stability,
and oxidation stability. Thus, the formation of hydro peroxides and peroxides levels
in the biodiesel samples can be lowered which are also the main factors for higher
oxidation reaction [11]. These factors can be clearly visualized from the FTIR graph
inwhich the pure biodiesel (B100) shows that the strongO–H chain in 3521.2 cm−1 is
the source for higher oxidation reaction. By analyzing with the pyrogallol additives,
it has been observed that due to the fewer free radicals which involve less impact
in the attraction of oxygen molecules, the results show an increment in oxidation
stability, thermal stability, and storage stability than the previous obtained results.
This will lead to delayed oxidation reaction in the antioxidant blends. Not only the
above factors but also involves higher C–H bonds which have been obtained through
the FTIR spectrum. The stronger C–H bonds of antioxidant surrounds the O–H
bonds of biodiesel which will act as a cluster making it a very complex procedure to
oxidize. Thus, the superior fuel stability is obtained by taking more time for breaking
the cluster [11]. From Fig. 6 with the increase in pyrogallol concentration, B100P1
and B100P2 show increase in the C–H molecules with the display of 24.17%T and
15.99%T and also with the wave number of 2670.25 cm−1. It is also observed that
raise in the level of B100P3 (i.e., up to 950 ppm) is due to the higher presence of
C–H molecules in the sample. In the other terms from the above content, it can be
clearly seen that up to 950 ppm the fuel stability in the B100P3 sample is 8.79%T at
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2960.3 cm−1 higher when compared to B100P4 and B100P5. The lower fuel stability
in B100P4 and B100P5 is observed due to increase in the pyrogallol antioxidant. The
reason behind the degradation is due to the higher exposure hydrophilic entities to
the oxygen molecules in the atmosphere as well as to the sample [11].

4 Conclusions

From the above investigation of pyrogallol antioxidant with the Alexandrian laurel
biodiesel, the following conclusions were made for the thermal stability, oxidation
stability, and storage stability.

(a) Using thermogravimetric analyzer (TGA), the thermal stability has been deter-
mined for all samples, and it has been observed that at 950 ppm the pyrogal-
lol antioxidant shows 68.65% elevated TON (onset temperature) than the pure
biodiesel.

(b) When compared to pure biodiesel, B100P3 shows about 95.87% higher induc-
tion period which has been obtained with the help of Rancimat instrument in
which the oxidation stability was investigated.

(c) Due to the higher dispersion and diffusion of pyrogallol antioxidant with the
biodiesel, the antioxidant volume concentration shows higher storage stability
above 950 ppm which is referred to a second rate storage stability.

(d) The chemical structure of all fuel samples has been analyzed with the help
of FTIR spectroscopy. From the FTIR spectroscopy, it has been observed that
B100P3 shows higherC–Hbond chains (8.79%Tat 2960.3 cm−1)which denotes
that at higher rate the biodiesel will not get oxidized easily. In other hands for
B100P4 and B100P5, there has been lower fuel stability which is due to dete-
rioration of formed hydrophilic and hydrophobic clusters between molecular
compounds.
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Artificial Intelligence Based Artificial
Neural Network Model to Predict
Performance and Emission Paradigm
of a Compression Ignition Direct
Injection Engine Under Diesel-Biodiesel
Strategies

Kiran Kumar Billa, G. R. K. Sastry and Madhujit Deb

Abstract Environmental pollution as well as fast depleting fossil sources are key
factors leading toward search for the alternative resources of energy. Unlike fos-
sil fuels, biofuels are renewable source of energy. Biofuel is defined as any fuel
whose vitality is obtained through a course of biological carbon change. Today, the
use of biofuels has extended throughout the earth. Major producers include Asia,
Europe and America and they consume too. Biodiesel is unpolluted burning alter-
native energy source from 100% renewable resources which can be termed as the
fuel for the future. Many edible alternatives such as Palm oil, Sunflower, Soya Bean
and, non-edible alternatives such as neem, canola, mahua, karanja, and jatropha are
tested successfully with or without engine modifications. The results are encourag-
ing. Biodiesel is a green fuel that can be mixed with petroleum diesel to produce
biodiesel blends to rundieselmachines. This action can reduce huge foreign exchange
load on government, and helps in reducing harmful emissions. In the present study,
Pongamia pinnata methyl ester with an oxygenative additive DEE is added with
diesel. Further, with the help of artificial intelligence an attempt is made to find out
the optimal blend. Artificial Neural Networks in MATLAB are used to serve the
purpose. Furthermore, with the help of an ANN meta model an attempt is made to
find out the optimal blend.
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1 Introduction

The swift depletion of petroleum energies and consistent price hikes of crude barrels
have made a serious impact on the fuel and transport sectors and on the individual
country’s economy. Many alternatives were proposed by the researchers to analyze
the characteristics of a diesel engines running on biodiesel derived from various
vegetable oils, which may be congregated as edible and non-edible oils [1, 2] The
investigations disclosed that vegetable oil esters provide improved performance and
reduced emissions when compared to crude vegetable oils. Since the biodiesels are
derived from plant and vegetable oils, they produce trifling greenhouse gas emissions
[3]. The practice of using edible veggie oils such as like palm, sunflower, soya,
rapeseed for fuel purposes may not be good idea as they are being used for cooking
and can affect country’s economy; i.e., it may fluctuate the cooking oil rates. Non
edible variants should be used to avoid such an issue. Jatropha, rubber seed,Pongamia
pinnata oil and linseed oil are examples of non-edible oils. P. pinnata is encouraged
by the Indian government like a partial substitute to mineral diesel [4]. Proposed
cultivation lands are side ways of railway tracks, dry lands of country side and
government lands of hill sides to grow these shrubs. The Indian railways, one of the
largest consumer of petroleum diesel started utilization of biodiesels to run some
special engines. In addition, State governments also took initiative and they started
using vehicles with bio fuels for transport and personal use. P. pinnata is easy to
cultivate, grows faster and utilizes less water [5]. The by-products like seed crush
can be used to feed cattle and even they can be used as a fertilizer in farm fields.
The seed consists of viscous oil capable of having calorific value and is used to
produce soap oil [6]. The practice of blending the P. pinnata methyl ester blends as
fuels substitutions for diesel engines helps to minimize the energy demand and can
minimize the huge foreign exchange to go out. The P. pinnata seed kernel has 46.5%
viscous oil content [7]. The P. pinnata has palmitic (12.8%), stearic (7.3%), oleic
(44.8%), linoleic (34.0%) acids in its chemistry [8].

1.1 Motivation of the Present Study

• To search an alternative fuel which ultimately improves the engine performance
parameters as well as reduces the engine exhaust emission parameters by using P.
pinnata oil methyl ester (PME).

• A single-cylinder four-stroke DICI engine with no engine modification is used to
carry out the experiment with different blends of PME with fossil diesel.

• Proper blending with 2-EHN additive with the biodiesel-diesel fuel blends to
enhance the performance of the biodiesel which in turn enhances the engine per-
formance parameters and also reduces the engine exhaust emission parameters to
make the fuel ideal.
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• For optimization, Artificial Neutral Network approach is applied to predict the
values of all required points within the ranges depending upon the values of input
parameters coming out from experimental results.

At last, to establish the compatibility ofP. pinnata oil biodiesel as a clean and envi-
ronment friendly fuel for future use with distinguished effect in engine performance
and exhaust emission.

In the present study, biodiesel is produced from non edible oil P. pinnata. The
biodiesel is the methyl ester of P. pinnata oil. Its properties are similar to that of
high-speed diesel. Before conducting the performance test of biodiesel in the Kir-
loskar made single-cylinder variable compression ratio engine, we need to design the
experiment. In the present study, there are three input variables: load, compression
ratio and blend of fuel. The blends can also be varied from 0 to 100% by any sort of
variation as shown in the literature. As per the literature the load also can vary from
no load to full load in any sort of variation. Moreover we choose the levels of these
three input parameters or design factors as five as per the literature suggested. The
load is varied from 20 to 100% with increment of 20%.

2 Pongamia Pinnata Methyl Ester

2.1 Production of Pongamia Pinnata Methyl Ester

It is estimated that P. pinnata oil has potential oils with a yearly production of
200metric ton, fromwhich only 6% is utilized commercially [6]. Inmost of theAsian
villages these trees are visible and are the main production areas and village people
make use of this tree products for various purposes. This investigation highlights
the efforts to produce biodiesel from P. pinnata from rural Indian forests and the
experiments in the laboratory meticulously approves with the testified literature that
the attendance of high Free FattyAcidmarks transesterification reaction hard because
of the development of soapwith alkaline catalyst. In the present virtue of experiments,
the another route of using acid catalyst was implemented for the biodiesel production
from P. pinnata oil [7–9]. Typically P. pinnata oil, collected for the present study,
was detected to comprise 3.2% of FFA.

2.2 Transesterification Process

Transesterification or sometimes alcoholysis is the dislocation of alcohol group from
an ester by another in a manner similar to hydrolysis, with the exception of alcohol
is utilized instead of water. This practice has been widely utilized to reduce the high
viscous triglycerides.
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The transesterification chemical reaction is epitomized by the following general
equation:

RCOOR′ + R′′OH ←→ RCOOR′′ + R′OH

Ifmethyl alcohol is used in this course it is termed asmethanolysis and its glyceride
is represented. Transesterification is a reversible reaction. However, the presence of
a catalyst (a strong acid) accelerates the conversion.

3 Experimental Setup and Procedure

3.1 Preparation of Modified Fuels

The test fuels used for the present investigation are biodiesel blends, derived from
P. pinnata. The kinematic viscosity, specific gravity, and Calorific value of the bio
diesel were measured by means of standard equipment and are 5.2 cSt at 32 °C,
0.93660 and 34.5 MJ/kg, respectively. The fuel additive used in this investigation
is Di Ethyl Ether (DEE), density of 7.13 g/mL. The dosing level of the DEE (by
volume) in the base fuel was 2%.

3.2 Determination of Fuel Properties

The kinematic viscosity, flash point, fire point, pour point and cloud point were
measured by means of standard test methods. The viscosity was gauged by means of
the Redwood viscometer [10]. A Cleveland apparatus for flash point and fire point
[11, 12].

3.3 Details of Testing Equipment

A single-cylinder, water-cooled four-stroke DICI engine was used to investigate the
performance and emission profiles shown in Fig. 1. The performance test is carried
out on a single cylinder variable compression ratio DI diesel engine using high-
speed diesel, methyl ester of P. pinnata oil and their blends with diesel. The engine
is assembled and coupled with an eddy current dynamometer. The arrangement of
experimental setup used for carrying out the present study is shown in Table 1. The
load range taken is from 3 to 12 kg.

During experiment, fuel consumption is measured by a burette and a stop watch,
the engine exhaust (CO, HC, CO2, O2 and NOX ) is analyzed and calculated by AVL
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Fig. 1 Schematic diagram of experimental setup

Table 1 Test rig details Make Kirloskar

Model details TV 1 (VCR)

Type DI-type 4-stroke, water-cooled

Cylinder One

Rated power 3.5 kW @ 1500 RPM

CR 12:1–18:1

Bore 87.50 mm

Stroke 110.0 mm

Injection timing 23° bTDC

Loading type Eddy current dynamometer

DIGAS444 gas analyzer fittedwithDIGASSAMPLERat the exhaust. Table 1 shows
the engine details.



70 K. K. Billa et al.

Table 2 Properties of the sample fuels

Property Pong. pinn. B100 B10 B20 B30 Diesel

Density (kg/m3) 912 898 856 862 868 850

Pour point (°C) −4 4 3.5 3.6 3.7 3.1

Cloud point (°C) 14.6 10.2 7 7.1 8.2 6.5

Fire point (°C) 244 199 91 93 96 78

Flash point (°C) 242 196 89 91 95 76

Cetane number 38.0 57.9 48.2 47.9 47.6 49

Calorific value (MJ/kg) 34.5 39.22 43.32 42.23 41.34 44.82

Kinematic viscosity (cSt) 27.79 5.46 3.23 3.49 3.77 4.842

3.4 Methodology

The fuels used in this study are standard diesel and PME (99.9% purity, Laboratory
used). The blending was done on volume basis as we know that biodiesel is miscible
diesel in all proportions. Hence there is no problem of miscibility of P. pinnata
biodiesel with diesel. For this experiment we have used blends of diesel and biodiesel
in following proportion. They are mentioned below (Table 2):

1. D100—sample containing 100% diesel fuel.
2. B10—Sample containing 10% biodiesel + 0.5% EHN + 89.5% diesel.
3. B20—Sample containing 20% biodiesel + 0.5%EHN + 79.5% diesel.
4. B30—Sample containing 30% biodiesel + 0.5% EHN + 69.5% diesel.

4 Results and Discussion

4.1 Load Versus BP Graph

Figure 2 shows the disparity of brake power with regard to load for diesel fuel and
P. pinnata biodiesel and additives. It can be observed from the figure that there is no
significant change in brake power. All blends, i.e., B10, B20, B30 including diesel
gave more or less the same readings. In specific 6% loss in Brake power is observed,
this is because of the low energy content of P. pinnata blends.

4.2 Load Versus BSFC Graph

Figure 3 shows the disparity of brake specific fuel consumption with respect to load
for diesel fuel and P. pinnata biodiesel and additives. It can be observed from the
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Fig. 2 Load versus BP
graph

Fig. 3 Load versus BSFC
graph

figure that shows b20 and b30 blends shows lower specific fuel consumption when
compared to the conventional diesel But b10 biodiesel blend shows higher specific
fuel consumption at any load. so should prefer b10 when for lower fuel consumption.

4.3 Load Versus BSEC Graph

Figure 4 shows the disparity of brake specific energy consumption with respect to
load for diesel fuel and P. pinnata biodiesel and additives. It can be observed from
the figure that shows B20 and B30 blends shows lower specific energy consumption
when compared to the conventional diesel but B10 biodiesel blend shows higher
specific energy consumption at low load. But after half load energy consumption
decreases.
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Fig. 4 Load versus BSEC
graph

4.4 Load Versus BTE Graph

Figure 5 shows the disparity of CO with regard to load for diesel fuel and P. pinnata
biodiesel and additives. It can be seen that the BTE of B20 is very close to diesel
at higher loads. However all biodiesel samples were performing satisfactorily when
compared to diesel. This is because of the excess oxygen portion in the biodiesel and
the oxygenative additive helped in complete combustion and maximum utilization
of the heat content in the biodiesel samples.

Fig. 5 Load versus BTE
graph
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Fig. 6 Load versus carbon
monoxide graph

4.5 Load Versus CO Graph

Figure 6 shows the disparity of CO with regard to load for diesel fuel and P. pinnata
biodiesel and additives. It is one of the prime objectives of the project. CO emissions
are very less up to half load for any P. pinnata blend but after half load the CO
emissions of B20 and B30 slowly creeped up. This is because of excess oxygen
content in the P. pinnata blends which resulted in complete combustion and formed
carbon dioxide instead of carbon monoxide.

4.6 Load Versus Carbon Dioxide Graph

Figure 7 shows the disparity carbon dioxide with regard to load for diesel fuel and
P. pinnata biodiesel and additives. It is clearly seen that from graph all the blend
shows low emissions of carbon dioxide at low loads and slightly increases at half
loads which is negligible and again decreases at full loads when compared with
conventional diesel.

4.7 Load Versus Hydro Carbons Graph

Figure 8 shows the disparity hydrocarbons with regard to load for diesel fuel and P.
pinnata biodiesel and additives. Due to the excess oxygen present in the biodiesel
and the oxygenative additive DEE complete combustion took place and formation
of HC gone down. It is clear that B30 showed least HC production from the graph.
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Fig. 7 Load versus carbon
dioxide graph

Fig. 8 Load versus HC
graph

4.8 Load Versus Exhaust Gas Temperature Graph

Figure 9 shows the disparity of exhaust gas temperature with regard to load for
diesel fuel and P. pinnata biodiesel and additives. It is a degree of performance as
progressive exhaust gas temperatures results in greater heat release in combustion
chamber and hence giving probability to rise brake thermal efficiency. From the
graph it is clearly seen that that EGT is high in all the blends when compared to
conventional diesel.
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Fig. 9 Load versus EGT
graph

4.9 Load Versus NOx Graph

Figure 10 shows the variation of NOx with respect to load for diesel fuel and P.
pinnata biodiesel and additives. On the account of the excess oxygen present in the
biodiesel complete combustion took place and temperature inside the combustion
chamber increased thereby increasing the NOx emission. From the graph it is clear
that B30 showed maximum NOx emissions. It cannot be completely stopped but it
can be minimized like EGR techniques.

Fig. 10 Load versus NOx
graph
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5 Artificial Nueral Networks (ANN)

ANN technique is a beneficial mathematical tool that has been adopted to predict
responses required extended (experimentally) time and sophisticated devices such
as internal combustion engines. Essentially, ANN denotes to a computation config-
uration method exhibited on biological processes, primarily on the implementation
of human brain, involving number of interconnected meting out elements termed as
neurons, which process data based on their active state with reference to inputs. Fig-
ures 11 and 12 demonstrates the typical architecture and the modelling tree of the
proposed neural network model.

Fig. 11 Typical neural network model

Fig. 12 ANN modeling tree
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5.1 Development of ANN Model

Normalization of data which bring homogeneity among the engine responses is done
by using the following formula

Actual value

Maximum − Minimun
× (High − Low) + Low

In the present research feed-forward neural network with back propagation tech-
nique is being employed. ANN has been cast-off considering innumerable model
configurations to attain the optimum engine routine and exhaust gas discharge pre-
diction. The developedANNmodels is being trained using the collected experimental
paradigm. Performance of ANN is subject to the data presented to it, hence mounting
of input and output information is vital. In the current investigation, an ANNmodel-
ing is being used to predict the relationship of BSEC, BTE, NOx, EGT, UHC and CO
with load percent and percentage of biodiesel as input parameters. The relationship
between the preferred input variables and anticipated outputs in the comprehension
of the current study which has been studied in the association matrix bear proof to
the inconsistent influences of the input parameters on the anticipated emission and
performance responses. From the dataset, about a total of 20 samples are used in
this model, 60% of the data (12 samples) dataset has been arbitrarily assigned as the
training, while the 20% of dataset (4 samples) are utilized for testing and the residual
20% is used to estimate and validation. The developed Model is run using MATLAB
toolbox. Multi-layer perception network (MLP) is used in nonlinear mapping among
the inputs and the output paradigm. To an additional second derivative of error data
and automatic internal alterations that are prepared to the learning constraints. In the
present algorithm, the network weights as well as biases are initialized arbitrarily at
the commencement of the training chapter. Error minimization method is achieved
by means of a gradient descent rule. There are two input and six output parame-
ters in the experimental test. The two input variables are considered to be as ‘load
percent’ expressed in percentage and the ‘Biodiesel percentage’ also in terms of per-
centage. The six outputs have been outlined as BSEC, BTE, NOx, EGT, UHC and
CO on MATLAB toolbox, which was also selected by way of our iteration solver.
The developed ANN model is limited to the tentative data which is obtained on the
existing engine setup. The ANN edifice has established with double hidden layer and
16 neurons evidenced to be the best ANN selection in this replication subsequently
the R2 values are observed mostly closer to unity. During the constantly ANNmodel
training, the minimum gradient of 10−5 and 1000 epochs are used as ending criteria.
Trained model is simulated for all input parameters to comprehend corresponding
individual output responses of the model. By means of targets as well as outputs of
the model, regression coefficients, MAPE and MSE have been estimated using the
following expressions [13]
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Regression Coefficient(R) =
√
1 −

(∑n
i=1 (ei − pi )

2∑n
i=1 p

2
i

)

where n is the total number of datasets, ei is the experimental value and pi is the
network predicted value. TheR-valuewas set to be limited to 25 neurons in the hidden
layer. Thus, the network with 15 neurons in the hidden layer was found satisfactory.
To attain an accurate outcome, a regression scrutiny of outputs and anticipated targets
is performed and is presented. The precision of the training process is validated by
means of the testing method.

The testing course involves in presenting a totally unique set of experimental
dataset to test the precision of the trained network in forecasting the specific engine
responses. A broadmeasure of the precision of the testing segment is theMSE shown
in following equation.

Mean Square Error = 1

n

{
n∑

i=1

(ei − pi )
2

}

The mean square error (MSE) and correlation coefficient (R2), displayed in the
table, are also computed when matched with the anticipated and investigational val-
ues. MSE provides data on the temporary performance of the model by authorizing
term-by-term evaluation of actual deviation between the predicted andmeasured val-
ues. The MSE has been always positive and a zero value to be ideal. MSE delivers a
pointer of the prognostic error relative to the precise value. Lower the MSE demon-
strates a superior correlation among the prophesied and experimental outcomes. The
R2 value offers an another pointer between the prophesied and experimental infor-
mation, Where R2 values nearby to 1 signifies the most precise prediction.

5.2 Results and Discussions

ANN model training was utilized for number of times with 1000 iterations. Leven-
berg–Marquardt training procedure through logarithmic sigmoid transfer function
employed for layer-1 as well as for layer-2 respectively, produced paramount regres-
sion, MAPE and MSE. It was observed that MSE is greater for smaller number
of neurons, reaffirming the point that the smaller number of neurons determines
decision-making vigorous. Although, MSE is greater for greater number of neurons
as tuning of weights to diminish error is time-consuming. The optimum figure of
neurons why ever MSE was perceived to be insignificant is 16. In acquirement of
constraints to access the propinquity of actual and anticipated values, MSE alone
was not adequate. Pursuant to the case of training algorithm, even though MSE is in
the tolerable range, MAPE and regressions may not in the acceptable limits. Thus
the skillful ANN model was developed by enchanting regression, MSE and MAPE
in place of a valuation standard.
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Mean Absolute Percentage Error(MAPE) =
{
100

n

n∑
i=1

∣∣∣∣ (ei − pi )

(e)

∣∣∣∣
}
%

Levenberg–Marquardt training function through logarithmic sigmoid transfer
function, theANNprophecies for proposed test cases demonstrated outstanding over-
all agreement catalogues with the experimental responses where it attained a 99.47%
regression. Statistical studies for Brake Specific Energy Consumption (BSEC) has
shown that the proposed ANN model gave least MSE content of 0.0141 [14]. The
assurance of the ANN prophesied BTE is evident in the tenacious concurrency in
association with the experimental data for all iterations of experimental data as evi-
dent from Fig. 13a–g. It is also witnessed that the ANN affords decent level of
accuracy in demonstrating the engine responses. This has been supported by the reli-
able concurrency of the ANN anticipated values with the experimental dataset for
the total series of observations. Likewise, NOx emissions also anticipated precisely
as obvious from the similarity with the observed data. From the tentative results
we conclude that there is a substantial reduction in the CO, CO2 and HC emission
profiles because of superior combustion characteristics demonstrated by the pilot
test fuels. Table 3 shows Regression values at various neurons and the maximum
regression is achieved at a topology of 16 neurons as shown in Fig. 14.

6 Conclusions

NOx levels were a bit higher than the petro diesel due to the reason that excess
oxygen levels in the pilot fuel sample. We can witness that the emission profiles
predicted with FFNN that track a certain trend have a poorer error percent than
matched to those that doesn’t track a certain flow. Additionally, the emissions that
disagree approximately in a linear manner have a nominal percent of error than those
that track a quadratic or a cubic equation. Therefore contingent to the nature as well
as the tendency of emission profile we can practice FFNN to forecast the emission
profiles depending upon the obligatory level of precision and thus providing the
required emission profiles without resonant the actual experimental investigation. P.
pinnatamethyl ester seems to have a prospective to practice as alternative fuel inDICI
engines deprived of any modification. Based on the above results the conclusions
were drawn on whole as laid below.

1. Blending diesel declines the viscosity substantially.
2. It is also concluded from the experiment that practice of adding additives with

diesel and biodiesel blends has increased the cetane number, lubricity, and sta-
bility of the testing fuel which resulted into improved performance with the PME
blends.
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Fig. 13 a–g Comparison of experimental versus predicted properties
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Table 3 Topology of various neurons

Neurons Regression coefficient (r)

Training Validation Testing Overall

10 0.96038 0.99807 0.99824 0.97078

11 0.98648 0.95858 0.99873 0.98466

12 0.98958 0.9592 0.8598 0.96496

13 0.97214 0.97223 0.97846 0.97329

14 0.99736 0.96716 0.97593 0.98805

15 0.97133 0.99875 0.99883 0.97799

16 0.99596 0.99225 0.99211 0.9947

17 0.96728 0.99077 0.99865 0.97372

18 0.98602 0.9679 0.84972 0.96468

19 0.9726 0.98899 0.99488 0.97844

20 0.92631 0.99713 0.99727 0.95181

21 0.97295 0.88313 0.99756 0.96326

22 0.95315 0.99412 0.99301 0.96728

23 0.94956 0.98571 0.99682 0.96064

24 0.94375 0.97692 0.97248 0.95204

25 0.97161 0.95927 0.94135 0.96417

3. It was instituted by the experiment that the blends of PME, DEE and diesel could
be practiced successfully with satisfactory performance than pure diesel capable
to a certain limit.

4. From experiment it is concluded that B20 could replace the diesel for diesel
engine for attainment of better performance.

5. The brake thermal efficiency was slightly better than pure diesel fuel.
6. Brake specific fuel consumption is lesser for PME blends than diesel at all the

load conditions.
7. The exhaust gas temperature is instituted to increase with percentage of PME in

test fuels in accordance with coarse spray foundation and delayed combustion.
8. ANN is found to be capable of predicting the engine output responses with

regression values close to the unity andMAPE andMSE values under acceptable
threshold.
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Fig. 14 Best topology
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simulated under same conditions. The engine performance simulation in GT-Power
confirmed that the software is valid to be used in compression ignition engine simula-
tion with biodiesel from any feedstock and at all speeds because both experimented
and simulated results are very close with identical peaks. Pure biodiesel samples
produced the lower CO, NOx, CO2 and SO2 emissions than diesel.

Keywords Biodiesel · GT-Power · Simulation

1 Introduction

Biodiesel is an alternative diesel fuel which is produced by trans-esterification of
plants oils and animal fats [11, 11–14, 18, 19, 22]. Biodiesel is chemically defined as
the monoalkyl esters of long-chain fatty acids resulting from sustainable biological
feedstocks [1, 30]. Incessant depleting rate and increasing cost of fossil fuel are
factors of great concern to energy security [17, 18]. The energy security of the
developing nations and non-oil-producing nations and the global economy in general
is under siege [6]. Global energy demand is rising because of the exponential increase
in populations and industrial growth. To realize the energy independence bearing in
mind the world wide apprehension, it is indispensable to find eccentric fuel sources
[23, 26]. Recently, over 350 famous oil-producing crops were identified as potential
spring for biodiesel production [24].

Simulation is the imitation of the operation of a real-world process or system over
time [2]. Simulation is used when the real system cannot be engaged, unaccessible
and unacceptable to engage, to save time and cost [32]. The GT-Suite simulation
software posses simulation modeling libraries-tools which is used to analyze engine
combustion and acoustics, vehicle power trains, cooling systems, lubrication systems,
fuel injection systems, valve trains and crankshafts [5]. Kyrtatos et al. [20] carried out
a simulation and validation of combustion and pollutant at varying inlet conditions
for common rail diesel engines. The research portrayed the ability of the model to
predict the combustion and emissions of diesel fuel through varying the injection
conditions and inlet charge in the diesel engines.

Hosseinzadeh et al. [7] conducted an numerical and experimental study of the
effects of air filter holes masking on the altitude at heavy duty diesel engine (HDDE).
Sinnamon [31] worked on co-simulation analyses of transient response and con-
trol for an engine with variable valve trains. Mohiuddin et al. [25] studied optimal
design of automobile exhaust system using GT-Power. Exhaust (Manifold) system
was designed using GT-Power software and its performance was compared with an
existing system. It was established that, the newly designed exhaust manifold showed
lower back pressure which ultimately resulted in better performance of the engine.

Liu et al. [21] established that the B100 biodiesel fuel reduced NOx emissions
by 10%. Despite the resourceful findings by the scholars on engine simulations,
research on the simulation of the performance of biodiesel from various feedstocks
in CI engines has left a vacuum in this broad area. Therefore, this article has inves-
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tigated the performance of biodiesel from various feedstocks in a 4-cylinder diesel
engine modeled in GT Suit. There are only a few researches that consider the simu-
lation of binary biodiesel blends only, but less attention was given to biodiesel from
pure feedstock. The objective of this research is to develop compression ignition
engine model using GT-Power software, validate the model and simulate the engine
performances of the biodiesel from various feedstocks under full loading condition
at variable speeds.

2 Methodology

2.1 Materials, Equipment and Methods

2.1.1 Raw Materials

The raw materials used for the purpose of this research are as follows:

I. Diesel fuel sourced from Nigerian National Petroleum Corporation (NNPC)
Mega Station, Katampe, Abuja

II. Biodiesel samples comprising 5 L each of cotton seed oil, jatropha seeds oil and
neem seeds oil.

2.1.2 Equipment

i. A PC system installed with GT-Suite package version 7.4,
ii. The engine test bed used is a P8616 1600 CC 4-cylinder water cooled compres-

sion ignition engine manufactured by Cussons Technology, Manchester, and
Year 2011 model. The Engine specifications are presented in Table 1.

iii. IMR-1400 gas analyzer, manufactured by Environmental Equipment Incorpo-
ration, 2014 Model, Central Avenue, Florida, USA.

2.1.3 Methodology

Modeling and Simulation of Engine Performance

See Fig. 1.
The one-dimensional numerical analyses of GT-Power software were used to sim-

ulate the diesel engine.Using themodeling tool ofGT-Power, engine cycle simulation
for biodiesel/petro diesel fuels and the engine specifications for the test rig used in
Section “Secondary Biodiesel Data Sourcing and Analyses”, a compression ignition
engine was modeled (Built) into the GT-Power software to reflect the used test rig.
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Table 1 Specifications of the engine fleet, manufactured by Cussons Technology,Manchester, UK,
2010

Engine type 4-cylinder in-line DOHC duel mass flywheel

Number of valves 16

Block Aluminm

Head Aluminm

Horse power 81 kW (11 OPS) at 4000 rpm

Torque 240–260 Nm at 1750 rpm with transient over boost

Displacement 1560 CC

Bore 75 mm

Stroke 88.3 mm

Compression ratio 18:1

Alignment Transverse

Weight 107 kg

Dimensions H × L ×W 600 × 500 × 580 mm

Source Cusson’s manual (2010)

Equally important liquids information on density, enthalpy and transport properties is
incorporated so that the properties of the liquid will be known if the fluid evaporates
(Kofarbai and Zheng 2012). The modeled engine was simulated using the GT-Power
software to study engine performance characteristics. These studies weremadewhen
the simulated engines were operating on petro diesel alone when the engines were
running on biodiesels alone, as well as when they were running on various biodiesel
blends with petro diesel. Plate 1 portrayed the GT-Power interface. Additionally, the
simulation was conducted under full loading conditions and at an engine speed of
2500 rpm. The engines parameters like brake mean effective pressure; brake specific
fuel consumption and brake thermal efficiency were recorded for each engine sim-
ulation [29]. After completing the simulation model, the results were recorded and
tabulated for comparisons with those obtained from the engine fleet.

Secondary Biodiesel Data Sourcing and Analyses

The secondary data of the physicochemical properties of biodiesel made up of differ-
ent feedstock such as yellow grease, palm, rapeseed, soy, canola, sunflower, tallow,
corn, algae, coconut, camelina, safflower, waste cooking oil, castor, and others were
obtained through and extensive literature review. Data from literature sources were
obtained for most of the common biodiesel feedstock. For each physicochemical
property per feedstock, the mean of the data, the mean deviation and the standard
deviation was computed. The results were presented and discussed accordingly in
comparison with ASTM and EN Standards. The statistical results were kept for
further analyses [8].
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Fig. 1 Simple flowchart for the execution of simulation program
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Plate 1 Four cylinder CI engine model from GT Suit

3 Results and Discussions

3.1 Results of Physicochemical Properties from Secondary
Data Analyses

Themeans and deviation values for physicochemical properties of different biodiesel
feedstock obtained from the literature are presented herewith in Tables 2 and 3. From
the secondary data obtained, the mean kinematic viscosity values for all the biodiesel
from various feedstocks under review except the castor oil biodiesel conform to the
ASTMstandards.Viscosity influences the ease of starting an engine, the sprayquality,
the particle size, and the quality of air-fuel mixing and the penetration of the injected
jet.

The mean flash points of most biodiesel from various feedstock fall within ASTM
limits. The flash points of soy, safflower and corn biodiesel are slightly higher, while
that of coconut, algae and tallow are slightly lower than the ASTMmin. The implica-
tion here is that; all the fuel samples are safe to handle. There storage is much safer;
this is consistent with the works of Dandaje and Kaisan [3], and Kaisan et al. [10,
15, 16]. The mean heating values of all biodiesel except that of the castor confirm
with EN minimum standards. All the mean specific gravity values except that the
algae conform to ASTM minimum and maximum standards, most of the biodiesel
values of pour point fall within ASTM limits except the palm and tallow biodiesel,
with high positive values of 12.90 and 10.86 °C respectively. This is consistent with
work of, Enwerenmadu et al. [4], and Kaisan et al. [18]. The specific gravity of a
fuel has effects on the gravity of atomization and combustion and slightly affects
fuel droplet size and air fuel mixing in an IC engine. All the average cetane values
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under consideration conformed to the ASTM standards. Generally, shorter ignition
delay results in higher cetane number and vice versa. This implies that all the blends
herein examined would have the shortest possible ignition delay in a CI engine.

3.2 Exhaust Emissions Results

The results of the engine emissions at the engine speed of 1000, 1500, 2000 and
2500 rpm are presented in Tables 4, 5, 6 and 7.

From Tables 4, 5, 6 and 7, the CO and NOx emissions of the three biodiesels
and diesel were portrayed at engine speeds of 1000, 1500, 2000 and 2500 rpm
respectively.

From the tables, the CO emission of cotton biodiesel maintained a constant value
of 0.04 g/m3 at all engine speeds. Jatropha biodiesel showed a common value of 0.05
CO emission in g/m3 between 1000 and 1500 rpm, at 2000 rpm, the value increased to
0.06 g/m3 and at the highest speed of 2500 rpmshowed a further increase to 0.08 g/m3.
This is contrary to the carbon monoxide emissions of neem which increased steadily
from 0.47, 0.55, 0.559 and 0.8 g/m3 at engine speeds of 1000, 1500, 2000 and

Table 4 Exhaust emissions for biodiesels from cotton, jatropha and neem at 1000 rpm

Flue gases Cotton B100 Jatropha (B100) Neem (B100) Diesel (B000)

CO (g/m3) 0.04 0.05 0.47 0.81

NOx (g/m3) 0.081 0.24 0.25 0.267

Table 5 Exhaust emissions for biodiesels from cotton, jatropha and neem at 1500 rpm

Flue Gases Cotton B100 Jatropha (B100) Neem (B100) Diesel (B000)

CO (g/m3) 0.04 0.05 0.552 0.863

NOx (g/m3) 0.084 0.24 0.26 0.278

Table 6 Exhaust emissions for biodiesels from cotton, jatropha and neem at 2000 rpm

Flue gases Cotton B100 Jatropha (B100) Neem (B100) Diesel (B000)

CO (g/m3) 0.04 0.06 0.559 1.25

NOx (g/m3) 0.12 0.24 0.3 0.358

Table 7 Exhaust emissions for biodiesels from cotton, jatropha and neem at 2500 rpm

Flue gases Cotton B100 Jatropha (B100) Neem (B100) Diesel (B000)

CO (g/m3) 0.04 0.08 0.8 0.81

NOx (g/m3) 0.15 0.24 0.32 0.36
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2500 rpm respectively. The diesel was leading in each case in terms of CO emission.
Largely, the partial combustion of fuel and the Carbon monoxide (CO) emissions are
due to insufficient molecular oxygen content in a fuel [24]. In general, factors such
as air-fuel ratio; speed of the engine, injection time and pressure and the type of fuel
used influence the CO discharge. The zenith values of Carbon Monoxide emission
were given by the petrol diesel. Neem biodiesel is not too good in terms of CO
emissions. The NOx emissions from Tables 4, 5, 6 and 7 showed that cotton has the
least emission at all engine speeds. The maximum value of Nitrogen Oxides (NOx)
emission was exhibited diesel fuel. Astonishingly, B100C, B100N and B100J gave
relatively the low NOx emission tendencies. The value of NOx emitted by neem is
higher than cotton and jatropha. This is because neem has more Nitrogen in its seeds
than the duo, this accounts for the use of neem as a substratum for organic fertilizer
production. The results are in conformity with. Although, they are inconsistent with
Ong et al. [28, 27].

3.3 Modeling and Simulation Using GT-Power Software

3.3.1 Model Validation

The simulated results of the engine performance were compared with the result of the
engine test obtained, and presented in Figs. 2, 3 and 4 for the specific fuel consump-
tion, brake mean effective pressure and brake thermal efficiency respectively. The
pictures of the result window sample displayed on the GT-Post (From the GT-Suite
software) are shown in Plate 2.

The experimented and simulated specific fuel consumption of jatropha. Cotton
and neem biodiesel during respective speeds of 1000, 1500, 2000 and 2500 rpm
are shown in Fig. 2. It could be observed that, there is no significant difference
between the experimental values and the simulated values. The BSFC at 1000 rpm
for cotton biodiesel has a difference of 1.37% been the lowest difference between the
experimented and simulated values, while the BSFC of neem biodiesel at 2000 rpm
has a difference of 13.75% been the highest difference between the experimented and
simulated values. The remaining values are in between the former two and are less
than 10% each, which makes them acceptable in accordance with the findings. The
BSFC for the experimental and simulated data show relative correspondence in each
case and at all speeds. The simulated results increase with corresponding increase in
experimental results and reduce with corresponding decrease in experimented results
in all cases of specific fuel consumption. This makes the GT-Post findings to be real
since they are very consistent with the experimented data.

Furthermore, Fig. 3 depicts the experimented and simulated values of brake mean
effective pressure of jatropha, cotton and neem biodiesel at respective speeds of
1000, 1500, 2000 and 2500 rpm. It can be perceived that, there is no significant
difference between the experimental values and the simulated values. The bmep at
2500 rpm for cotton biodiesel has a difference of 1.44% been the lowest difference
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Plate 2 Sample simulation result in GT-Post

between the experimented and simulated values, while the bsfc of jatropha biodiesel
at 1500 rpm has a difference of 8.20% been the highest difference between the
experimented and simulated values. The remaining values are in between the former
two and four of them are just slightly above 1% difference each, this makes them
acceptable in accordance with the findings. The bmep for the experimented and
simulated data show relative correspondence in each case and at all speeds. The
simulated results increase with corresponding increase in experimented results and
reduce with corresponding decrease in experimented results in all cases of specific
fuel consumption. This makes the GT-Post findings to be real since they are very
consistent with the experimental data.



98 M. U. Kaisan et al.

Similarly, Fig. 4 illustrates the experimented and simulated values of brake ther-
mal efficiency of cotton, jatropha and neem biodiesel at respective speeds of 1000,
1500, 2000 and 2500 rpm. Just like the two earlier cases, there are no any significant
differences between the experimented and simulated data in brake thermal efficien-
cies of biodiesels from cotton, jatropha and neem at all speeds. At the speed of
2500 rpm, for cotton biodiesel, the brake thermal efficiencies are exactly the same
values for both experimented and simulated results. This can be explained by the fact
that, engine performance models are often dependent on the experimental setup in
which they were determined, thus giving slightly different results depending on the
context where they are used (Abbe et al. 2013; Kolhe et al. 2015). This makes the
GT-Suite very reliable software in engine performance simulations. Therefore, the
software can be used to determine the performance of CI engines with any biodiesel
fuel at any speed. Statistical analyses confirmed that, the mean value of the exper-
imental brake specific fuel consumption was 0.465 kg/kW-h and the mean value
for the simulated brake specific fuel consumption was 0.491 kg/kW-h. The standard
deviation in brake specific fuel consumption between the experimented and simu-
lated values was 0.078. A similar trend was shown in the values of brake thermal
efficiencies. The experimental brake thermal efficiency values gave an average 0.563
while the simulated values gave a mean of 0.589. The standard deviation was 0.094.
This implies that there is a strong tie between the experimental and simulated values
and hence, the GT-Suite can be used to replace a typical engine rig.

4 Conclusion

From the secondary data obtained all the feedstocks reviewed have conformed to
ASTM and EN Standards except: castor for viscosity and heating value; algae for
density and specific gravity; and palm and tallow for pour point. This implies that the
quality of combustion, atomization and fuel droplets can be improved in CI engines
using these blends Therefore; the fuel properties indicate that they have the possible
to replenish the energy burden in an eco-friendly method and its likelihood to be
a viable fuel source for CI engines. Biodiesel displays positive emissions level and
emits fewer pollutants than that of diesel. Pure biodiesel extracted from jatropha,
cotton and neem give the lower CO and NOx emissions compared with the petro
diesel. Cotton biodiesel has the same value of CO emissions which is 0.04 g/m3

throughout the experiment at all engine speed as well as during simulation. The least
values of CO emission were 0.03 g/m3 both for Sunflower and Safflower biodiesel
which also had the lease values of NOx emissions as 0.11 and 0.14 g/m3.



Comparative Analysis of Experimental and Simulated Performance … 99

References

1. Ashok, B., Nanthagopal, K., Kavalipurapu, R. T., Saravanan, B. D., Arumuga P., & Kaisan, M.
U. (2018). Experimental study of methyl tert-butyl ether as an oxygenated additive in diesel
and Calophyllum inophyllum methyl ester blended fuel in CI engine. Environmental Science
and Pollution Research. https://doi.org/10.1007/s11356-018-3318-y. Published by Springer.

2. Banks, J., Carson, J., Nelson, B., & Nicol D. (2001). Discrete-event system simulation (Vol. 1,
3, pp. 1–3). Prentice Hall.

3. Dandajeh, H. A., & Kaisan, M. U. (2014). Engine performance characteristics of a gardener
compression ignition engine using rapeseed methyl ester. In Nigeria Engineering Conference,
Ahmadu Bello University, Zaria, Nigeria.

4. Enwerenmadu, C. C., Omodolu, C., Mustapha, T., & Rutto, L. (2014). Effects of feedstock-
related properties on engine performance of biodiesel from canola and sunflower oils of South
African Origin. Journal of Industrial and Mechanical engineering, 15–16.

5. GTI Soft. (2014).GT Power engine simulation software. Retrieved on 14th August, 2014 from
http://www.gtisoft.com/applications/a_Engine_Performance.php.

6. Giakoumis, E. G. (2012). A statistical investigation of biodiesel effect on regulated exhaust
emission during transient cycles. Applied Energy, 98, 273–291.

7. Hosseinzadeh, S., Bandpy, M. G., Rad, G. J., & Keshavarz, M. (2012). Experimental and
numerical study of impact of air filter holes making on altitude at heavy-duty diesel engine.
Modern Mechanical Engineering, 2 , 157–166. http://www.eia.gov/forecasts/steo/pdf/steo_
full.pdf.

8. Kaisan, M. U. (2017).Modelling and simulation of biodiesel blends into compression ignition
engine. Unpublished Ph.D. Research, Ahmadu Bello University, Zaria, Nigeria.

9. Kaisan, M. U., Abubakar, S., Umaru, S., Dhinesh, B., Mohamed Shameer, P., Mohamed
Nishath, P. (2018). Comparative analyses of biodiesel produced from jatropha and neem seeds
oil using gas chromatographic and mass spectroscopic technique. Biofuels, 1–12. https://doi.
org/10.1080/17597269.2018.1537206.

10. Kaisan, M. U., Anafi, F. O., Nuszkwoski, J., Kulla, D. M., & Umaru, S. (2016). Review of
physico-chemical properties of biodiesel feedstock and their suitability for Nigerian economy.
Oriental Hotel, Lagos, Nigeria: Nigerian Energy Forum.

11. Kaisan, M. U., Anafi, F. O., Nuszkowski, J., Kulla, D. M., & Umaru S. (2017). Calorific value,
flash point and cetane number of biodiesel from cotton, jatropha and neem oil binary and
multi-blends with diesel. Biofuels, 8(4), 1–7. Published by Taylor and Francis.

12. Kaisan, M. U., Anafi, F. O., Nuszkwoski, J., Kulla, D. M., & Umaru S. (2017). Exhaust
emissions of biodiesel binary and multi-blends from cotton, jatropha and neem oil from sta-
tionary multi cylinder CI engine. Transportation Research Part D: Transport and Environment,
53(2017), 403–414. Published by Elsevier.

13. Kaisan, M. U., Anafi, F. O., Nuszkwoski, J., Kulla, D. M., & Umaru S. (2017). Fuel properties
of biodiesel from cotton, jatropha binary and multi-blends with diesel. Nigerian Journal of
material Science and Engineering, 7(1): 55–61. Published byMaterial Science and Technology
Society of Nigeria.

14. Kaisan, M. U., Anafi, F. O., Nuszkwoski, J., Kulla, D. M., & Umaru S. (2017). Cold flow
properties and viscosity of biodiesel from cotton, jatropha and neem binary and multi-blends
with diesel. African Journal of Renewable and Alternative Energy, 1(1), 80–89. Published by
Renewable and Alternative Energy Society of Nigeria.

15. Kaisan, M. U., Anafi, F. O., Nuszkwoski, J., Kulla, D. M., & Umaru S. (2016). Fuel properties
of biodiesel from cotton, jatropha binary and multi-blends with diesel. Material Science and
technology Society of Nigeria. NARICT, July, 2016.

16. Kaisan, M. U., Anafi, F. O., Nuszkwoski, J., Kulla, D. M., & Umaru, S. (2016). Performance
evaluation of binary and multi-blends of biodiesel from cotton, jatropha and neem oils in multi
cylinder CI engine. In: International Conference on Alternative Fuels, University of Kayseri,
Turkey.

https://doi.org/10.1007/s11356-018-3318-y
http://www.gtisoft.com/applications/a_Engine_Performance.php
http://www.eia.gov/forecasts/steo/pdf/steo_full.pdf
https://doi.org/10.1080/17597269.2018.1537206


100 M. U. Kaisan et al.

17. Kaisan, M. U., Nafiu, T., & Habib, Y. B. (2010). Carbon capture storage and processing as a
means of enhancing renewable energy sources in Nigeria. Renewable and Alternative Energy
for Sustainable National Development, 2(1), 219–225.

18. Kaisan, M. U., Naifu, T., & Habib, Y. B. (2010). Towards new policies in minimizing green
house gas emission in Nigeria. Renewable and Alternative Energy for Sustainable National
Development, 2(1), 306–316.

19. Kaisan, M. U., Pam, G. Y., Kulla, D. M., & Kehinde, A. J. (2015). Effects of Oil Extraction
Method on Biodiesel Production from Wild Grape Seeds: A Case Study of Soxhlet Extraction
Method and Mechanical Press Engine Driven Expeller Method. Journal of Alternate Energy
and Technologies, 6(1), 35–41.

20. Kyrtatos, P., Obrecht, P., Hoyer, K., & Boulouchos, K. (2010). Predictive simulation and exper-
imental validation of phenomenological combustion and pollutant models for medium-speed
common rail diesel engines at varying inlet conditions. International Council on Combustion
Engines, 143, 1–13.

21. Liu, H., Strank, S.,Werst,M., Hebner, R., &Osara, J. (2010). Combustion emissionsmodelling
and testing of conventional diesel fuel. In ASME 2010 4th International Conference on Energy
Sustainability. Phoenix, AZ, USA. ES2010-90037, 1–10.

22. Lomonaco, D.,Maia, F. J. N., Clemente, C. S.,Mota, J. P. F., Costa Junior, A. E., &Mazzetto, S.
E. (2012). Thermal studies of new biodiesel antioxidants synthesized from a naturally occurring
phenolic lipid. Fuel, 97, 552–559.

23. Mofijur, M., Atabani, A. E., Masjuki, H. H., Kalam,M. A., &Masum, B.M. (2013). A study on
the effects of promising edible and non-edible biodiesel feedstocks on engine performance and
emissions production. A comparative evaluation. Renewable and Sustainable Energy Reviews,
23, 391–404.

24. Mofijur, M., Masjuki, H. H., Kalam,M. A., Atabani, A. E., Rizwanal Fattah, I. M., &Mobarak,
H. M. (2014). Comparative evaluation of performance and emission characteristics ofMoringa
oleifera and palm oil based biodiesel in a diesel engine. Journal of Industrial Crops and
Product., 53, 78–84.

25. Mohiuddin, A. K., Ataur-Rahman, M., & Dzaidin, M. (2007). Optimization design of auto-
mobile exhaust system using GT-Power. International Journal of Mechanical and Material
Engineering, 2(1), 40–47.

26. Nafiu, T., Magaji, U. I., Zuru, A. A., Kaisan, M. U., & Habib, Y. B. (2011). Production of
biodiesel from wild grape seeds. Technical Transaction Journal of Nigerian Society of Engi-
neers, 46(1), 1–10. Published by Nigeria Society of Engineers.

27. Ong, H. C., Masjuki, H. H., Mahlia, T. M. I., Silitonga, A. S., Chong, W. T., & Leong, K.
Y. (2014). Optimization of biodiesel production and engine performance from high free fatty
acid Calophyllum inophyllum oil in CI diesel engine. Energy Conversion and Management,
81, 30–40.

28. Ong, H. C., Silitonga, A. S., Masjuki, H. H., Mahlia, T. M. I., Chong, W. T., & Boosroh,
M. H. (2013). Production and comparative fuel properties of biodiesel from non-edible oils:
Jatropha curcas, Sterculia foetida and Ceiba pentadra. Energy Conversion and Management,
73, 243–255.

29. Rahim, R., Mamat, R., Taib, M. Y., & Abdullah, A. A. (2012). Influence of fuel temperature on
a diesel engine performance operating with biodiesel blend. International Journal of Advance
Sciences and Technology, 43, 115–126.

30. Sani, S., Kaisan M. U., Kulla, D. M., Ashok, B., & Nanthagopal, K. (2018). Determination
of physico chemical properties of biodiesel from Citrullus lanatus seeds oil and diesel blends.
Industrial Crops and Products, 122, 702–708. https://doi.org/10.1016/j.indcrop.2018.06.002.
Published by Elsevier.

31. Sinnamon, J. F. (2007). Co-simulation analysis of transient responses and control for engines
with variable valve trains. SAE International, 1223, 1–15.

32. Sokolowski, J. A., & Banks, C. M. (2009). Principles of modeling and simulation hoboken
(pp. 6–7). NJ: Wiley.

https://doi.org/10.1016/j.indcrop.2018.06.002


Modelling and Simulation of Biodiesel
from Various Feedstocks
into Compression Ignition Engine
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P. Mohamed Nishath and J. Senophiyah Mary

Abstract This article has described how a 4-cylinder compression ignition (C.I.)
engine model can be developed using the GT-Suite software interface with known
specifications of an existing enginefleet. Fuel properties of various grades of biodiesel
were computed and their mean values were fed into the simulatedmodel. The simula-
tion of engine in GT-Power established that biodiesel fuels produced lower amounts
of carbon monoxide, nitrogen oxide and Sulphur dioxide emissions as compared to
diesel. The Sulphur dioxide (SO2) emissions have no significance for all the biofuels.
The simulation of the secondary fuel data revealed that highest brake specific fuel
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consumption (BSFC) was shown by castor oil followed by coconut and tallow oil.
The highest brake mean effective pressure was achieved during the simulation of
performance of CI engine using sun flower oil, tallow oil, waste cooking oil and soy
based biodiesels correspondingly. The highest brake thermal efficiency (BTE) values
were depicted by soy based biodiesel, sun flower oil, palm oil and safflower oil in
descending order.

Keywords Biodiesel · GT-power ·Modelling · Simulation · CI engine

1 Introduction

Biodiesel is a fatty acid of alkyl esters produced through catalysed transesterifica-
tion reaction of alkanols with vegetable oils and animal fats [1]. Biodiesel can be
defined as the mono alkyl ester of long-chain fatty acids produced from sustainable
biological feedstocks [2]. Previous research works have been aimed at finding lasting
solutions for global fuel crises and environmental impacts associated with consump-
tion of various fossil fuels. Some of the related research works are presented in this
section. Kolade et al. [3] has presented one-dimensional and three-dimensional injec-
tion processing diesel engine. It has been established that, the injection process not
only effects the combustion process, but also properties like efficiency of the fuel,
combustion noise, emissions, and acceleration of engine. Bhave et al. [4] worked on
modelling of a dual fuelled, multi-cylinder, homogenous charged compression igni-
tion engine using an engine cycle simulator. They examined effects of octane number
on engine performance, combustion characteristics and engine emissions for case of
a multi-cylinder truck engine. A homogenous charged compression ignition engine
was fuelled using straight chain heptane, branched chained heptane and branched
chained octane based fuels. The authors observed a commendable bond amongst
the forecasted values and experimented values for auto-ignition, in cylinder pres-
sure developed, and emissions. Rahim et al. [5] examined impacts of fuel injection
temperatures on performance of a diesel engine working on a 5% biodiesel/diesel
blend. They measured typical physical properties of the fuel used before it could
be installed into GT-Power data base. The standard fuel database of GT-Power soft-
ware did not contain any biodiesel property. Rahim et al. [6] have done a relative
study of a one-dimensional simulation of biodiesel blended with diesel. The pure
vegetable oil, 20% blended biodiesel and a 5% blended biodiesel were used as fuel
respectively. Fuel properties of GT-Power software simulation software were used
to get comparative results of engine boundaries. There was no substantial variance
in the performance of the engine when 5% biodiesel and 100% diesel fuels were
used. Kakee and Pishgoogie [7] determined the optimum valve operational timings
for various spark ignition engines using constraints obtained from various simula-
tion methods. A four-stroke spark ignition engine was modelled using GT-Power
software and linked to the Simulink and MATLAB in order to regulate various
input/output boundaries. The discussed model was further used for analysis of sensi-
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tivity and engine specific fuel consumption. An improvement in engine performance
was recorded, which was established by smoother torque diagram in the VVT. Also,
torque variations increased with engine speed at lower values of engine speeds.

The main objective of this work is to evaluate the performance of a 4-cylinder
compression ignition engineoperatingunder full loading condition at variable speeds,
using various types of biodiesel stocks using modelling in GT Suit.

2 Literature Review

This part of work presents an overview of previous works done to study the perfor-
mance of various types of engines using biofuel/biofuel blends as fuel. Ren et al.
[8] studied physical and chemical properties of biodiesel based fuels on the combus-
tion process and pollutants formation in direct injection (DI) engines using multi-
dimensional computational fluid dynamics (CFD) simulation.While the variations of
various properties influence the formationof soot andNOx emissions.Gracianno et al.
[9] analysed a model for compression ignition internal combustion engines driven
by diesel, biodiesel, and/or biogas. Results have shown that using pure biodiesel as a
fuel reduced power output by about 1.0%, and at the same time the consumption of
fuel rose by about 12.0% when compared to diesel as a fuel. Furthermore, the use of
natural gas in CI engines reduce engine power output and fuel consumption by 2.0%,
and 13.0% respectivelywhen compared to fossil diesel as a fuel. The presentedmodel
can be an effective tool in order to design, control, and optimization performance
of compression ignition engines. Aldhaidhawi et al. [10] proposed an engine model
that could predicate the performance and exhaust gas emissions of a single cylinder
four-stroke direct injection engine fuelled with diesel and palm oil methyl ester of
B7 (blends 7% palm oil methyl ester with 93% diesel by volume) and B10 biodiesel
fuel. Results confirm that biodiesel obtained from palm oil methyl ester could rep-
resent a attractive alternative to using pure diesel fuel when engine is operated with
variable compression ratios. A comprehensive computer code using “C” language
was developed for analysing engine cylinder pressure, heat release, heat transfer and
performance characteristics such as work done, brake power and brake thermal effi-
ciency (BTE) of a compression ignition (C.I.) engine [11]. It was observed that by
using the blend B20 as the fuel, the peak pressure and temperature increases and
hence resultant stresses [11]. GT-Power software code was used for simulation of a
biodiesel-fuelled direct injection compression ignition engine cycle to study its per-
formance and emission characteristics [12]. Results from sensitivity analysis proved
that timings of fuel injection and EGR percentage had the most significant effect on
formation of nitric oxides [12]. Morse simulated the combustion reaction within an
optical Sandia/Cummins N14 direct injection compression ignition engine [13]. The
negative effects of biodiesel fuel impingement on the piston and wall were analysed.
Boggavarapu and Ravikrishna [14] studied the effect of physicochemical properties
on spray atomization for both biofuels and fossil fuels. Evaporating sprays revealed
that the liquid length is longer for biodiesel. Nasim et al. [15] analysed performance
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of a compression ignition engine powered by neat jatropha oil. Thermal efficiency
of engine decreased when it was powered by preheated neat jatropha oil at higher
speeds. Harch et al. [16] studied the combustion model of a C.I. engine using AVL
Fire software. The fuel used was 5% BLS biodiesel (B5) and 10% BLS biodiesel
(B10) for different injection timings and compression ratios. Use of B10 biodiesel
provided performance and efficiency of engine. Al-Dawody et al. [17] used Wiebe
function to calculate the instantaneous heat release rate and results were validated
through Diesel-RK workbench.

3 Simulations

3.1 GT-Power

This is a type of standard engine software model well adapted by all leading engine
manufacturers, and producers. This software is widely used in power generating
engines, ship construction, small engines as well as racing engines [18]. The sim-
ulation in GT-Suite comprises of a set of modelling libraries which are used for
evaluating engine sentient, valve trains, power trains, ignition and audibility, engine
cooling structures, crankshafts, fuel injection systems, and lubrication systems.

4 Methodology

The engine under test was a P8616 1600 Cc 4-cylinder water cooled compression
ignition engine manufactured by Cussons Technology. The specifications of the test
rig model are portrayed in Table 1.

4.1 Secondary Biodiesel Data Sourcing and Analyses

Data from literature sources were obtained for properties of the biodiesel feedstocks.
For each physicochemical property per feedstock, the average values of the bio-
fuel property, the standard deviations and the mean deviation were computed. The
results were presented and discussed accordingly in comparison with ASTM and EN
Standards [19].



Modelling and Simulation of Biodiesel from Various … 105

Table 1 Stipulations of the
engine model

Engine type 4-Cylinder in-line duel mass
flywheel

Horse power 81 kW at 4000 rpm

Block Aluminium

Number of valves 16

Displacement 1560 CC

Torque 240–260 NM

Compression ratio 18–1

Alignment At right angles

Stroke 88.3 mm

Bore 75 mm

Dimensions H × L × W 600 × 500 × 580 mm

Weight 107 kg

4.2 Modelling and Simulation of Engine Performance

The one-dimensional numerical analyses of GT-Power software have been used to
simulate the diesel engine data. According to reference in GT-Power, exhaust gas
properties like carbon, hydrogen, oxygen and nitrogen contents as well as calorific
value, enthalpy, critical pressure, critical temperature and transport properties like
thermal conductivity and dynamic viscositywere recorded. Equally important liquids
information about density, enthalpy and transport properties are incorporated [20].

The modelled engine was simulated using petro-diesel, biodiesels, and various
biodiesel blends with petro diesel as fuel. Plate 1 portrayed in Fig. 1 shows the
GT-Power interface.

Additionally, the simulation was conducted under full loading conditions and
operating engine at speed of 2500 rpm. The engines performance factors like brake
thermal efficiency (BTE), brake specific fuel consumption (BSFC) and brake mean
effective pressure (BMEP) were documented for each engine simulation [21]. After
completing the simulation model, the results were recorded and tabulated for com-
parisons with those obtained from the engine fleet. After the software validation,
the same engine fleet was simulated using different fuel properties of biodiesels
obtained from the secondary data. The list of biodiesel fuels used include: yellow
grease based sample, palm based sample, rapeseed based sample, soy based sample,
canola based sample, sunflower oil sample, tallow sample, corn sample, algae sam-
ple, coconut sample, camelina sample, safflower sample, waste cooking oil sample,
castor oil sample, and others (Peanut, karanja, rice bran, sorghum, lard, poultry fat,
mustard, peanut, babarsu, fish oil, kusum, beheda and groundnut). Conclusively, the
results obtained were presented, analysed, discussed and concluded accordingly. The
GT-Power software was launched a 4-cylinder engine model was developed in the
software interface. Four test cases were created for the engine speeds of 1000, 1500,
2000 and 2500 rpm respectively. The simulation was repeated for the biodiesel feed-
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Fig. 1 Plate 1—engine model from GT-Power software

stock sourced from the secondary data using the fuel properties of these feedstocks.
The results of the engine parameters with CO and NOx remained logged and kept
for further analyses. Figure 2 shows the flow chart of the simulation process.

5 Results and Discussions

Figures 3, 4 and 5 present the simulated results for engine parameters using biodiesels
from various feedstocks such as yellow grease, palm, rapeseed, soy, canola, sun-
flower, tallow, corn, algae, coconut, camelina, safflower, waste cooking oil, castor,
and others (Peanut, karanja, rice bran, sorghum, lard, poultry fat, mustard, peanut,
babarsu, fish oil, kusum, beheda and groundnut) in a stationary 4-cylinder water
cooled compression ignition engine.

In Fig. 3, the simulated specific fuel consumptions (BSFC) of the biodiesel from
the stated feedstock were displayed. The least specific fuel consumption was exhib-
ited by safflower, followed by palm and then corn. The highest BSFC was depicted
by castor followed by coconut and then tallow. While the BSFC of safflower was
recorded as 0.335 kg/kW-h, the BSFC of castor was 0.614 kg/kw-h. TheBSFC values
were in line with the outcomes of Chalatlon et al. [22], Enweremadu and Mbarawa
[23], Ong et al. [24], Mofijur et al. [25] and Rahim et al. [26]. Parameters like the
volumetric fuel consumption, kinematic viscosity, cetane number, density of the fuel
and calorific value of the biodiesel have major influence on the brake specific fuel
consumption. At this engine speed of 2500 rpm, the fuel consumptions were 0.449,
0.373,0.474, 0.450, 0.0.491, 0.436, 0.594, 0.394, 0.498, 0.602, 0.518, 0.335, 0.482
and 0.614 kg/kW-h for yellow grease, palm, rapeseed, soy, canola, sun flower, tallow,
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Fig. 2 Simple flowchart for the execution of GT-Power program

corn, algae, coconut, camelina, safflower, waste cooking oil and castor respectively.
The least value of BSFC was portrayed by the safflower biodiesel which was in line
with works of Enweremadu et al. [23].

The BMEP is the average pressure the measure brake power output has generated,
when the pistons uniformly imposed from the top death centre to the bottom death
centre during each power stroke. Accordingly, the simulated results of brake mean
effective pressures (BMEP) for various biodiesel feedstocks were presented in Fig. 4.
Their corresponding values are 5125, 5220, 5266, 6106, 4581, 6199, 6158, 5420,
5448, 5228, 5312, 5685, 6101, and 4538MPa for yellow grease, palm, rapeseed, soy,
canola, sun flower, tallow, corn, algae, coconut, camelina, safflower, waste cooking
oil and castor respectively. Castor had the least BMEP followed by canola, while
the highest BMEP was observed during the simulation of the CI engine performance
using sun flower, tallow, waste cooking oil and soy biodiesels respectively. The
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Fig. 3 Simulated specific fuel consumption of different biodiesel feedstocks

Fig. 4 Simulated brake mean effective pressure of different biodiesel feedstocks

BMEP values obtained during the simulation were in close range with the results of
Rahim et al. [27] and Mohiuddin et al. [28].

The BTE is the ratio of brake power to the input energy of the fuel. The simulated
results for brake thermal efficiencies (BTE) of yellow grease, palm, rapeseed, soy,
canola, sun flower, tallow, corn, algae, coconut, camelina, safflower, waste cooking
oil and castor were presented in Fig. 5. Their corresponding values were 0.55, 0.65,
0.51, 0.70, 0.46, 0.69, 0.57, 0.62, 0.55, 0.43, 0.57, 0.64 and 0.59% respectively. The
brake thermal efficiency values were consistent with the findings of Kaisan and Pam
[29] and Rahim et al. [27]. It was perceived that the consumption of biodiesel fuel
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Fig. 5 Simulated brake thermal efficiencies of different biodiesel feedstocks

which is rich in oxygen supports a better formation of mixture as well as combustion
process, thus enhancing the brake thermal efficiencies. According to Ong et al. [24],
higher brake thermal efficiency gives engine a smoother operation, this boosting the
atomization of the fuel and leading to enhanced air-fuel intermixing. Because the
cetane number of biodiesel is higher than that of the pure diesel, biodiesel provides
a good ignition quality. The highest brake thermal efficiency (BTE) values were
given by soy, sun flower, palm and safflower respectively during the simulations
with GT-Power. This implies that these four biodiesel blends can be used efficiently
in diesel engine. However, the least values of brake thermal efficiency were that of
coconut and waste cooking oil, although their values were also acceptable and agree
with the findings of Ong et al. [24]. From the results of exhaust gas analysis, the
values of Carbon monoxide were 0.1, 0.1, 0.08, 0.1, 0.2, 0.03, 0.1, 0.2, 0.1, 0.9,
0.08, 0.09, 0.03, 0.12, 0.9, 0.03 g/m3 for case of yellow grease, palm, rape seed,
soy, jatropha, tallow, corn, algae, coconut, camelina, safflower, waste cooking oil,
castor and cotton respectively. The minimum concentration of CO was 0.03 g/m3

as depicted by Sunflower and safflower based biodiesel. Cotton based biodiesel had
value of 0.04 g/m3 which remained same for all three speeds of 1000, 1500, 2000
and 2500 rpm. The maximum values for CO emission was 0.9 g/m3 as portrayed by
algae biodiesel, this is consistent with the findings of Ashok et al. [30] and Sani et al.
[31]. Algae is one of the main sources of carbon dioxide, this is the likely reason that
accounts for the high CO emission in algae biodiesel, because, in micro algae plant,
there is CO emission which is easily converted to CO2 via the oxidation reaction
from photosynthesis of the plant. That could be the main reason why micro algae are
regarded as a great source of CO2. Similarly, the emissions of oxides of Nitrogen for
yellow grease, palm, rape seed, soy, jatropha, tallow, corn, algae, coconut, camelina,
safflower, waste cooking oil, castor and cotton were investigated. The least value was
0.11 g/m3, depicted by sunflower, followed by Safflowerwith 0.14 g/m3, and the peak
values were 0.37 g/m3 for Soy, followed by waste cooking oil (WCO) 0.28 g/m3. Soy
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is a leguminous crop with Nitrogen fixing tendency, this accounts for the reason for
its highest NOx emissions. Generally, the amount of CO and NOx produced during
the simulation of biodiesel from different feedstock is not too much as compared to
that of pure diesel case (0.36 g/m3) which is only close to the value of Soy biodiesel
emission.

6 Conclusions

Biodiesel is a clean fuel with lower emissions and can be used to replace conventional
diesel wholly or partially in a compression ignition engines based on the results
aforementioned, this is in concordance with the findings of Kaisan et al. [32–43],
Sani et al. [44] and Dandaje and Kaisan [45]. From the simulated results obtained,
all the feedstocks reviewed conform to ASTM and EN Standards, except castor for
viscosity and heating value; algae for density and specific gravity; and palm and
tallow for pour point. This implies that, the quality of atomization, combustion,
fuel droplets and air-fuel mixing can be improved in CI engines using these blends
Therefore, the fuel properties indicate that they have the potential to refill the partial
energy demands in an eco-friendlyway and its likelihood to be a viable fuel source for
CI engines. Biodiesel yields extraordinary emissions chattels and produces a lesser
amount of greenhouse gases emissions as compared with diesel. Pure biodiesel from
cotton, jatropha and neem gave the lower CO and NOx emissions compared with
the petro diesel. Cotton biodiesel had the same value of CO emissions which was
0.04 g/m3 throughout the experiment at all engine speed as well as during simulation,
this is in line with the findings of Kaisan et al. [46]. The least values of CO emission
were 0.03 g/m3 both for Sunflower and Safflower biodiesel which also had the lease
values of NOx emissions as 0.11 and 0.14 g/m3. The highest BSFC was depicted by
castor followed by coconut and then tallow, the highest bmep was observed during
the simulation of the CI engine performance with sun flower, tallow, waste cooking
oil and soy biodiesels in that order. The highest brake thermal efficiency values
were given by soy, sun flower, palm and safflower respectively during the Cussons
stationary 4-cylinder CI engine simulations with GT-Power software.
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Agricultural Wastes as Feedstock
for Thermo-Chemical Conversion:
Products Distribution
and Characterization

Samarjit Gogoi, Nilutpal Bhuyan, Debashis Sut, Rumi Narzari, Lina Gogoi
and Rupam Kataki

Abstract Pyrolysis is one of the most promising thermal conversion technologies
for biomass conversion. In pyrolysis, biomass is decomposed into solid char, bio-oil,
and gas, that satisfies different forms of energy requirement. Further, Pyrolysis also
offers the unique advantage of utilizing diverse lingo-cellulosic biomasses including
agricultural wastes as feedstocks. Globally, India is the second largest sesame seed
producing country. So, a vast amount of sesame stalk is generated as an agricultural
waste in India. In this work, slow pyrolysis of sesame stalk was done at four dif-
ferent temperatures in the range of 350–650 °C at a heating rate of 40 °C/min in
a laboratory-scale fixed bed reactor. The variation of pyrolysis products yield with
temperature was observed, and all the products were quantified. The liquid and solid
products of pyrolysis i.e. bio-oil and biochar respectively, were characterized by ele-
mental analyser (CHN analyser), GC-MS, SEM and FTIR. From the study it was
observed that pyrolysis temperature had significantly affected the yield of pyrolysis
products. Biochar yield decreased while volatile gas yield increased with increase
in temperature. The bio-oil yield was maximum at 550 °C and it was found that
the higher heating value (HHV) of the oil was 26.89 MJ/kg. The carbon content of
the biochar also increased with the temperature and hence the HHV. The pH of the
biochar increased with the temperature and basic in nature which is suitable for soil
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amendment in north-eastern region. The study established that the sesame stalk was
a suitable raw-material for pyrolytic valorization.

Keywords Thermo-chemical conversion · Sesame stalk · Agricultural waste ·
Biochar · Bio-oil

1 Introduction

The continuous exhaustion of petroleum reservoirs, rising fuel demand, and the
change in the environment due to the burning of petroleum fuel has augmented the
interest on the alternative energy sources. The renewable sources could overcome
the above issues due to their renewability, biodegradability, environmentally benign
nature, extensive accessibility, and cost effectiveness. Biomass is considered as one
of the most favourable, clean and sustainable alternative energy source among all
renewable sources. Currently, thermo-chemical conversions (pyrolysis, gasification
and combustion) of biomass into biofuels and other products have received special
attentions [1]. In this regard, a thorough understanding of the thermal behaviour of
the feedstock as well as fuel characteristics are necessary for planning of thermo-
chemical conversion processes like pyrolyzers, gasifiers, etc. [2]. Pyrolysis is an
attractive, convenient, economical and environmentally suitable technology in which
all types of biomass including residues obtained from agricultural sectors, forests
can be thermally decomposed under inert atmosphere to produce syngas, bio-oil and
biochar [2, 3]. In the biomass pyrolysis process, various reactions such as dehydra-
tion, depolymerization, repolymerization, condensation etc. are taking place concur-
rently. Bio-oil can be used as a fuel which is favourable for storing and in transport
sector. Also, various chemicals can be extracted from bio-oil due to the presence
of hundred types of organic compounds like carboxylic acids, alcohols, aldehydes,
phenols etc. [3]. Due to the high calorific value compared to its feedstock bio-oil is
preferred for mixing with traditional diesel. It can be mixed with the conventional
diesel because of its higher calorific value than the parent feedstock [4]. Also it can
be used in furnaces, boiler for heat and power generation, diesel engines and kilns
[5]. Pyrolysis of biomass mostly produces hydrogen, methane, carbon monoxide,
carbon dioxide and other lighter hydrocarbons as gaseous products, which has the
potential to substitute natural gas. Biochar is the solid product obtained from pyrol-
ysis process. It can be used as fuel, as a soil amendment, carbon sequester and as an
activated carbon owing to its high porosity and surface area [6].

The pyrolysis behaviour of various agricultural wastes such as sawdust, rice husk,
straw, tobacco waste, red pepper waste, corncob, oreganum stalks andmangaba seed.
has been already explored [1, 3, 7, 8]. Unchecked stubble/agricultural wastes burning
is a prime cause for environmental degradation. Moreover, these residues have little
or no market value. So, pyrolysis can be a viable option to resolve these problems
by producing various value added products [5].
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Sesame (Sesamum indicum L.) is considered as one of the oldest cultivated oilseed
crops in the world. India ranks second both in area and production of sesame and
hence a vast amount of sesame stalks are being generated as an agricultural waste
[9]. The major sesame seeds producing states are Maharashtra, Rajasthan, West
Bengal, Andhra Pradesh, Gujarat, Tamil Nadu, Madhya Pradesh, and Telangana.
India produces 1.38 MMT of sesame stalks annually [10].

The present investigation aimed at pyrolytic conversion of sesame stalk in a lab-
scale reactor (fixed bed) to find the operating temperature for maximum liquid yield.
Also, the impact of various temperatures on the yield of product was investigated. In
thiswork, slowpyrolysis of sesame stalkwas carried out at four different temperatures
ranging from 350 °C to 650 °C at a heating rate of 40 °C/min. The liquid and solid
products from pyrolysis are characterized by using various techniques.

2 Materials and Methods

2.1 Sample Preparation and Analysis

Sesame stalk was collected from the KVK-Tezpur, Sonitpur district, Assam, India,
and sun dried to reduce the residual moisture content. These sesame stalks were then
grinded and passed through 0.42 mm sieve. The resultant samples were dried in an
oven at 100 ± 5 °C for 6 h before experiment (Fig. 1).

The lignocellulosic contents of sesame stalk, i.e. extractive contents, cellulose,
hemicellulose and lignin, were determined according to the methods described in
Ayeni et al. [11].

The proximate analysis of sesame stalkwere done as perASTMStandards [ASTM
D3174 (ash), ASTM D3173 (moisture) and ASTM D3175 (volatile matter)]. Fixed
carbon percentage in the samples was calculated by first adding percentage content
of moisture, volatile matter and ash, followed by subtracting this sum from 100.

Fig. 1 a Sesame stalk and b grinded sesame stalk
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ThermoFinnigan, FlashEA1112was used to carry out the ultimate analysis.Calorific
value was determined by ASTM D2015 method, using an auto bomb calorimeter
(model: 5E-1AC/ML). The structure of the sample was investigated on a Nicolet IR
spectrometer at room temperature in the spectral range of 4000–400 cm−1. Thermal
behaviour of the biomasswas investigated in a thermo-gravimetric (TGA) instrument
(Perkin Elmer STA 6000).

2.2 Experimental Set up

To carry out the pyrolysis of various samples, a reactor–furnace system coupled with
PID controller was used. In the current investigation 10 g of sample was subjected
to pyrolysis with a heating rate of 40 °C/min at desired temperature from 350 to
650 °C in nitrogen atmosphere. To collect the condensable gas during the process,
a condenser was attached to the setup. Using Diethyl ether as a solvent the liquid
product was recovered. The aqueous portion of the liquid product was separated
from the organic portion using a separating funnel. The solid portion left as residue
was evaluated as biochar. The non-condensable gas yield was determined from the
difference (Fig. 2).

2.2.1 Products Characterization

Only the liquid product obtained at operating temperature at which liquid yield was
maximum, was subjected to characterization. The chars obtained at four different
temperatures in the range of 350–650 °C were analysed. For proximate and ultimate
analysis as well as chemical composition the experiments mentioned for biomass
characterization were used.

A pH meter (model: EUTECH pH 510) and a digital TDS/conductivity meter
(model: MK 509) was used to determine the pH and electrical conductivity (EC) of

Fig. 2 Pyrolysis set-up
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biochar by the methodology described in detail elsewhere [12]. Scanning electron
microscope (SEM) analyses of biochar were performed on a Jeol, JSM-6290LV
instrument. GC-MS experiment of bio-oil was conducted in Perkin Elmer Claurus
600 instrument coupled with TCD detector.

3 Results and Discussion

3.1 Characteristics of Biomass

From the proximate analysis, the moisture content of sesame stalk was found to be
7.98% which made sesame stalk a good option to use for thermo-chemical conver-
sion [13]. The volatile matter content of the sesame stalk was high (70.72%) and ash
content was low (11.24%), which indicated a low ignition temperature and hence
ideal for application in gasifier and pyrolysis. The presence of higher volatile matter
in the feedstock was desirable because it made the sample more reactive than solid
fuels with lower volatile content as the sample more readily devolatilized leaving
less amount of fixed carbon content. Sesame stalk also had lower fixed carbon con-
tent (10.06%) than coal which also supported that calorific values of sesame stalk
(15.57%) was lower than that of coal [13] (Table 1).

The lower amount of nitrogen (1.33%) in the feedstock indicated that NOx emis-
sions from sesame stalk was not much of environmental concern than the combustion
of fossil fuels. The H/C and O/C ratios for sesame stalk were 2.51 and 0.75, respec-
tively. Calorific value of sesame stalk was determined to evaluate its energy content
which is found to be 15.57 MJ/Kg. From the biochemical analysis it was observed
that sesame stalk contained 31.17% wt. of lignin which gave higher char yield than
cellulose and hemicelluloses (Table 2).

Table 1 Physico-chemical
analysis of biomass

Properties Sesame stalk

Moisture content (%) 7.98

Ash content (%) 11.24

Volatile matter (%) 70.72

Fixed carbon (%) 10.06

C (%) 44.65

H (%) 9.34

N (%) 1.33

O (%) 44.68

H/C 2.51

O/C 0.75

Calorific value (MJ/kg) 15.57
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Table 2 Bio-chemical
analysis of biomass

Bio-chemical analysis

Extractives
(%)

Cellulose (%) Hemicelluloses
(%)

Lignin (%)

18.29 32.34 18.20 31.17

Fig. 3 FTIR spectra of
biomass

3.2 FTIR Spectra of Biomass

FTIR spectra and band assignments of sesame stalk were presented in Fig. 3. The
stretching vibration of bonded and free –OHgroupswas attributed by 3470 cm−1. The
band appeared at 2922 cm−1 was caused by C–H stretching vibrations of methylene
group. The band at 1730 cm−1 proves the presence of hemicelluloses, indicated by
the C=O stretching vibration of non-conjugated ketones, carbonyls and ester groups.
The sharp peak obtained at 1618 cm−1 attributed to the C=C stretching vibrations
of aromatic rings. The fingerprint region of the spectrum from 1500 to 1200 cm−1

was dominated by C–H, N–O and O–H vibrations. The small absorbance at 890
and 780 cm−1 corresponded to alcohol (primary and secondary) and aliphatic ester,
C–O–C, C–O stretching and C–H bend of aromatic ring. On the other hand two bend
at 1060 and 620 cm−1 were related to the C–OH stretching vibration of the cellulose
and hemicelluloses and C–H vibration of aromatic rings.

3.3 Thermal Analysis

The thermal decomposition of sesame stalk was carried out at heating rate of
20 °C/min with nitrogen flow rate of 50 ml/min and their derivative curves (DTG),
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Fig. 4 a TGA and b DTG of sesame stalk

were shown by TG patterns as presented in Fig. 4a, b. The mass loss curves
of these samples exhibited three main weight loss regions, which corresponded
to devolatilization and solid decomposition. The initial weight loss of 7.98 wt%
occurred in the temperature range of 30–200 °C was due to the evaporation of mois-
ture content of sesame stalk, whichwas known as dehydration zone. The devolatiliza-
tion step of sesame stalk proceeded in a range from approximately 200–310 °Cmight
be due to the release of volatile matter as a result of breaking of weaker chemical
bonds. The hemicellulose and cellulose decomposition occurred in this region, while
lignin was decomposed throughout the temperature range of the pyrolysis process
without showing any characteristics DTG peaks [14].

3.4 Pyrolysis Products Yield

Pyrolysis of sesame stalk was done at a constant heating rate of 40 °C/min at four
different temperatures viz. 350, 450, 550 and 650 °C to study the variation in products
yield with pyrolysis temperature.

From Fig. 5, it was observed that the yield of biochar decreased from 34.45 to
28.72% with the temperature of the pyrolysis experiment increasing from 350 to
650 °C. The reduction in the char production was observed with raise in temperature
owing to the greater primary decomposition of biomass into low molecular weight
organics and gases as well as the occurrence of secondary decomposition of char
residues at elevated temperature [15].

Bio-oil yield also increased from 19.76 to 24.85% in the temperature range of
350–550 °C. However with the increase in pyrolysis temperature to 650 °C, decrease
in bio-oil yield (22.34%) was observed. The reason for this trend was due to the
secondary cracking reaction resulting the production of more non-condensable low
molecular weight gases at higher temperature. The yield of gas increased from 17.45
to 24.46%with increasing pyrolysis temperaturewhichwas also due to the secondary
cracking of pyrolysis vapours at higher temperatures [16].
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Fig. 5 Distribution of
pyrolysis product yield with
temperature

3.5 Characterization of Biochar

As observed in Table 3, volatile matter content of biochar decreased from 33.45
to 27.12% with ascending pyrolysis temperature from 350 to 650 °C for sesame
stalk. Also, the volatile matter percentage was lower in biochar compared to the
parent biomass. Increase in fixed carbon content (49.34–56.20%) in biochar with the
increasing temperature indicated the further cracking of the volatiles fractions into
low molecular weight liquids and gases. As the temperature increased percentage of
ash content also varies (increased from 6.57 to 8.20%). This was due to the gradual

Table 3 Proximate and ultimate analysis of biochar

Properties Biochar

350 °C 450 °C 550 °C 650 °C

Moisture content (%) 9.43 8.58 8.20 7.28

Ash content (%) 6.57 7.65 7.90 8.20

Volatile matter (%) 33.45 30.80 29.92 27.12

Fixed carbon (%) 49.34 52.48 53.38 56.20

pH 8.98 9.28 9.43 9.58

EC (m�) 0.135 0.143 0.225 0.401

BET surface area (m2/g) – 4.152 6.828 –

C (%) 67.55 69.67 70.34 72.65

H (%) 3.18 3.06 2.87 2.64

N (%) 5.6 5.1 6.6 5.26

O (%) 23.67 22.17 20.19 19.45

H/C 0.56 0.53 0.49 0.44

O/C 0.26 0.24 0.22 0.20

Calorific value (MJ/kg) 16.82 20.34 21.76 24.32
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increase in concentration of inorganic constituents [17]. The moisture percentage
contained in bio-char decreased with ascending temperature which indicated the
extra surface hydrophobicity of bio-char at higher temperature [18].

With the increase in pyrolytic temperature there was a sharp decline in O and
H content of biochar, while the content of C has increased. The enhance degree of
carbonization is the main cause for this increase in C content. Dropping off the O
and H content might be due to the cleavage of weaker bonds during carbonization
and, as a result elimination of H2O, H2, hydrocarbons, CO and CO2 gas. Increased
aromaticity of carbon content in the biochar is responsible for the decrease in the H/C
molar ratios as temperature raised. Additionally, O/C molar ratio changes inversely
with the temperature indicated the decline of some polar functional groups that
contains O on biochar surface [17]. The lower oxygen and higher carbon content of
biochar also contributed to the higher calorific value of it [19].

Table 3 also shows that the pH of biochar increased with increasing pyrolysis
temperature due to the progressive loss of acidic surface groups during thermal
treatment [17]. The pH of the biochar for sesame stalk were in the base range, which
could be regarded as suitable for soils of North-east India, which are generally acidic
in nature. Biochar with elevated pH could be used as liming agent to rehabilitate the
acidic soil and hence could be used for soil amendment [19].

3.5.1 FTIR—Spectra of Biochar

The FTIR spectra of biochar obtained at two pyrolysis temperatures viz. 350 and
650 °C were shown in Fig. 6. The peak obtained around 3600–3200 cm−1 was due to
the O–H stretch, which was clearly visible for biochar at 350 °C. But the intensity of
absorbance of this peak decreased at higher temperature (650 °C) due to the dehydra-
tion of cellulose and ligneous compounds. The bands appeared at 1650–1580 cm−1

and 1470–1310 cm−1 were due to alkene and alkane groups respectively, however the
peaks were less observable in high temperature. This might be due to the decrease of
aliphaticity of the biochar at higher temperature. The investigation further indicated

Fig. 6 FTIR spectra of biochar at (a) 350 °C and (b) 650 °C
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Fig. 7 SEM images of biochar at (a) 350 °C and (b) 650 °C

that the functional groups which contain hydrogen and oxygen were eliminated at
high pyrolysis temperature. Thus, it was observed that with increasing temperature
degree of aromaticity increased while degree of polarity decreased for biochar.

3.5.2 SEM Analysis

SEM analysis gives the information regarding the structure and morphological char-
acteristics of a sample. SEM images of biochar obtained at 350 and 650 °C showed
the porous structure of biochar (Fig. 7). These porous structures were due to pyrol-
ysis which eliminated the volatile materials and as a result some extra adsorption
sites were created. At 650 °C, the SEM images were more irregular and distorted
than at low temperature (350 °C). This might be due to the development of more
pores with slightly larger diameter and damage of original structure with increasing
temperature. The existence of pores on the biochar provided a suitable space for
microbial activity and the reservation of soil nutrients [20].

3.6 Characterization of Bio-Oil

3.6.1 Ultimate Analysis

See Table 4.

3.6.2 FTIR Spectra of Bio-Oils

The FTIR spectrum of sesame stalk pyrolysis oil was shown in Fig. 8. Stretching
vibration at 3414 cm−1 showed the occurrence of O–H functional group of phenols
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Table 4 Ultimate analysis of bio-oil

Parameters Values

Carbon (%) 54.32

Hydrogen (%) 9.32

Nitrogen (%) 4.67

Oxygen (%) 28.32

H/C 2.06

O/C 0.39

Empirical formula C13.570H27.940 N1.00 O5.306

Acid number 21.32

Calorific value (MJ/Kg) 26.89

Fig. 8 FTIR spectra of bio-oil at 550 °C

and alcohols. TheC–H stretchingmodes found between 3000 and 2800 cm−1 showed
the presence of alkane groups. Again the presence of alkanes can be found from the
C–H deformation vibrations in the range of 1350–950 cm−1. Similarly C–H bending
vibration between 950 and 615 cm−1 indicated the existence of ether as well as
alcohol group. The C=O stretch appeared between 1850 and 1650 cm−1 were due
to ketones, esters, aldehyde groups. The bands in the range of 1650 and 1580 cm−1

represented the C=C stretching vibrations of alkenes.
GC-MS analysis was performed to find different types of compounds in pyrolysed

oil. The result indicated its complex composition and it is difficult to separate the
peaks. A complete separation of all the peaks was not possible due to complicated
composition of bio-oil. The total ion chromatogram (TIC) of bio-oil was shown in
Fig. 9. Table 5 shows the identified components with their retention time (minutes)
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Fig. 9 Total ion chromatogram of bio-oil

Table 5 Retention time and compound name present in bio-oil

S. no. RT (min) Area Compound name

1 10.10 0.44 2-Furanmethanol

2 12.90 0.79 Phenol

3 14.63 0.75 Phenol,4-methyl-

4 14.91 1.04 Phenol,2-methyl-

5 18.50 0.58 4-hydroxy-2-methylacetophenone.

6 20.39 1.23 Eugenol

7 20.85 1.97 Phenol,2-ethyl

8 21.23 7.70 Vanillin

9 25.35 0.53 Caffeine

10 29.75 3.26 Phenol,4-ethyl

and area percentage. The compoundswere found to bemostly aromatics and phenols.
FTIR results also supported the presence of phenols. The mostly found compounds
were phenol and vanillin having peak areas around or greater than 2%.

4 Conclusion

In this study, pyrolysis of an agricultural waste i.e. sesame stalk was done at four
different temperatures in a fixed bed reactor at a heating rate of 40 °C/min and the
variation of products yield with the pyrolysis temperature was observed. The cur-
rent study reveals that the highest amount of bio-oil was yielded at 550 °C with a
calorific value of 26.89 MJ/Kg. The FT-IR analysis of bio-oil revealed that its com-
position was dominated by oxygenated species. The effect of pyrolytic temperature
on the physico-chemical and structural characteristics of biochar was observed from
the experimental results. The increase in the temperature enhanced the porosity of
biochar surface, decreased the biochar yield, and increased the pH of the biochar.
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The high pH of biochar makes it a suitable candidate for soil amendment. The study
established the potential of Sesame stalk as a raw material for thermo-chemical
conversion.

Acknowledgements Tezpur University and Guwahati Biotech Park were acknowledged by the
authors for providing facilities to conduct the analysis. R. Narzari, and D. Sut also acknowledge
the fellowship grants from UGC.

References

1. Quan, C., Gao, N., & Song, Q. (2016). Pyrolysis of biomass components in a TGA and a
fixed-bed reactor: Thermochemical behaviors, kinetics, and product characterization. Journal
of Analytical and Applied Pyrolysis, 121, 84–92.

2. Jenkins, B. M., Baxter, L. L., Miles, T. R. M., Jr., & Miles, T. R. M. (1998). Combustion
properties of biomass. Fuel processing technology, 54, 17–46.

3. Saikia, R., Baruah, B., Kalita, D., Pant, K. K., Gogoi, N., & Kataki, R. (2018). Pyrolysis
and kinetic analyses of a Perennial Grass (Saccharum ravannae L.) from north-east India:
Optimization through response surfacemethodology and product characterization.Bioresource
Technology, 253, 304–314.

4. Jiang, X., & Ellis, N. (2010). Upgrading bio-oil through emulsification with biodiesel: Thermal
stability. Energy & Fuels, 24, 2699–2706.

5. Hawash, S. I., Farah, J. Y., & El-Diwani, G. (2017). Pyrolysis of agriculture wastes for bio-oil
and char production. Journal of Analytical and Applied Pyrolysis, 124, 369–372.

6. Kumar, P. (2017). Saw dust pyrolysis: Effect of temperature and catalysts. Fuel, 199, 339–345.
7. Demirbas, A., Pehlivan, E., & Altun, T. (2006). Potential evolution of Turkish agricultural

residues as bio-gas, bio-char and bio-oil sources. International Journal of Hydrogen Energy,
31, 613–620.

8. Santos, R. M., Santos, A. O., Sussuchi, E. M., Nascimento, J. S., Lima, Á. S., & Freitas, L.
S. (2015). Pyrolysis of mangaba seed: Production and characterization of bio-oil. Bioresource
Technology, 196, 43–48.

9. Karuppaiah, V., & Nadarajan, L. (2013). Host plant resistance against sesame leaf webber and
capsule borer Antigastracatalaunalis Duponchel (Pyraustidae: Lepidoptera). African Journal
of Agricultural Research, 8(37), 4674–4680.

10. Sukumaran, R. K., Mathew, A. K., Kumar, M. K., Abraham, A., Chistopher, M., Sankar, M.
(2017). First- and second-generation ethanol in India: A comprehensive overview on feedstock
availability, composition, and potential conversion yields. In Sustainable Biofuels Development
in India, Springer.

11. Ayeni, A. O., Adeeyo, O. A., Oresegun, O. M., & Oladimeji, T. E. (2015). Compositional
analysis of lignocellulosic materials: Evaluation of an economically viable method suitable for
woody and non-woody biomass. AJER, 4(4), 14–19.

12. Bordoloi, N., Narzari, R., Chutia, R. S., Bhaskar, T., & Kataki, R. (2015). Pyrolysis ofMesua
ferrea andPongamia glabra seed cover: Characterization of bio-oil and its sub-fractions.Biore-
source Technology, 178, 83–89.

13. Prakash, P., & Sheeba, K. N. (2016). Prediction of pyrolysis and gasification characteristics of
different biomass from their physico-chemical properties. Energy Sources, Part A: Recovery,
Utilization, and Environmental Effects, 38(11), 1530–1536.

14. Strezov, V., Moghtaderi, B., & Lucas, J. (2003). Thermal study of decomposition of selected
biomass samples. Journal of Thermal Analysis and Calorimetry, 72, 1041–1048.



128 S. Gogoi et al.

15. Rafiq,M.K., Bachmann, R. T., Rafiq,M. T., Shang, Z., Joseph, S., &Long, R. (2016). Influence
of pyrolysis temperature on physico-chemical properties of corn stover (Zea mays L.) biochar
and feasibility for carbon capture and energy balance. PLoS ONE, 11(6), e0156894.

16. Gao, Y., Yang, Y., Qin, Z., & Sun, Y. (2016). Factors affecting the yield of bio-oil from the
pyrolysis of coconut shell. Springer Plus, 5, 333.

17. Mayakaduwa, S. S., Vithanage, M., Karunarathna, A., Mohan, D., & Ok, Y. S. (2016). Inter-
face interactions between insecticide carbofuran and tea waste biochars produced at different
pyrolysis temperatures. Chemical Speciation & Bioavailability, 28, 1–4.

18. Gray, M., Johnson, M. G., Dragila, M. I., & Kleber, M. (2014). Water uptake in biochars: The
roles of porosity and hydrophobicity. Biomass and Bioenergy, 61, 196–205.

19. Sut, D., Chutia, R. S., Bordoloi, N. J., Narzari, R., & Kataki, R. (2016). Complete utilization
of non-edible oil seeds of Cascabela thevetia through a cascade of approaches for biofuel and
by-products. Bioresource Technology, 213, 111–120.

20. Liu, Z., Niu, W., Chu, H., Zhou, T., & Niu, Z. (2018). Effect of the carbonization temperature
on the properties of biochar produced from the pyrolysis of crop residues. BioResources, 13(2),
3429–3446.



Influence of Temperature on Quality
and Yield of Pyrolytic Products of Biofuel
Process Wastes
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Debashis Sut, Lina Gogoi and Rupam Kataki

Abstract With the ambitious biofuel project launched by the government of India,
a good number of non-edible oil seeds have been explored as a potential candidate to
produce biodiesel. However, in this attempt, a massive amount of solid byproducts is
also generated (seed cover and de-oiled cake). These byproducts if not utilized add
to the wastes and may end up in open burning. Thus complete utilization of biomass
resources are vital for maximizing the efficiency, sustainability and economics of
biofuel production. In this work, we have investigated the pyrolysis properties of
Kayea assamica (KA) seedcake (a biofuel process waste) using TGA analysis. The
slow pyrolysis reaction was performed with 40 °C/min heating rate. The physico-
chemical characteristics of Kayea assamica were investigated by bomb calorimetry,
elemental analysis (CHN), SEM and FT-IR spectroscopy. The proximate and ulti-
mate analysis was conducted using standard ASTM methodology. The variation of
product yield with the pyrolysis temperature was also observed. Energy performance
system of the pyrolysis system was also evaluated. BET analyses of biochar were
also studied for the preparation of activated carbon.
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1 Introduction

Environmental pollution caused due to the burning of conventional fuels to meet the
exponential growth in energy demand, energy security, energy sustainability, and
energy accessibility are some of the global issues currently faced by the humanity,
and a shift over to renewable energy resources like biomass, solar, wind, etc. can
be a part of the solution in this regard. With the growth rate of 2.5% per annum,
renewable and nuclear energy becomes the fastest growing energy resources [1].
The future relies on the growth of renewable sources for the development of a secure
and sustainable energy system. Renewable sources account for 13% of the world
total primary energy in 2013 [2].

India is bestowed by profuse amount of renewable resources. As stated by the
Ministry of New and Renewable Energy (MNRE), the potential of India to produce
renewable energy is over 245 GW. It produces 400–500 millions of biomass per
year and provides 32% of the total primary energy consumption [3]. Biomass refers
to all the organic compounds which are combustible in nature. Among the several
available technologies toward deriving energy from biomass, the thermochemical
approach has gained tremendous interest [4, 5]. The thermochemical methods can
be divided into three class: (i) gasification, (ii) combustion, and (iii) pyrolysis. Out
of these, pyrolytic conversion offers twin advantages of possibility of using diverse
groups of biomasses as feedstock, and diverse products yields. It breaks down the
polymeric substances into solid (bio)char, liquid (bio-oil) and gaseous product with
lowermolecularweight [6]. Biochar can be applied as a soil amendment, used as solid
fuel, and catalyst during chemical manufacturing. The gaseous product is composed
of CH4, CO2, H2, N2 and traces of volatile organic compounds whichmake it suitable
for industrial application as an energy source [7, 8]. The liquid fractions used as fuel
for furnaces and boilers. Although there are some demerits of using bio-oil without
any modification due to the presence of oxygenated phenolic and ester constituents,
water, and some corrosive organic compounds.

Demirbas [9] studied temperature (500–1200 K) effect on pyrolysis products
hazelnut, walnut, almond, and sunflower. Their study reveals that char yield was
inversely related to a pyrolysis temperature. Soetardji et al. [10] performed pyrolysis
on jackfruit peel waste at varying temperature. They found that bio-oil yield was
maximum at temperature 550 °C. The GC-MS reports for bio-oil states the presence
of ketones, alcohols, furans, acid and esters. Shadangi et al. [11] studied the effect
of co-pyrolysis of karanja and niger seed with polystyrene on liquid fuels. They
reported that polystyrene enhanced the yield of bio-oil. At 2:1 mixing ratio highest
calorific value of oil was reported. Pradhan et al. [12] investigated the pyrolytic
behavior of mahua seed. The maximum bio-oil yield was reported as 49% at 525 °C,
while the maximum char yield was 18%. The calorific values of the pyrolytic oil and
biochar were found to be 39.02 and 26.05 MJ/kg respectively. Sokoto and Bhaskar
[13] performed the kinetic study of castor seed de-oiled cake (Ricinus communis) by
employing the thermogravimetric procedure. The study revealed that the temperature
range for maximum decomposition was 329.94–355 °C. The proximate and ultimate
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analytical result indicated the viability of castor de-oiled seedcake as a feedstock
for thermochemical treatment to produce biofuel. The studies above establishes that
biowastes including de-oiled seed cakes are suitable feedstocks for their pyrolytic
valorization to various products.

Kayea assamica (KA) is a non-edible oil seed bearing tree species widely avail-
able in the forest of Assam, India. It is an evergreen tree characterized by light
brownish gray bark. Presence of β-farnesene (a biological toxin) in the fruits, makes
it unsuitable for cattle feed. Therefore, the KA de-oiled seedcake (KASC) remaining
as a biofuel process wastes after utilization of KA oil for biodiesel production, can
be suitably used as a feedstock for thermochemical conversion process to various
products [14].

The aim of the current study is to investigate the pyrolytic behavior of the non-
edible de-oiled seed cakes of Kayea assamica (KASC) at different temperature and
to investigate the effects of pyrolysis temperature on the distribution of product
yield. Characteristic properties including proximate–ultimate analysis, surface struc-
ture, functional groups, and Calorific value of the raw biomass, biochar, and bio-oil
obtained in a fixed bed pyrolysis reactor were evaluated.

2 Materials and Methods

2.1 Raw Material

KASC was obtained from the Biofuel Lab of the Energy Department of Tezpur
University. The seedcake sample was then passed through 36 B.S (0.42 mm) sieve
and the resultant sample was oven dried at 105 °C to removemoisture. After moisture
removal, the sample is kept in an airtight container.

2.2 Pyrolysis Experiment

Biomass sample weighing 10 g was subjected to pyrolysis in a fixed bed reactor
at four different temperatures is. 350, 450, 550 and 650 °C in N2 atmosphere. The
pyrolysis processes were carried out with a heating rate of 40 °C/min. Product yields
during pyrolysis were calculated on a dry basis for the biomass samples. The total
yield of char, liquid and gas were given by the following equations:

Biochar yield (%) = (wt. of biochar produced/wt. of feedstock)× 100 (1)

Liquid yield (%) = (wt. of liquid portion recovered/wt. of the feedstocks)× 100
(2)
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Gas yield (%) = 100− (biochar yield%+ liquid yield%). (3)

2.3 Characterization

2.3.1 Characterization of Biomass and Biochar

Proximate analysis of KASC and biochar were performed using ASTM methods
(D3173 for moisture, D3174 for ash, D3175 for volatile matters). The fixed carbon
content was calculated by difference. Elemental composition and calorific value was
evaluated according to ASTM D2015 method using a elemental analyzer (model:
Euro EA 3000) and an auto bomb calorimeter (model: 5E-1AC/ML) respectively.
pH and electrical conductivity were measured using pH meter (EUTECH pH 700)
and a conductivity meter (Digital TDS/Conductivity Meter MK509) as described
elsewhere [15]. SEM was performed on a Jeol, JSM-6290LV instrument. FT-IR
spectrum of biomass and biochar was performed on a Nicolet IR spectrometer with
a spectral range of 4000–400 cm−1.

2.3.2 Characterization of Bio-Oil

The elemental analysis, FT-IR, GCMS and calorific value of bio-oil obtained at
highest temperature were determined using methods as described elsewhere [15].

2.4 Thermal Analysis

Thermal behavior of the biomass was investigated by using Perkin Elmer STA 6000
TG analyzer. The sample was heated from 30 to 800 °C at a heating rate of 10 °C/min
under a flow of high purity N2 gas (99.99%) at a flow rate of 30 ml/min.

2.5 Biomass Composition

Biomass is composed of cellulose, hemicelluloses, and lignin. Therefore composi-
tional analysis was done to quantify the number of individual constituents. Using
TAPPI Standard [16] extractives were removed from the sample and calculated. To
determine the hemicellulose content 1 g of the extractive-free sample was added to
150 ml of 500 mol/m3 NaOH and the mixture was boiled for 3.5 h. After dying the
residue was weighed. The hemicelluloses wt% was determined from the difference
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between theweight of the sample before and after the treatment. TAPPI Standard [17]
was employed to determine the lignin content. All the experiments were conducted
in triplicate. The cellulose content (%w/w) was calculated by difference [18].

3 Results and Discussion

3.1 Biomass Characteristics

The proximate analysis was widely carried out to evaluate the fuel quality. The
outcomes were tabulated below. From the proximate analysis, it was observed that
the volatilematter contentwas very high (72.34%)while the fixed carbon contentwas
8.97%.Due to easy decomposition of volatilematter into smaller organic compounds,
the high volatile content of the feedstock is preferred for pyrolysis. High ash content
implies lower energy conversion efficiency [19]. Higher volatile matter content and
low ash, and moisture contents made this sample suitable for application in gasifier
and pyrolysis.

Elemental composition of KASC reveals that the major constituent in the biomass
is oxygen (46.88%), followed by carbon (43.23%), hydrogen (8.23%) and very trace
amount of nitrogen (1.66%). This implied that during pyrolysis less amount of nitrous
and sulfur oxides would be produced. The H/C and O/C ratios for KASC were 1.623
and 0.821 respectively. Due to the higher amount of oxygen in KASC biomass, it
showed lower calorific value (17.82 MJ/Kg) (Table 1).

Table 1 Proximate and
ultimate analysis of KASC

Analysis type KASC

Proximate analysis (wt%)

Moisture 8.35

Ash 10.34

Volatile matter 72.34

Fixed carbona 8.97

Ultimate analysis (wt%)

Carbon 43.23

Hydrogen 8.23

Oxygena 46.88

Nitrogen 1.66

H/C molar ratio 1.62

O/C molar ratio 0.821

Empirical formula C30H69NO25

Calorific value (MJ/kg) 17.82

aBy difference
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Table 2 Component analysis of de-oiled seedcake sample (%w/w)

Sample name Extractives Cellulose Hemicelluloses Lignin

KASC 16.45 ± 0.05 22.56 ± 0.58 20.25 ± 0.37 40.74 ± 0.31

3.2 Component Analysis of Biomass

The cellulose, hemicellulose, lignin and extractives contents percentage were deter-
mined from the biochemical and inorganic element analysis. The yields of pyrolysis
product were found to be proportional to the cellulose, hemicellulose and lignin con-
tent of the sample. Biochar yield is dependent on lignin content of the feedstock; i.e.
higher the lignin content, higher is biochar yield [19] (Table 2).

3.3 FT-IR Spectra of Biomass

From KASC FT-IR, the stretching vibration at 3079 cm−1 indicated the presence
of alkenes. The vibration at 1561 cm−1 were the symmetrical and asymmetrical
stretching of C=C, prove the presence of aromatic compounds. The small peak at
1124 cm−1 showed the presence of C–O functional groups of alcohol, alkyl halide
or ether. The vibration at 875 cm−1 represented C–H stretching vibration (Fig. 1).

Fig. 1 FT-IR of KASC
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Fig. 2 a TGA curve of KASC. b DTGA graph of KASC

3.4 Thermal Analysis

Figure 2a, b represents the TG and DTG curves for KASC. The thermogravimetric
analysis of the KASC was carried out in N2 atmosphere with a heating rate of
10 °C/min. From the TG graph biomass pyrolysis can be divided into various regions
describing gradual decomposition in each stage. Thefirst stage represents the removal
of moisture content and lighter volatile constituents, followed by breaking down
of hemicellulose; decomposition of lignin and cellulose and at the end constant
decomposition of lignin [20, 21]. The initial weight loss was observed at temperature
range 28–110 °C due to the loss of moisture. In this region, a loss of 8.35 wt% were
observed for KASC. Loss of volatile matter was marked with a sharp fall of biomass
weight at 280 °C. Beyond this temperature the weight loss was slow and gradual,
owing to the burning of char which continued to 700 °C. Hemicellulose thermally
decomposed at 220–315 °C, followed by cellulose at 315–400 °C and lignin at wide
temperature range of 180–900 °C [13, 22]. From the TG curve it was observed
that most of the mass was lost at temperature 700 °C, so a temperature range of
500–650 °C would be suitable for bio-oil production though pyrolysis.

3.5 Pyrolysis Products Yield

Pyrolysis of KASC was performed at four temperatures ranging from 350 to 650 °C
(100 °C interval) with 40 °C/min heating rate. To evaluate the pyrolytic condition at
which maximum bio-oil is produce the effect of temperature on the products yield
was investigated. The char yield decrease from 39.45 to 34.47% due to temperature
increment from 350 to 650 °C (Fig. 3), owing to the higher breakdown of primary
molecules of biomass as temperature increased. Also, both secondary decomposition
reactions and removal of volatile matter were responsible for the decrease in char
production at higher temperature [23]. The increase in temperature caused secondary
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cracking of the pyrolytic gases which led to higher bio-oil production at higher
temperature [24]. Higher pyrolysis temperature favored the higher yield of bio-oil
because it enhanced the volatile availability and reduces time remained for secondary
cracking.

It was observed that with the increasing temperature there was a rise in the yield
of gaseous product. The gas product yield increased from 16.56 to 27.26% for KASC
which canbe associatedwith the secondary crackingof vapors at higher temperatures.

3.6 Characterization of Biochar

The proximate and elemental analytical results for KASC biochars has been summa-
rized in Table 3. The result indicated that the volatile content of biochar decreased
from 30.56 to 26.66% for KASC. Biochar exhibited very lower amount of volatile
compared to original biomass. The fixed carbon content and ash content also propor-
tionately increased with temperature. The escalation in the cationic concentration of
Mg, Ca, K, S, P, and Zn is responsible for the subsequent increase in ash residue
[25]. The increased dehydration of the biochar at elevated temperature indicates less
hydrophilic biochar surface at a higher temperature. The increase in the calorific
value of biochar with a rise in production temperature represents the effect of the
increased concentration of carbon.

The elemental composition revealed that the amount of carbon in biochar ampli-
fiedwhereas the oxygen and hydrogen content in biochar declinedwith rising temper-
ature. The increase in carbonwas attributed to increases in the degree of carbonization
[26]. The decline in the fraction of O and H content was due to cleavage and breaking
of weaker bonds in the biochar structure [27]. The loss of moisture, decarboxylation,
and decarbonylation with rise in temperature might be a possible reason for decline
in H/C and O/C proportion of biochar [24].

With the rise in final pyrolysis temperature a change in pH and EC of the biochar
was observed which may be due to the loss of acid functionality, and separation of
alkali salts from organic material [15]. The heterogeneous and amorphous structure
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Table 3 Physicochemical properties of biochar from KASC

Properties Biocharfrom KASC

Temperature (°C) 350 450 550 650

Moisture content (%) 8.45 7.89 7.56 7.50

Volatile content (%) 30.56 29.67 28.89 26.66

Ash content (%) 5.67 6.65 6.90 7.20

Fixed carbona (%) 55.32 55.79 56.65 58.64

Calorific value (MJ/Kg) 17.56 21.32 22.54 24.67

C (%) 70.25 72.32 75.09 76.12

H (%) 2.85 2.56 2.29 2.22

Oa (%) 25.33 23.78 21.00 20.18

N (%) 1.57 1.34 1.65 1.48

H/C 0.49 0.42 0.37 0.35

O/C 0.27 0.25 0.21 0.20

pH 9.48 9.56 9.69 10.12

EC (dSm−1) 1.79 2.56 3.12 3.89

BET surface area (m2/g) – 6.728 12.457 –

aBy difference

in biochar were also observed from SEM images. The char obtained at a higher
temperature had a more irregular and distorted structure compared to the char at low
temperature (Fig. 4).

Fig. 4 SEM images of biochar from KASC at a 350 °C and b 650 °C
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3.7 FT-IR Spectra of Biochar

The functional groups for the biochar produce were studied from the FT-IR spec-
tra of KASC (Fig. 5). The peak obtained at 3412 cm−1 indicated the presence of
phenols, alcohol, water and N–H2. However, the band intensities gradually declined
with the rising temperature caused by accelerated dehydration reaction. The pres-
ence of aliphatic CH3 stretching vibration is represented by the presence of band at
3079 cm−1. The band at 2360 cm−1 showed the presence of cyanides and alkynes.
The intensity of C=C stretch at 1561 cm−1 attributed to carboxyl and carbonyl group
decreased with increasing pyrolysis temperature. The weak bond frequencies around
1050 and 1350 cm−1 shows the presence of phenols, alcohols (primary, secondary
and tertiary), ethers and esters with C–O stretch and O–H deformation. At 875 cm−1

frequency, with =C–H and C–Cl stretching indicated the presence of alkenes and
alkyl halide [23].

Fig. 5 FT-IR spectra of KASC biochar at four different temperatures
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3.8 Characterization of Bio-Oil

Table 4 illustrates the elemental composition and calorific value of the liquid product
which helped in assessing and determining the feasibility of bio-oil as liquid fuel.
Low oxygen content in the bio-oil (32.23%) compare to its feedstock (46.88%) was
revealed from the elemental analysis which makes it suitable transportation fuel. The
high calorific value of bio-oil implies better fuel properties.

The O–H, N–H stretching vibration at 3461 cm−1 indicated the presence
of water, N–H2 group in bio-oil obtained from KASC. The peak obtained at
2964 cm−1attributed to the presence of alkanes. The stretching of C=C vibration
at 1624 cm−1 indicated the existence of alkenes. The presence of ether and alco-
hol functional group is confirmed by the C–O stretch and O–H bend at 1124 cm−1

(Fig. 6).

Table 4 Ultimate analysis of
bio-oil obtained from KASC

Parameters KASC

C (%) 57.78

H (%) 6.87

N (%) 3.12

Oa (%) 32.23

H/C 1.43

O/C 0.42

Empirical formula C21.6H30.8NO9

Acid Number 36.77

Calorific value (MJ/Kg) 24.80

aBy difference

Fig. 6 FT-IR spectra of
KASC bio-oil at 550 °C
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From the comparative study of the data obtained from the bio-oil chromatogram
(Fig. 7) with standard (NIST 98 spectrum library) the compounds present in the
bio-oil were identified. Due to the intricate composition of bio-oil, it was difficult to
perfectly separate all the peaks. Table 5 summarizes the identified compounds with
area percentage and retention time (RT) in minutes. According to Wang et al. [28]
hemicelluloses and cellulose interaction in biomass, effect the formation of sugars
negatively while that of ketones and furans positively. During pyrolytic degradation
of biomass, the phenylpropane units of lignin contribute to the production of more
quantities of phenols and their derivatives. In the present investigation, most of the
phenolic compounds such as phenol, phenol-2,4 dimethyl, phenol-2-methyl, phenol-
4-methyl, and phenol-2-methoxy derived from lignin decomposition were present in
a greater amount.
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Fig. 7 Gas chromatogram of KASC bio-oil

Table 5 Retention time and compound name present in bio-oil obtained at 550 °C

S. no. RT (min) Area Compound name

1 13.15 0.41 Phenol, 2 methyl

2 14.80 0.72 Phenol, 2 methoxy

3 23.19 0.73 Hydroquinone

4 23.41 1.04 Phenol, 2,4 dimethyl

5 24.71 0.20 2-cyclopenten-1-one,2-methyl-

6 25.15 0.23 Phenol, 4 methyl-

7 26.38 1.04 Benzaldehyde,2 methyl-

8 28.22 8.36 Phenol

9 29.13 12.38 Phenol,4 ethyl

10 30.00 2.79 3-furanmetanol

11 31.38 1.35 Pyridine

12 32.52 7.38 Phenol, 4 methyl
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4 Conclusion

The current investigation of pyrolytic valorization of a biofuel process waste
i.e. KASC was carried out in a fixed bed reactor at four different temperatures,
ranging from 350 to 650 °C with an increment of 100 °C. This study established that
the final pyrolysis temperature has a major effect on the yield and physicochemical
characteristics of the pyrolysis products. Biochar yield decreased with the increase
in pyrolysis temperature. The pH of the biochar also increased with the tempera-
ture and basic in nature which is suitable for soil amendment in the northeastern
region of India. The yield of bio-oil was maximum at 550 °C with a caloric value
of 24.80 MJ/kg. The GC-MS results revealed that the bio-oil is mainly composed of
phenolic compounds.
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Recycling Industrial Waste
for Production of Bioethanol

Swagata Das, Shubhalakshmi Sengupta, Papita Das and Siddhartha Datta

Abstract In need to overcome the environmental impacts and dearth of fuels, eco-
friendly technologies such as biofuels are being developed. Researchers are putting in
effort to convert huge amount of lignocellulosicwastes to biofuels such as bioethanol.
The main aim for all the second generation biofuels are implying waste management
and developing eco-friendly products using the wastes. These wastes are the ways to
sustainable waste management. The proper handling of these wastes is too essential,
as these cause a threat to the environment. Hence, experimental researches have been
focussed on the production of cellulosic bioethanol. Jute caddies were taken up as a
potential source for utilizing it for the production of bioethanol. Jute contains a large
amount of cellulose, about 60%, which is the major constituent for the conversion
to bioethanol. Cellulose is a hard crystalline structure and therefore is subjected to
different chemical pretreatments for its degradation and release of fermentable sugars
such as glucose, xylose and arabinose as the predominant sugars. Pretreatments such
as alkali and alkali plus dilute acid treatment were done followed by enzymatic
saccharificationusingAspergillus niger.Fermentationwas the next crucial step for the
consumption of these fermentable sugars (simple and complex) by microorganism,
for production of bioethanol. Saccharomyces cerevisiae (yeast) was used to study
the effect on the uptake of these sugars and conversion to bioethanol. The yield was
27% ethanol in this experiment.
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1 Introduction

Lignocellulosic biomass is rich in cellulose, which on degradation by chemical or
biological treatment releases fermentable sugars. Bioethanol is produced from either
starch containing substances or lignocellulosic biomass. The use of bioethanol was
first put in practice by the IC engines [1]. Biofuels have been utilized as trans-
port fuels since the commencement of the IC engine. Bioethanol has often been
termed as automobile fuel. With the exhaustible fuels crisis, bioethanol has become
a major alternative as a substitute for other exhaustible fuels. The research sectors
are developing different economically feasible and profitable ways for production
of bioethanol. “2-G biofuels” have taken over 1-G biofuels as they are focussed on
converting waste to useful environment friendly products [2]. In the coming years,
biofuels are estimated to take over the market by their cheap price and pollution free
nature. The effect of the concerns related to waste management has attracted the
concern for 2-G biofuels from lignocellulosic feedstocks [3]. Therefore, the urge to
convert industrial waste feedstocks, rich in cellulose content, is the major focus for
bioethanol production [4]. The objective of this research findings was to utilize the
wastes generated in the best possible way and convert it into useful products which
is both cheap and eco-friendly. So, efforts were put in utilizing the huge amount of
jute caddies wastes generated every day and converting it into biofuel—bioethanol.
Chemical pretreatments were done to loosen the hard structure of cellulose followed
by enzymatic saccharification and fermentation.

2 Literature Survey

As bioethanol can be derived from lignocellulosic biomass and wastes from biomass
of crop biennial, it enhances the chances of the monetary benefit of farmers and
waste management in industries. Bioethanol is widely used as a crucial biofuel for
running automobilesworldwide. Because of the limited sources of the non-renewable
fuels such as petroleum, biofuels has taken over extensively [5]. Ethanol marks
as a closed carbon dioxide cycle as after burning of ethanol, the emitted carbon
dioxide is recycled into plant biomass as plants use it to incorporate cellulose during
photosynthesis. Bioethanol manufacturing industries uses energy from inexhaustible
sources or wastes sources, thereby reducing the net carbon dioxide emission to the
air. Ethanol contains about 35%oxygen that provides to total combustion and thereby
decreasing particulate emission which many a times poses health hazards [6]. The
hazardous nature is decreased by reducing the GHG. Thus, the adaptation of even
10% bioethanol reduces GHG emissions by 15–19%.
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3 Materials and Methodology

3.1 Materials

The industrial jute caddies wastes were collected from Mahadeo Jute Mill, Howrah,
India. The wastes were manually trimmed for easy handling during experiment.

The chemicals sodium hydroxide, sulphuric acid was purchased from Loba
Chemie, India and potassium dichromate and di-nitro salicylic acid were procured
from Merck, India.

3.2 Chemical Pretreatments

The following chemical pretreatmentswere carriedout on thenon-treated jute caddies
waste.

3.2.1 Alkali Pretreatment

The jute caddies waste (5 g) was subjected to alkali treatment to increase cellulose
digestibility.

The manually trimmed jute caddies wastes were subjected to 5% (w/v) alkali
treatment [7]. The alkali treated jute caddies waste were kept for 20 min and was
then washed with water to remove the excess alkali and maintain a pH of 7.00
followed by oven drying for overnight.

3.2.2 Alkali and Acid Pretreatment

Themodification to the above pretreatmentwas followed by treating the alkali treated
jute caddies waste with dilute sulphuric acid treatment. Similar process was main-
tained. The treated sample was kept for 20 min followed by washing away the excess
alkali and acid present in it and maintaining a pH of 7.00. It was then oven dried.

3.3 Cellulose Estimation

The cellulose content of the treated as well as the non-treated jute was estimated
using the anthrone method [8].
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3.4 Enzymatic Saccharification

The microorganism Aspergillus sp. was used for the biodegradation of the cellulose
structure [9]. The non-treated as well as the treated jute caddies were then incubated
at 30 °C for five days. The reducing sugar (glucose) was then estimated using the
DNS method [10].

3.5 Fermentation

The universal yeast, which is anaerobic in nature, Saccharomyces cerevisiae, was
used for fermentation. The yeast caused the fermentation within 3 days at 30 °C and
it was then estimated for ethanol yield [11].

3.6 Product Recovery and Estimation

The fermented culture was extracted as ethanol-water content using the Rotary evap-
orator and was then determined for the amount of alcohol present in the sample using
the dichromate test and the reading were generated using UV-Vis spectroscope [12].

4 Results

Non-treated jute caddies

The non-treated jute caddies wastes were subjected to anthrone test for cellulose
(Fig. 1) estimation followed by enzymatic saccharification by Aspergillus sp. to
estimate the amount of glucose released (DNSmethod) which was the most essential
constituent for fermentation. Saccharomyces cerevisiae was used in this experiment
for fermentation, thereby yielding 11.16% ethanol (Fig. 2).

Alkali treated jute caddies

The alkali treatmentwhichwas aimed for increasing the cellulose digestibility (Fig. 1)
for better production of ethanol, gave a positive result on the anthrone test used for
cellulose estimation. The amount of hexose sugar released was also more than the
non-treated jute caddies waste as estimated using the DNS test. In this case, the
fermentation caused by the organism was much more and the production of ethanol
estimated was 15.65% using the dichromate method (Fig. 2).

Alkali and acid treated jute caddies

The addition of dilute acid to the previous pretreatment for degradation of the cel-
lulose structure and thereby more release of fermentable sugars were found to be
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Fig. 1 Cellulose concentration of treated and non-treated jute caddies

Fig. 2 Ethanol production from non-treated and treated jute caddies

beneficial (Fig. 1). The cellulose content was found to be more than the above two
pretreatments. After fermentation the resulting product was 26.87% ethanol (Fig. 2).

4.1 Analysis and Discussions

Non- treated jute caddies

From the anthrone method the amount of cellulose was estimated (Fig. 1). But as
the structure of the cellulose is crystalline in nature, it needs chemical or biologi-
cal pretreatments for its degradation for release of fermentable sugars. As this was
non-treated jute caddies waste and was only subjected to enzymatic saccharification



148 S. Das et al.

(Aspergillus sp.), the structure of cellulose could not be broken so easily. A very
limited amount of hexose sugar was released (DNS method) for uptake during fer-
mentation by Saccharomyces cerevisiae, thereby resulting only in 11.16% ethanol
(Fig. 2).

Alkali

The 5% alkali pretreatment proved to increase the cellulose digestibility using the
anthrone method [13] (Fig. 1). This in turn was more effective for the release of the
hexose sugar after enzymatic saccharification by Aspergillus sp. as reported after
the DNS test [14]. The yeast was able to ferment better in case of this treated jute
caddies. The ethanol yield was 15.65% (Fig. 2).

Alkali and acid

The modification made to the previous treatment by implying dilute acid treat-
ment was helpful. The dilute sulphuric acid treatment was found to be beneficial
in most cases [15]. As seen in the above treatment, alkali treatment increases cellu-
lose digestibility, addition of acid loosens the structure of cellulose more, releasing
more of cellulose (Fig. 1) hence more amount of glucose. The glucose was estimated
using the DNS method followed by fermentation. The fermented jute caddies waste
resulted in 26.87% ethanol as determined by the dichromate test (Fig. 2).

5 Conclusion and Recommendation

The research focused on utilization of jute caddies wastes to bioethanol. Thus to sum
up the overall research can be concluded as:

• The two different chemical pretreatments followed by the biodegradation of cel-
lulose, proved to be useful for the production of bioethanol as compared to the
non-treated jute.

• The jute caddies wastes which was utilized for this research has been found to
be beneficial. It is been reported to produce nearly 27% alcohol on pretreatment.
Saccharomyces cerevisiae has given a better result on all the cases thereby vali-
dating the uptake of the hexose sugars.

• Since this research has focused on waste management and production of eco-
friendly products such as biofuels, the used substrate can be reused again for
production of bioethanol, thereby completely depleting the source for no further
utilization.
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Municipal Solid Wastes—A Promising
Sustainable Source of Energy: A Review
on Different Waste-to-Energy Conversion
Technologies

C. K. Parashar, P. Das, S. Samanta, A. Ganguly and P. K. Chatterjee

Abstract Utilization of Municipal Solid Waste (MSW) as a free resource of energy
has gained popularity to reduce the use of conventional fuel. India, as a developing
country having a major population residing in rural areas with unplanned societies,
unscientific waste management is steeping at enormous rate. This paper highlights
several waste-to-energy (WTE) conversion technologies incorporated for the utiliza-
tion of MSW to produce useful energy. With high end research and development,
pyrolysis and gasification processes incorporating enormous temperature and heating
rates, has paved the way for the utilization of high density polymeric wastes in gen-
erating oil and synthetic gas as products for utilization as fuels having high calorific
values. Utilization of kitchen, agricultural and other organic wastes is a promising
energy resource to mitigate the dependency on conventional fuels, if scientifically
adapted all over the geographical area. In particular, since animal rejects, food waste
and agricultural remains cannot be altered, their utilization as fuel is a promising free
source of energy. These wastes are fed for biogas production, along with produc-
tion of alternative manure for farming through bio-methanation and composting. In
view of applications in automobiles, aircrafts, and domestic purposes, conversion of
methane enriched fuel into bio-diesel paves the way towards sustainable future. As
the supply of conventional fuels are facing threat in view of scarcity and pollution
caused by their usage, energy fromMSWwill eradicate the problems of landfills, pol-
lution and other waste management issues, also economically benefiting the society
with their livelihood.
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1 Introduction

The last few decades have seen a massive increase in the amount of municipal solid
waste (MSW) in the urban and semi-urban areas of developing nations. Citing an
instance, waste generation scenario in Japan is around 1.1 kg/day per inhabitant and
about 5.2 × 107 tons/year. In addition to this, the total quantity of industrial waste
is estimated around 4 × 108 tons/year [1]. Thus cities are facing a challenge with
management of the waste materials due to less effective waste handling methods.
This is even growing serious as the composition of the MSW varies from place
to place and from time to time. MSW has become a challenge for Urban Local
Bodies (ULBs) throughout the world. Sustainable solid waste management (SWM)
with financial sustainability is a major challenge in cities of developing countries.
Depending upon the country spending capacity; every nation generates a different
quantity of waste per capita ofMSW. Third world countries generate 250 g per capita
per day, whereas developed nations generate up to 2 kg per capita per day. Population
explosion coupled with lifestyle improvement and consumption patterns is resulting
in significant increase in waste generation. As per one estimate by CPCB (Central
Pollution Control Board, New Delhi), in 2010, India generates 60 Million MT of
MSW per annum. The growth rate of MSW generation for developing countries is
over 5% on an annual basis.

In this regard, quantification of waste is one of the major parameters to be con-
cerned for employment of efficient waste-to-energy conversion system. But problem
persists in relation to the quality of waste which varies from place to place and season
to season. Also, improper waste handling is an issue as it leads to assorted feed inputs
to theWTE conversion systems. Such problem overlooks the recyclable components
of the waste which can be easily brought back into the market. Stable segregation
system ofMSW into different recyclable and non-recyclable components will help in
further processing of solid waste. The recyclable material such as metallic parts can
be reused easily. The non-recyclable material (i.e. plastic, cotton, rubber, etc.) can
be disposed through gasification process to generate energy. A proper segregation
system shall help in effective conversion of waste into wealth.

Over the years, several techniques have been developed which utilizes solid waste
as an energy resource which also points it out to be a challenging task. The problem
lies with the unpredictable composition of waste [2]. According to [3], the element
composition ofMSWisC: (17–30%),H2: (1.5–3.4%),O2: (8–23%),H2O: (24–34%),
ashes: (18–43%) by weight and the average specific combustion heat of MSW is
in the range from 5 to 10 MJ/kg. Prior study by [4] indicates gasification (at high
temperature) ofMSW (as enmasse feed input) beaks it down into simpler molecules.
The products (along with the by-products) obtained are found to be of high utility.

According to the annual report published during the survey period of 2014–2015,
there are 7935 towns in India among which 6166 of them constitute the urban frame
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of our country, India. Nearly in all states disposal of waste is done by open dumping.
95 landfills have been constructed till 2015 and are spread all over the country but
only 14 states have reported monitoring the qualities of the environment like air,
water or groundwater at the landfill sites. Being easy to operate, composting process
is the preferable option in most of the small towns rather than incineration, gasi-
fication or pyrolysis. Industrialized and metro cities have no other options except
WTE option which includes incineration and gasification of the waste due to lack of
space and energy crisis. A few states like Andhra Pradesh, Gujarat, Goa, Himachal
Pradesh, Maharashtra and West Bengal have taken initiative in setting up compost
plants. 91 waste-to-energy plants have been reported as established till the reporting
year 2014–2015. 648 biogas plants, 3 power plants and 12 RDF projects have been
reported in the states of Chandigarh, Delhi, Gujarat, Haryana, Karnataka, Kerala,
Maharashtra and Telangana. Efforts are being made for creating awareness among
the citizens about the proper disposal and management of solid waste that includes
collection, segregation, storage and transportation of the waste [5, 6]. Waste man-
agement in developed nations is governed by legislation and looking at the basic
approach of legislative tools, they fall into two categories namely “end-of-pipe”
regulations and strategic targets.

• End-of-pipe regulations

These are technical regulations and relate to the individual processes in waste treat-
ment and disposal. Emission controls for incinerators are a prime example. Such
regulations may be set at national or international standards. These regulations are
important to ensure safe operation of waste disposal processes.

• Strategic targets

It defines theway inwhich solid waste will be dealt with in the future. This legislation
has several common threads: it builds on the “hierarchy of solid waste management”,
and within this it sets targets for recovery and recycling of materials. Much current
legislation is also directed at specific parts, rather than the whole, of the municipal
waste stream.

1.1 National and International Status of MSW

In India, disposal of Municipal Solid Waste (MSW) poses greater challenges as the
projected population as 800,186 in the year 2020, it is estimated that 16,000 tons of
MSW would be generated in the year 2020. Nema and Ganeshprasad [7] compared
Plasma technologies with conventional waste treatment in an experiment with sim-
ulated hospital wastes, at the Institute for Plasma Research in India, using a 50 kW
DC transferred arc plasma reactor and results indicted energy recovery is possible
with complete neutralization off hazardous element. Dave and Joshi [8] reviewed
number of research articles and showed the potential for development of thermal
plasma pyrolysis and gasification technologies for waste management and recovery
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of energy from it. Chatterjee et al. [9] developed a plasma arc pyrolyser for treat-
ment of plastic waste as well as energy recovery from it. Ojha et al. [10] compared
various methods of waste management and suggested plasma arc gasification as the
most effective way for solid waste management in the developing country. Baidya
et al. showed plasma arc gasification as the most sustainable waste to energy pro-
cess for a country like India using combined AHP and QFD decision-making tools.
Baidya et al. proposed a model setup in a composting plant as a case incorporating
plasma gasification within the composting plant process line. The study revealed
the effectiveness of the proposed model and also showed the sustainability of the
process for energy recovery. Pondicherry Urban Development Agency (PUDA) in
its detailed report for municipal solid waste disposal through incineration process on
Nov-2014 [11]; Eco Save Systems Pvt. Ltd in their report on Municipal Solid Waste
Management at Visakhapatnam in Sept-2015 [12]; Tide Technocrats Private Limited
in their report on Municipal solid waste collection & transport plan for Gulbarga on
Mar-2014 [11] reported major problem for handling municipal solid waste is poor
segregation technique. But significant development on segregation of MSW has not
yet been carried out explicitly.

Some literature talks about the regulations incorporated by some waste manage-
ment agencies in US and Europe, and their statistical effects on minimizing waste
related problems [13–18]. The studies reveals that formation of management boards
in respect to handling the landfills alone, does not solves the MSW generation prob-
lem. Proper landfills management reduces the waste by diverting it to some other
places. Hence proper recycling regulations depending upon the composition of waste
generated/collected needs to be involved. Special emphasis is also given on standard-
izing the collection and comparison of data related to waste disposal. For instance
[18] reported that waste from construction debris should not be compared as waste
generation per capita along with the MSW into statistical comparison. The scenario
for WTE conversion of MSW and construction debris is different. There are 102
facilities in USA which burns 14% of the total waste generated by 37 million people
from37 of the 50 states in generating 2800megawatts which is enough for 2.5million
houses. The value of that energy is in excess of $850 million and is produced in facil-
ities that represent a total capital investment of over $10 billion. In 1960s, Japan and
many European countries started themassive projects forWTE programme. Transfer
of technology to the US first began in late 1960s and early 1970s. However, most
projects were not very efficient andwere problematic. Duringmid to late 1970sWTE
projects started developing in Saugus, Massachusetts; Pinellas County, Florida; and
Ames, Iowa, the areas which were facing the maximum landfill problems [19].

2 MSW Disposal

Employing recycling systems for solid wastes components such as paper, glass,
plastic, and so on, not only reduces burden for waste disposal but also utilizes waste
as resources which contributes towards sustainable environment. Recyclable waste
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paper which is the most common ingredient of municipal solid wastes is considered
as an “urban ore”. Waste papers are considered as the solid recovered fuel (SRF)
which is largely contained inmunicipal solid waste (MSW).Mechanized segregation
systems can treat large volume ofMSW efficiently with reduced human intervention.
But mechanized systems require high capital investment owing to involvement of
installation of specific state of the art machineries. In respect to sorting metallic
components a lot of literature is available for sorting out metallic components using
magnetic action from MSW. Most commonly drum and overhead magnet systems
are employed in sorting plants. Their purpose is to remove materials most commonly
aluminium, copper, nickel and other metals. Although there are limitations with such
systems of sorting out materials only bigger than 10 mm in size but actually it makes
the overall MSW segregation simpler by reducing the burden of sorting out bigger
metal pieces.

Wastes from the packaging industry are drawing significance attention in terms
of quantity of waste generated. As the industry plays a major role in transportation,
manufacturing and storage, and almost in all other domains, alternatives are the
need of the hour for reducing the environmental effects from packaging wastes.
The different types of packaging materials are broadly classified as paper, plastic,
cardboard, aluminium and glass.

Waste disposal is generally carried out either by composting (namely aerobic and
vermi-composting) or by WTE conversion systems. Employment of WTE units are
challenging as the composition of waste is highly diverse. Although in some devel-
oped countries these projects have proved to be a success but are still in development
stage in many places mainly because of large financial funds required for setting up
of these plants, apart from the waste composition diversification factor which gives
rise to sustainability issues of the plant. DifferentMSW treatment methods have been
discussed in the subsequent sections [20–22].

2.1 Landfilling

In most of the metropolitan cities, open dumping of MSW is practiced as disposal
technique. Such practice gives rise to other environmental problems like, soil con-
tamination, air and water contamination in nearby localities making the zone into an
inhabitable place. Since most of the sites are low lying areas, this makes it suitable
for water to get trapped with waste and percolates inside it. One of the practices
generally observed is levelling of waste after dumping. As per the literature the cost
of landfilling is around Rs. 500 to Rs. 1500 per ton of waste [23]. Szabó et al. [24]
performed a study for maximizing the benefits of these landfills incorporating solar
panels on closed sites. It could be a possible solution for converting the discarded
waste into a renewable source of energy by developing solar landfills [25].
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Mønster et al. assessed methane emissions from 15 Danish landfills using mobile
tracer dispersion method with either Fourier transform infrared spectroscopy, using
nitrous oxide as a tracer gas, or cavity ring-down spectroscopy, using acetylene as
tracer gas [26].

2.2 Composting

Composting is basically a process in which upon the action of bacteria present in
organic matter (or organic waste) converts the waste into high agricultural utility
compost, under the influence of hot and moist conditions. This forms the collected
waste which was discarded as waste rather into an agricultural fertilizer. Although it
demands a framework for implementation and maintenance of the compost formed,
but relative to disposal techniques such as incineration it is of high order in terms of
productivity. Compost has basically bad odour and proper care is required to prevent
diseases approaching out publicly.

Vázquez et al. [27] evaluated the efficiency of home composting programmes
and the quality of the compost produced in eight rural areas (880 composting bins).
The result obtained was that on average the efficiency in 77% for a compost rate of
126 kg/person per year and the quality was quite good. Home composting helps in
production of high quality fertilizers of excellent qualities that can be used in garden
or fields.

2.3 Open Sea Dumping

All around the world the oceans are being used as dumping areas for all kinds of
wastes including chemical, industrial, radioactive and sewage wastes since decades.
This had not been much of an issue since the recent times as it has been well proved
that it may lead to extinction of species.

Yang et al. [28] proposed a system of evaluation indexes and methods for evalu-
ating the quality of ocean water in the dumping areas. Commonly used system and
index system was taken into consideration for the analysis of the quality of water.

Simonini et al. [29] conducted an experiment to show the long-term dumping
effects of dredged material on macro-zoobenthos at 4 different disposal sites in
Emilia-Romagna coast. Sediment from harbours was dredged and dumped at the 4
specific locations. The effect was investigated before and after 6 months, 8 months,
2 years and 4 years. The sedimentswere disposed gradually and no traceswere found.
The granulometry and %TOC in the sediment remained uninfluenced. Zheng et al.
[30] showed the biological effects on mollusks caused by the dumping of waste. The
mesocosm technique was used for the same. It was found that high suspended soil
content is harmful for mollusks.
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2.4 Burning

Burning refers to the burning of waste in open pits or outdoor furnaces. This is also
being practiced since decades. Burning releases toxic gases andmay produce harmful
substances. The smoke may cause health risks to those who are exposed.

Wang et al. [31] studied the atmospheric emissions of heavy metals produced
from open burning of MSW in China. MSW contains toxic compounds and when
burned in populated areas cause direct exposure to harmful compounds. The further
study shows the estimated amounts of typically heavy metals like mercury, arsenic,
lead, cadmium, chromium, selenium, copper, zinc and nickel.

2.5 Incineration

Incineration is the process of control and complete combustion, for burning down
solid wastes. It helps in energy recovery and destruction of toxic wastes, for instance,
waste from hospitals. The temperature in the incinerators varies from 980 to 2000 °C.
Incineration process results in the reduction of the original volume of the solid waste
by 80–90% the usual by-products of incineration are ash, gaseous and particulate
emissions and finally heat energy. The bottom ash formed, is biologically clean and
stable which is often used in road building and the construction industry. The flue gas
and the fly ash produced in the incineration process are hazardous and are treated by
air pollution control equipment. Incineration results in the formation of carcinogenic
gases of higher hydrocarbons which are not easy to breakdown.

Abaecherli et al. [32] optimized energy use through systematic short-term man-
agement of industrial waste incineration and aims to systematic optimize detailed
short-term scheduling for industrial waste incineration to support daily decision-
making process. It aims in reducing the utilization of auxiliary fuel which is used
to overcome waste related energy incineration process. The study shows reduction
potential up to 90% thus reducing CO2 emission up to 13%. Nabavi-Pelesaraei et al.
[33] evaluated the consumption of energy and environmental impacts of incineration
and landfill scenarios in Iran. Most energy consumption was found to be related
with transportation of waste. Zhou et al. [34] worked on stabilizing the chromates
present in the by-products of incineration, i.e. fly ash of formed by the incineration.
Ascorbic acid, NaAlO2 and trisodium salt non-anhydrate are the Cr stabilizers and
stabilize by reducing Cr (VI) to Cr (III). Hwang et al. [35] estimated the emission of
greenhouse gases caused by incineration of waste in Korea. The estimation was done
by using US EPA method. The estimation was done across 9 different facilities in
Korea each having different operating systems and different NOx removal systems.
Moving grate, stoker, rotary kiln, fluidized bed and kiln and stoker are the different
operating systems present. Emission factors of CO2, CH4 and N2O were estimated.
Gradus et al. [36] did an effectiveness of cost analysis of plastic waste recycling and
WTE incineration process. The plus point of recycling is that is does not have the
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problem of CO2 emission. Though the initial cost in incineration is more, it has been
found that incineration is more cost-effective. Song et al. [37] analysed the differ-
ent political, economic, social, technological, environmental and legal aspects in the
development incineration. Here MSW treatment status in China has been analysed
along with the other aspects in details.

2.6 Pyrolysis

Pyrolysis is a thermochemical decomposition of organic material at high tempera-
tures in the absence of oxygen or any halogen. Pyrolysis generally involves simul-
taneous changes in chemical composition and physical state which is irreversible.
Pyrolysis is generally used in chemical industry. The conversion of wood to charcoal
is an example of pyrolysis.

Ansah et al. [38] studied the thermo gravimetric and calorimetric characteristics
during co-pyrolysis of MSW. Pyrolysis of PET occurs at higher temperature than
components derived from biomass. The plastic pyrolysed at a maximum weight loss
rate of 18.5 wt%/min at 420 °C, paper and textile at 10.8 wt% min at 340 °C and
wood at 9.9 wt% min at 360 °C during pyrolysis wood required the least amount of
heat. Gunasee et al. [39] developed a thermo gravimetric methodology to evaluate
the synergistic effects during pyrolysis and combustion of MSW. Here the samples
have been heated at 20 °C/min from 25 to 1000 °C under dynamic conditions with
the continuous record of their main evolved fragments. By comparing the exper-
imental and calculated weight losses and relative areas of MS peaks synergistic
effects were evaluated. Wu et al. [40] investigated oxygen less pyrolysis technique
for recycling MSW. It employed Shenwu rotating bed reactor having regenerative
radiant tube which provides high temperature. For the same, heat and mass transfer
was established by a 3D transient mathematical model that was characterized with
simultaneous fluid flow.

2.7 Gasification

Fuel gas comprising of methane, carbon monoxide, carbon dioxide and hydrogen as
the main constituents is obtained by gasification of MSW. This gas could be stored
and used when required for power generation [41]. The waste-feeding rate varies
as employed but is usually about 50–150 kg/h and its efficiency is about 70–80%.
Gasification utilizing plasma with steam results in a hydrogen and carbon dioxide
rich “synthetic” gas commonly known as syngas. Gasification in the presence of
small amounts of air produces syngas which is rich in nitrogen but of low quality
in terms of calorific value, and with oxygen produces a high quality fuel mixture of
carbon monoxide and hydrogen.
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This process utilizing high temperature plasma requires electrical power to pro-
duce the hot chamber facilitating gasification.As discussed themain product obtained
is syngas, along with slag as a by-product. The process breaks down nearly all the
feedstock components into their elemental forms excluding the radioactive materi-
als which facilitates into decomposition of toxic compounds into harmless chemical
elements, which is also one of the main advantages offering in comparison with the
conventional methods of waste disposal [41].

There are usually five processes for elimination of tars: thermal cracking, catalytic
cracking, mechanical methods (scrubber, filter, cyclone, and electrostatic precipita-
tor), self-modifications (operating parameters) and plasma methods [42, 43]. Fabry
et al. [44] has proposed an overview of gasification by thermal plasma process in
converting waste to energy. All aspects regarding gasification, like chemical reac-
tions, configuration of main reactor, tar content and other operation conditions have
been discussed in details. Comparison with other waste gasification processes (using
DC or AC plasma torches) has been done successfully. It also gives a review of var-
ious torches used in these processes. Shiota et al. [45] investigated the emission of
particulate matter (PM) from gasification in Japan. The size distribution and removal
efficiency of PMwas investigated from 3 different gasification furnaces. A nine-stage
cascade was used for this purpose. It was showed that most PM was fine particles
and the coarse particles were removed efficiently. The removal efficiency of PM
and PM2.5 were 99.96 and 99.99% in plants BF-SCR and BF-wet scrubber-SCR-
BF system. Cao et al. [46] through thermodynamic analysis assessed the hydrogen
production from superficial water gasification of diosgenin solid waste. Aspen plus
software was used for the analysis and is based on the principle of Gibbs free energy.
K2CO3 and black liquor was used to catalyse the gasification and the addition of
black liquor significantly improved the hydrogen yield.

Couto et al. [47] evaluated the MSW gasification in Portugal thermodynamically.
Energy and exergy values were strictly investigated in order to find the result. It was
observed that tar content energy value decreased considerably (almost 80%) with the
increase in temperature (900 °C). Pandey et al. [48] predicted the lower heating value
of gas, other gasification products such as tar, entrained char and syngas with the
help of multi-layer feed forward neural networks. Rigorous study was carried out in
choosing the no. of hidden layers, no. of neurons in the hidden layers and activation
function in a network. 9 input and 3 output parameters were taken into consideration
for the same. This showed that the performance of fluidized bed gasifier can be
predicted by artificial neural network. Nielsen et al. [49] invented a plasma-assisted
waste gasification system and the reactor has 3 zones namely a bottom zone, a middle
zone and a top zone. The bottom zone is used for melting the waste reaction residue
and forming a slag pool. The middle layer is used to make syngas from the waste
and the top zone has a plasma torch thus controlling the temperature of syngas. The
syngas produced by gasification of MSW in gas turbine or reciprocating engine has a
higher efficiency than direct combustion producing thermal energy in steam engine
[50].
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3 Potential of MSW in Energy Production for the Society

Citing the tremendous increase in the MSW generation potential per capita, is a
major concern for our mother Earth and our sustainability. As per [51] almost one
billion tons rise in MSW generation is expected by the year 2025. By widening our
research focus towards enhancement in waste disposal technology in order to extract
energy from waste in some form which could benefit the society, could mitigate
several waste management issues. An estimated potential of energy generation from
MSW in Malaysia crosses over 600 kW per day with waste generation of 1500 tons
having 2200 kcal/kg heating rate [52]. Analysing the market for thermal treatment of
wastes, incineration could generate electricity from waste treatment products at an
efficiency of merely 20% whereas gasification, with WTE conversion efficiency of
34% leads the role in producing electricity fromMSW [53]. This could pave the way
for sustainable adaptation of WTE technologies for alleviation of fossil fuel issues.

4 Conclusion

Tremendous amount of waste has already been disposed of in unscientific manner
causing perilous concerns to the society and to the environment raising global warm-
ing issues. The landfills piled up are now burden not only to the society, but also to
the governments dealing to dispose it off. Concerns over waste management prob-
lems should now be reformed into technical solutions for generating useful energy,
from the gigantic landfills and the impending waste to be collected. Involvement
of chemical, mechanical and environmental engineering is need of the hour. WTE
products as well as by-products are capable of providing energy back to the society.
Technologies like composting, bio-methanation and pyrolysis not only dispose of
the wastes but also produce fruits for the society. Analysing the quantity of MSW
accumulated aswell as the anticipatedwastes, it can promise to contribute to a greater
extent in energy generation scenario at national as well as international status.
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9. Punčochář, M., Ruj, B., & Chatterjee, P. K. (2012). Development of process for disposal of
plastic waste using plasma pyrolysis technology and option for energy recovery. Procedia
Engineering, 42, 420–430.

10. Ojha,A., Reuben,A.C.,&Sharma,D. (2012). Solidwastemanagement in developing countries
through plasma arc gasification-An alternative approach. APCBEE Procedia, 1, 193–198.

11. Detailed project report (DPR) for municipal solid waste disposal through incineration process
by PondicherryUrbanDevelopmentAgency—LocalAdministrationDepartment onNovember
2014.

12. Detailed project report (DPR) on municipal solid waste management for Vishakhapatnam,
prepared and submitted by Feedback Infra Private Limited in JV with Eco save Systems Pvt
Ltd on September 2015.

13. California’s Department of Resources Recycling and Recovery, US. (2007). Statewise
waste generated, diverted and disposed. http://www.ciwmb.ca.gov/LGCentral/Rates/Graphs/
RateTable.htm. Accessed November 16, 2017.

14. Williams, R., Jenkins, B., &Nguyen, D. (2003). Solid waste conversion: A review and database
of current and emerging technologies (pp. 1–129). Final Report: Department of Biology.

15. Williams, R. B., Jenkins, B.M.,&Kaffka, S. (2013). California BC.AnAssessment of Biomass
Resources inCalifornia, Data. Contract Report to CECPIERContract 500-11-020 2015:1–155.

16. Leary, M. (2004). Contractor’s Report to the Board Landfill Facility Compliance Study Task 6
Report—Review of MSW Landfill Regulations from Selected States and Countries.

17. Commission of the European Communities. (2006). Green Paper on a future Maritime Policy
for the EU presented by the commission; SEC, p. 689.

18. Municipal Solid Waste in the United States. (2005). Facts and figures. US Environmental
Protection Agency, municipal and industrial solid waste division; 2006: PA530-R-06-011.

19. UN-HABITAT. (2009). Solid waste management in the world’s cities. United Nations Human
Settlements Programme.

20. Sharholy, M., Ahmad, K., Mahmood, G., & Trivedi, R. C. (2008). Municipal solid waste
management in Indian cities—A review. Waste Management, 28, 459–467.

21. Cheng, H., & Hu, Y. (2010). Municipal solid waste (MSW) as a renewable source of energy:
Current and future practices in China. Bioresource Technology, 101, 3816–3824.

22. Hamer, G. (2003). Solid waste treatment and disposal: Effects on public health and environ-
mental safety. Biotechnology Advancement, 22, 71–79.

23. Freudenrich, C. Ph.D. How Landfills Work. 16 October 2000. How stuff works. http://science.
howstuffworks.com/environmental/green-science/landfill.html; 2017. Accessed June 9, 2017.

24. Szabó, S., Bódis, K., Kougias, I.,Moner-Girona,M., Jäger-Waldau,A., Barton,G., et al. (2017).
A methodology for maximizing the benefits of solar landfills on closed sites. Renewable and
Sustainable Energy Reviews, 76, 1291–1300.

25. Hartmann, B., Török, S., Börcsök, E., & Oláhné, Groma V. (2014). Multi-objective method for
energy purpose redevelopment of brownfield sites. Journal Clean Production, 82, 202–212.

26. Mønster, J., Samuelsson, J., Kjeldsen, P.,&Scheutz, C. (2015).Quantification ofmethane emis-
sions from 15 Danish landfills using the mobile tracer dispersion method.Waste Management,
35, 177–186.

27. Vázquez, M. A., & Soto, M. (2017). The efficiency of home composting programmes and
compost quality.Waste Management, 64, 39–50.

28. Yang, D., Zheng, L., Song, W., Chen, S., & Zhang, Y. (2012). Evaluation indexes and methods
for water quality in ocean dumping areas. Procedia Environment Science, 16, 112–117.

http://www.cpcb.nic.in/Municipal_Solid_Waste.php
http://www.cpcb.nic.in/Municipal_Solid_Waste.php
http://www.ciwmb.ca.gov/LGCentral/Rates/Graphs/RateTable.htm
http://science.howstuffworks.com/environmental/green-science/landfill.html


162 C. K. Parashar et al.

29. Simonini, R., Ansaloni, I., Cavallini, F., Graziosi, F., Iotti, M., Massamba N’Siala, G., et al.
(2005). Effects of long-term dumping of harbor-dredged material on macrozoobenthos at four
disposal sites along the Emilia-Romagna coast (Northern Adriatic Sea, Italy).Marine Pollution
Bulletin, 50, 1595–1605.

30. Zheng, L., Cui, W., Song, W., Qu, L., Yuan, Y., & Yang, D. (2012). The biological effects of
the marine dumping on mollusks. Procedia Environment Science, 16, 118–124.

31. Wang, Y., Cheng, K., Wu, W., Tian, H., Yi, P., Zhi, G., et al. (2017). Atmospheric emissions of
typical toxic heavy metals from open burning of municipal solid waste in China. Atmosphere
Environment, 152, 6–15.

32. Szijjarto, A., & Hungerb, K. (2017). Optimized energy use through systematic short—Term
management of industrial waste incineration.Computers andChemical Engineering, 1354(17),
30151-301515.

33. Nabavi-pelesaraei, A., Bayat, R., Hosseinzadeh, H., Afrasyabi, H., & Chau, K. (2017). Mod-
elling of energy consumption and environmental life cycle assessment for incineration and
landfill systems of municipal solid waste management—A case study in Tehran Metropolis of
Iran. Journal of Clean Production, 6526(17), 30194-4.

34. Zhou, X., Zhou, M., Wu, X., Han, Y., Geng, J., Wang, T., et al. (2017). Reductive solidifica-
tion/stabilization of chromate in municipal solid waste incineration fly ash by ascorbic acid
and blast furnace slag. Chemosphere, 182, 76–84.

35. Hwang,K. L., Choi, S.M.,Kim,M.K.,Heo, J. B.,&Zoh,K.D. (2017). Emission of greenhouse
gases from waste incineration in Korea. Journal of Environment Management, 196, 710–718.

36. Gradus, R. H. J. M., Nillesen, P. H. L., Dijkgraaf, E., & van Koppen, R. J. (2017). A cost-
effectiveness analysis for incineration or recycling ofDutch household plasticwaste.Ecological
Economics, 135, 22–28.

37. Song, J., Sun, Y., & Jin, L. (2017). PESTEL analysis of the development of the waste-to-energy
incineration industry in China. Renewable and Sustainable Energy Reviews, 80, 276–289.

38. Ansah, E., Wang, L., & Shahbazi, A. (2016). Thermogravimetric and calorimetric characteris-
tics during co-pyrolysis of municipal solid waste components. Waste Management (article in
press).

39. Gunasee, S. D., Carrier, M., Gorgens, J. F., & Mohee, R. (2016). synergistic effects using
TGA-MS. Journal of Analytical and Applied Pyrolysis, 1–12.

40. Uro, Vlv., Ri, K., Lq, D., Qtldqj, D. X., Hl, K., Lq, L. D. R. X., et al. (2017). JHQ IUHH &
LUFXPVWDQFH 105, 1255–1262. https://doi.org/10.1016/j.egypro.2017.03.442.

41. Gray, L. (2014). Plasma gasification as a viable waste-to- energy treatment of municipal solid
waste. MANE-6960; Solid and Hazardous Waste Prevention and Control Engineering.

42. He, J., & Zhang, W. (2011). Review of syngas production via biomass. Renewable and Sus-
tainable Energy Reviews, 15, 482–492.

43. Han, J., & Kim, H. (2008). The reduction and control technology of tar during biomass gasifi-
cation/pyrolysis: An overview Renewable and Sustainable Energy Reviews, 12, 397–416.

44. Fabry, F., Rehmet, C., Rohani, V., & Fulcheri, L. (2013). Waste gasification by thermal plasma:
A review. Waste Biomass Valorisation, 3, 421–439 (Springer).

45. Shiota, K., Tsujimoto, Y., Takaoka, M., Oshita, K., & Fujimori, T. (2017). Emission of partic-
ulate matter from gasification and melting furnace for municipal solid waste in Japan. Journal
of Environment Chemical Engineering, 17, 30102–1.

46. Cao, W., Cao, C., Guo, L., & Jin, H. (2017). Gasification of diosgenin solid waste for hydrogen
production in supercritical water. International Journal of Hydrogen Energy, 1–10.

47. Dinis, N. C., Bruno, V. S., & Rouboa, A. (2016). Thermodynamic evaluation of Portuguese
municipal solid waste gasification. Journal of Cleaner Production, 139, 622–635.

48. Shankar, D. P., Das, S., Pan, I., Leahy, J. J., & Kwapinski, W. (2016). Artificial neural network
based modelling approach for municipal solid waste gasification in a fluidized bed reactor.
Waste Management (article in press).

49. Nielsen, M. C. (19). United States (12) 2009;1. Patent application US20090064581A1.
50. Zhao, P., Ni, G., Jiang, Y., Chen, L., Chen, M., & Meng, Y. (2010). Destruction of inorganic

municipal solid waste incinerator fly ash in a DC arc plasma furnace. Journal of Hazardous
Materials, 181, 580–585.

https://doi.org/10.1016/j.egypro.2017.03.442


Municipal Solid Wastes—A Promising Sustainable Source … 163

51. Kosuke, K., & Tomohiro, T. (2014). Revisiting estimates of municipal solid waste generation
per capita and their reliability. Journal of Material Cycles andWasteManagement, 2014–2015.

52. Ivapalan, K., Muhd, Y., Kamaruzzaman, S., & Abdul, S. (2003). Energy potential from munic-
ipal solid waste in Malaysia. Renewable Energy, 29, 559–567.

53. Murphya, D., & McKeogh, E. (2004). Technical, economic and environmental analysis of
energy production from municipal solid waste. Renewable Energy, 29, 1043–1057.



Design of a Decentralised Biogas Reactor

R. Hoque, R. L. Kshetry, S. Maity, R. Dalui and A. Khamaru

Abstract With a population of 4,496,694, Kolkata is the 3rd largest megacity in
India and the 20th largest in the world. But this growth has its consequences. Kolkata
metropolitan area produces approximately 4000 megatons of waste every day, of
which solid wastes comprise approximately 3932 megatons. These wastes are han-
dled by the Kolkata Municipal Corporation (KMC). In the wake of the energy crisis
and the depletion of fossil fuel reserves, the need to switch to non-conventional
sources of energy is looming. The most notable among these is biogas, which can
theoretically generate 1.4 times the annual global power requirement. Despite sev-
eral works having been done in this field, biogas is still quite an untapped energy
source. This paper explores the possibilities of using biogas for cooking purposes
as an alternative fuel of liquefied petroleum gas (LPG), and proposes the design
and construction of a decentralized biogas reactor for a small apartment building of
10–15 families with an assumed four members per family. Calculations and estima-
tions showed that the biogas thus generated by the suggested two-stage process from
solid wastes produced by the families would be sufficient to serve the purpose of
substituting the cooking gas of all families residing in that building, thereby solving
the dual problem of solid waste management and providing a renewable source of
energy as a cheap cooking fuel.
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Keywords Municipal solid wastes · Biomass energy · Biogas generation ·
Decentralised biogas reactor · Anaerobic fermentation

1 Introduction

Joshi et al. [1] found that Indian urban areas produce municipal solid wastes (MSW)
at a rate of 0.5–0.7 kg/capita/day and 75% of it is dumped in unsanitary landfills
or open dumpsites. They claimed that rapid population growth in India, especially
in urban areas, is the main cause of hefty increase of MSW in India, at a rate of
1.33% per capita per year. They proposed a “Decentralized MSW Treatment” plan
which would see the setting up of compact, decentralized composting units. Kumar
and Kaushal [2] compared different methods of municipal solid waste management
(MSWM) practiced in India.

They found that open dumping or unsanitary landfill is still the most common
method of waste management in the country. After a detailed case study, they con-
cluded that material recovery (recycling) and composting are the best methods of
MSWM, in terms of least damage caused to the environment.

Das et al. [3] did a case study on municipal solid waste management (MSWM) in
Kolkata. The survey was carried out on 41municipal towns in the Kolkata metropoli-
tan area, results of which echoed Joshi’s [1] findings. Das and Bhattacharyya [4]
gave an overview of solid waste management in Kolkata. They studied the practiced
methods of waste collection and recommended improvements in the transportation
of wastes. De andDebnath [5] selected a garbage disposable area of Kolkata in Garia.
Nearby households (within 500 m from the waste disposable land) were randomly
selected and a survey was conducted on the consequence of garbage disposal on
the health of the residents, taking note of perception and awareness about garbage
disposal practices. The results of the study clearly indicate that in the absence of a
basic facility of collection of waste from source, citizens were forced to dump waste
on the open spaces, streets, drains and water bodies in the surrounding area, creating
unsanitary conditions.

Municipal solid waste (MSW) is defined as the waste comprising of discarded
items of everyday use, such as food wastes, paper, cardboard, textiles, plastics, glass,
metal, etc. Solid wastes basically comprise of organic wastes (food scraps, yard
wastes, leaves, grass, wood, etc.), paper (cardboard, newspapers, books, magazines,
paper bags, paper cups, etc.), glass (bottles, broken light bulbs, broken window
fragments, etc.), plastics (bottles, packaging material, containers, cups, etc.), metal
(cans, foils, parts of appliances, etc.) and other wastes like textiles, leather, e-wastes,
rubber, ash, etc.

In India solid wastes are treated in eight different ways namely:

1. Composting
2. RDF (Refuse derived fuel) production
3. Pyrolysis
4. LFG (Landfill gas) recovery
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5. Sanitary landfill
6. Uncontrolled dumping
7. Biomethanation
8. Incineration

Of these methods only composting and uncontrolled dumping are prevalent in
Kolkata.

Rapid industrial, economic and infrastructural growth in India over the past few
decades have led to skyrocketing urban population. Presently, urban population
accounts for as much one-third of the entire population of the country. Currently,
Indian urban areas produce municipal solid wastes (MSW) at about 0.5–0.7 kg per
capita per day [2], which is quite high. Data on the situation of MSWM in India is
tabulated below (Fig. 1; Tables 1 and 2).

It is estimated that MSW generated from Indian urban areas is increasing at an
alarming rate of 1.33% per capita per year, and Kolkata is no exception. As much
as 75% of the solid waste generated in India is dumped in unscientifically managed
landfills or open dumpsites [1]. The fields of Dhapa inKolkata are an example of such
open dumpsite. The waste such treated ultimately undergoes natural redox reaction
by virtue of aerobic bacteria. However, such dumpsites serve as spawning ground
for disease-causing germs, viruses and bacteria. Moreover, poisonous leachates from
decomposed waste also pollute the ground.

In some places, if the water table is high, the leachates seep into the water and
pollute it. Drinking this polluted water can lead to serious health hazards. Besides,
unsanitary landfills emit foul odour, and also affect the aesthetic beauty of the locality.

Industrial development and population growth have also led to a surge in the global
demand for energy in recent years. Consequently, energy reserves are depleting

Fig. 1 Per capita generation rate of MSW for Indian cities (CPCB 2004)
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Table 1 Municipal solid waste generation rates in different states in India

S. No. Name of the
state

No. of cities Municipal
population

Municipal
solid waste
(t/day)

Per capita
generated
(kg/day)

1 Andhra
Pradesh

32 10,845,907 3943 0.364

2 Assam 4 878,310 196 0.223

3 Bihar 17 5,278,361 1479 0.280

4 Gujarat 21 8,443,962 3805 0.451

5 Haryana 12 2,254,353 623 0.276

6 Himachal
Pradesh

1 82,054 35 0.427

7 Karnataka 21 8,283,498 3118 0.376

8 Kerala 146 3,107,358 1220 0.393

9 Madhya
Pradesh

23 7,225,833 2286 0.316

10 Maharashtra 27 22,727,186 8589 0.378

11 Manipur 1 198,535 40 0.201

12 Meghalaya 1 223,366 35 0.157

13 Mizoram 1 155,240 46 0.296

14 Orissa 7 1,766,021 646 0.366

15 Punjab 10 3,209,903 1001 0.312

16 Rajasthan 14 4,979,301 1768 0.355

17 Tamil Nadu 25 10,745,773 5021 0.467

18 Tripura 1 157,358 33 0.210

19 Uttar Pradesh 41 14,480,479 5515 0.381

20 West Bengal 23 13,943,445 4475 0.321

21 Chandigarh 1 504,094 200 0.397

22 Delhi 1 8,419,084 4000 0.475

23 Pondicherry 1 203,065 60 0.295

299 128,113,865 48,134 0.376

Source: Status of MSW generation, collection, treatment and disposal in class-I cities (CPCB 2000)

all over the earth. This problem is aggravated by the lack of long-term planning
by the world’s governments. Despite various efforts by the United Nations, non-
conventional sources of energy are far from being used regularly for a source of
stable power. The major reason for this is the dearth of infrastructure to harness the
energy in a sustainable way.

One of the most notable sources of energy among the non-conventional ones is
biomass energy. Biomass is a general term for any living material. Taken together,
the earth’s biomass represents an enormous source of energy. The energy reserve
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Table 2 Physical characteristics of MSW in Indian metrocities

Characteristics (% by weight)

Name of
metrocity

Paper Textile Leather Plastic Metals Glass Ash, fine
earth and
others

Compostable
matter

Ahmedabad 6.0 1.0 – 3.0 – – 50.0 40.00

Bangalore 8.0 5.0 – 6.0 3.0 6.0 27.0 45.00

Bhopal 10.0 5.0 2.0 2.0 – 1.0 35.0 45.00

Mumbai 10.0 3.6 0.2 2.0 – 0.2 44.0 40.00

Calcutta 10.0 3.0 1.0 8.0 – 3.0 35.0 40.00

Coimbatore 5.0 9.0 – 1.0 – – 50.0 35.00

Delhi 6.6 4.0 0.6 1.5 2.5 1.2 51.5 31.78

Hyderabad 7.0 1.7 – 1.3 – – 50.0 40.00

Indore 5.0 2.0 – 1.0 – – 49.0 43.00

Jaipur 6.0 2.0 – 1.0 – 2.0 47.0 42.00

Kanpur 5.0 1.0 5.0 1.5 – – 52.5 40.00

Kochi 4.9 – – I.I – – 36.0 58.00

Lucknow 4.0 2.0 – 4.0 1.0 – 49.0 40.00

Ludhiana 3.0 5.0 – 3.0 – – 30.0 40.00

Madras 10.0 5.0 5.0 3.0 – – 33.0 44.00

Madurai 5.0 1.0 – 3.0 – – 46.0 45.00

Nagpur 4.5 7.0 1.9 1.25 0.35 1.2 53.4 30.40

Patna 4.0 5.0 2.0 6.0 1.0 2.0 35.0 45.00

Pune 5.0 – – 5.0 – 10.0 15.0 55.00

Surat 4.0 5.0 – 3.0 – 3.0 45.0 40.00

Vadodara 4.0 – – 7.0 – – 49.0 40.00

Varanasi 3.0 4.0 – 10.0 – – 35.0 48.00

Visakhapatnam3.0 2.0 – 5.0 – 5.0 50 35.00

Average 5.7 3.5 0.8 3.9 1.9 2.1 40.3 41.80

Source: Status of solid waste generation, collection, treatment and disposal in metrocities (CPCB
2000)

per ton of biomass is approximately 1500–3000 kWh. Theoretically, biomass
can generate almost 1.4 times the earth’s annual energy consumption of 150 ×
103 TW-h [6]. Compared to solar energy, biomass is more efficient and can gener-
ate more energy with better economy. The annual world energy requirement is 17.7
TW-h, while the energy that can be generated from biogas can range from 16 to as
much 33 TW-h, depending on the method used, substrate used, process parameters,
and process efficiency. So at this junction, biogas generation is considered to be a
suitable solution to the dual problem of solid waste management as also depletion of
fossil fuel reserves.
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In this light, Bhol et al. [7] reviewed the current state of biogas digesters in India
and claimed that biogas generation is an extremely ignored way when it comes to
reduction of greenhouse gas emissions and providing a better waste disposal method
for organicwaste. If applied properly andunder suitable circumstances, biogas energy
can be harnessed to completely replace wood, coal or LPG as the prominent cooking
fuel in at least the rural and semi-urban sectors. They suggested that biogas, being
cheap, may also be used for electricity generation in the domestic as also community
level in villages. They discussed the construction, design and operating principle of
various biogas digesters currently used in India—namely, the KVIC (Khadi & Vil-
lage Industries Commission of India) model, the Janata model and the Deenabandhu
model. Karve [8] also surveyed the general status of biogas in India. He claimed
that despite there are 2–3 million biogas plants in working condition in India, but
hardly 2% rural families use biogas, citing that the main reason for this was inef-
ficient plants, which, due to their improper design, end up making biogas costlier
than its alternatives—almost 1.3 times as expensive as LPG (based on an estimated
daily use of 500 g LPG by each family). Pohekar et al. [9] also researched about the
plausibility of using alternative cooking fuel in India. They claimed that, out of the
total energy consumption in India, cooking energy requirements for industrial and
domestic purposes both, in rural and urban areas combined, account for a significant
36%. They hypothesized that almost 90% of the household energy consumption in a
middle-class Indian urban family is for cooking only. In rural areas, 75% of energy
requirements of a household are owed to wood (timber) and agriculture waste; the
rest is met by kerosene and liquefied petroleum gas (LPG), as stated by Reddy [10].
According to a series of studies by theNational Sample SurveyOrganization (NSSO)
[11], the type of fuel used by a particular household or family would depend upon
its net income. A report by MNES (Ministry of Non-Conventional Energy Sources)
published in 2003 [12] claims that India has a latent potential for construction and
successful functioning of 12 million biogas plants, but several constraints like dis-
interest from governments, dearth of technology, lack of funding, etc. have proven
deterrent to this development. However, the alarming depletion of fossil fuel reserves
throughout the world has helped indirectly for biogas and biofuel to be thrown under
the spotlight. The National Programme on Biogas Development (NPBD) was started
by the MNES in 1981, and consequently the number of installed biogas plants in
India by the end ofMarch 2003 had risen to 3.523million [13] (according toWinrock
International).

Satpathy et al. [14] studied the influence of various substrates on the microbial
communities in batch type biogas reactors working with maize and maize silage as
substrates. They underlined the importance of lactate in biogas reactors, and further
modified their concept with the help of the experimental findings in another paper
[15].

Biomass still remains an untapped source of energy, despite having several advan-
tages, such as renewability, lower pollution than fossil fuels, viable solution to waste
management problems, indigenousness of source, non-dependence on weather or
atmospheric conditions, and providing opportunities for economic development.
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Coming back to the problem of MSWM in Kolkata, one of the gravest issues that
can be addressed in this regard is source segregation. Few households do promote
separate collection of organic and inorganic wastes but in most cases, the Kolkata
Municipal Corporation does not provide separate collection and disposal avenues.
So the effort given in source segregation becomes worthless, as the segregated waste
is mixed again in collection vehicles or disposal grounds. Another major issue is the
problem of actual collection of wastes. In Kolkata, the waste is collected door-to-
door by workers of the KMC. However, this covers only 65% of the household in the
urban area of Kolkata [16]. A large fraction of the household wastes is thrown out
haphazardly. Also, due to narrow lanes and streets, collection vehicles cannot reach
everywhere. Those places have to depend on sweepers for waste collection. Due to
large scale deployment ofmanpower, the labour cost becomes high. Another problem
related to this is that all the wastes are openly dumped at the dumping grounds of
Dhapa without any form of treatment. Even after the use of compactors, if the wastes
are openly dumped, they still cause pollution, and the use of compactors is totally
negated.

This paper explores the possibilities of using biogas as an alternative fuel for
cooking purposes instead of liquefied petroleum gas (LPG) thereby simultaneously
solving the problem of waste management as the organic solid waste is being used
up by the family itself—while at the same time reducing the problem of energy
generation and pollution. The use of this process also reduces the volume and thereby
the cost of handling waste.

2 Methodology

In the proposed model of the biogas reactor we aimed to utilize anaerobic fermen-
tation process to design a small-sized, decentralized, portable, fixed dome biogas
reactor for application in the urban environment. Indian urban areas produce munic-
ipal solid waste at a rate of 0.5–0.7 kg/capita/day and major portion of it organic
solid waste which can be used to generate biogas in a biogas reactor. In anaero-
bic fermentation method biogas is produced from wet biomass with about 90–95%
water content by the action of anaerobic bacteria. These bacteria live and grow in the
absence of oxygen and they derive the needed oxygen by decomposing the biomass.
The process is favoured by wet, warm and dark conditions. The biochemical process
proceeds in three stages:

Stage 1: The original organic matter containing complex compounds like car-
bohydrate, protein, fats etc. are broken through the influence of water to simple
water-soluble compounds. The polymers are reduced to monomers. The process
takes about a day at 25 °C in an active digester.

Stage 2: The micro-organisms of anaerobic and facultative groups, together
known as acid formers, produce mainly acetic and propionic acids. This stage also
takes about one day at 25 °C. Much of CO2 is released in this stage.
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Fig. 2 Flowchart to describe anaerobic fermentation process

Stage 3: Anaerobic bacteria, also known as methane formers slowly digest the
products available from the second stage to produce methane, CO2, small amount
of hydrogen and trace amount of other gases. The process takes about two weeks of
time to complete at 25 °C. This stage is carried out strictly by the action of anaerobic
bacteria.

Our design is suited for midrise apartments housing ten to fifteen families with
four members per family generating about 12–20 kg of solid waste. The organic solid
waste which has to be segregated at the source (in each respective house) will be
collected in a container on the roof of the apartment. Water will be sprayed on top of
the waste continuously in order to maintain the water content required to carry out
the biogas generation process. The water and waste mixture will then be fed through
a PVC pipe into a dome, which will be placed about 6–7 feet above the ground
on an elevated platform. This dome would contain methanogenic bacteria. Stage 1
and stage 2, as described previously, will be carried out within this dome. A PRV
(pressure regulating valve) will release the CO2 produced during stage 2 into the
atmosphere. The substrate generated at the end of stage 2 will be directed to another
dome placed at a height of 1 foot from the ground where stage 3 will transpire. The
methane generated in this stage will be directed through a PVC pipe to a sealed
container through a PRV from where it will be distributed to the individual families.

A flashback arrestor will have to be provided to prevent accidental combustion and
reverse propagation of flame front.Nutrients such as soluble nitrogen compoundswill
remain available in the solution or slurry left in the tank, and can provide excellent
fertilizer and humus. The solution will be drained from the bottom of the second
dome and can be used as a highly effective fertilizer.

The processes can be described in the form of a simple flowchart (Fig. 2).
The schematic diagram of the proposed full-scale reactor system is shown in

Fig. 3.

3 Experimental Setup and Procedure

To practically implement our idea, we constructed a small prototype.
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Fig. 3 Schematic diagram of full-scale proposed model

Raw materials required:

• Hard polyethylene water drums (to serve as the reactor dome as well as storage
tank)

• Mild steel L-angles, nuts & bolts (to construct the frame)
• Hard PVC pipes, butterfly valve (to allow flow of slurry)
• Gas pipes, pipe bends & fittings, nozzles, flashback arrestor (for supply of gener-
ated gas)

• GI sheet, resistive foam (polyurethane), adhesive tape, adhesive resin (Araldite),
sealant (M-seal).

A brief idea about the manufacturing procedure:

• The main framework was constructed using L-angles attached together using nuts
&bolts.

• The ends of each drum were cut off as per required dimension to accommodate
the pipe fittings.

• Thedrumswerefitted at their respective positions and thePVCpipeswere attached.
• The joints were sealed using M-seal, adhesive tape and Araldite.
• The gas pipe was attached to the bottom-most tank and sealing was properly done.
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• Flashback arrestor and nozzle were attached.

Cost Estimation:

The proposed full-scale reactor model would be a low cost one. In correspondence
with that, the constructed small-scale reactor was also quite cheap (Fig. 4; Tables 3
and 4).

Experimental Procedure:

• The setup had to be located in shade away from direct sunlight in such a place that
temperature did not exceed 25 °C.

• For the experimental procedure to be undertaken, fresh cow dung was collected
and deposited in the top drum.

• Requisite quantity of water was added and stirred properly.
• The drum was sealed and was allowed to rest for the retention period of 3 days.
This allowed the methanogenic bacteria in the dung to be activated.

• Food wastes were then added to the cow dung and sealing was properly done.
• The entire setup was then left to rest.

Fig. 4 View of the prepared
small-scale laboratory
prototype
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Table 3 Dimensions of the constructed laboratory model reactor

Part Parameter Dimension (cm)

Drum (Roughly assumed as cylindrical) Mean outer circumference 83

Mean inner circumference 82

Mean thickness 0.5

Mean inner diameter 13

Height (Base to neck) 44

Actual available height inside 43

PVC pipe (For slurry transport) Outer circumference 37

Inner circumference 36

Thickness 0.5

Inner diameter 6

Length between the tanks 67

Gas pipe Inner circumference 7

Inner diameter 1.2

Table 4 Cost estimation of
the prototype

Products/components Quantity Price (INR)

PVC containers 3 150/-

Gas pipe (0.5 inch
diameter)

Length as required 300/-

Stop valve 2 150/-

Gas regulator 2 120/-

PVC pipe (6 inch
diameter)

Length as required 500/-

Flashback arrestor 1 150/-

L-angles 48 feet 1500/-

Methanogenic bacteria 0

Other miscellaneous costs 200/-

Total 3070/-

4 Results and Discussions

The experiment proved that biogas was successfully generated, albeit not in a large
amount. The quantifiable results are listed in Table 5.

The experimental data correlates with the estimated amount of biogas that could
be generated from the amount of waste input. The deviation of the actual amount
from the theoretical value could be attributed to the following factors:

• Insufficient amount of carbohydrates in the food waste sample
• Inadequate quantity of bacteria generated from the cow dung
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Table 5 Results of the
experiment

Amount of solid waste used as substance 2 kg

Amount of cow dung used 350 g

Amount of water added 3.5 l

Gas generated 150 ml

Available energy 4950 J

• Unfavourable reaction conditions
• Varying ambient temperature conditions
• Improper amount of water supplied
• Improper mixing and stirring of the waste with water
• Insufficient retention period
• Short reaction time
• Inability to attain perfectly anaerobic condition

Despite these factors, some quantity of biogas was definitely generated, as was
proven by testing it for combustion. Comparatively, it can be noted that Farouk et al.
[17] in their research project, utilized a total volume of 16.5 l of 10% DM fresh cow
dungmanuremixture in a laboratory-scale digester (whichwas tightly closed to allow
anaerobic digestion), and thereby obtained 17.5 l of biogas over a span of 38 days,
i.e. approximately 460 ml/day. The starting temperature of the experiment was low
at 21 °C but increased up to 30 °C at the end of the experiment. Performing the same
experiment using dry cow dung they obtained 15 l of biogas in 15 days, i.e. 1 l/day.
The operating temperature during the experiment was constant within the range of
37–38 °C. In comparison, Samuchit Enviro Tech, a social enterprise which produces
and supplies biogas commercially in Asia&Africa, claim to generate approx. 430ml
of biogas daily in their domestic balcony model biogas reactors from 1 kg of kitchen
wastes.

Biogas itself burns with a slightly bluish inner core with a reddish-yellow flame.
The extent of blueness in the flame is governed by the amount of methane in the gas.
Greater is the amount of methane, more prominent blue coloured core is observed
during combustion. In general, biogas is comprised of 55–65%methane and 30–35%
carbon dioxide, the remaining being trace amounts of ethane, hydrogen sulphide,
ammonia, carbonmonoxide, nitrogen, oxygen, and other hydrocarbons. Thismixture
depends on the composition of the substrate which is being decomposed for this
purpose, chemical analysis of the food waste which is being decomposed, and also
of the slurry which is left after decomposition, should be done in laboratory. The
temperature, pH value, BOD (biological oxygen demand), COD (chemical oxygen
demand), etc. should be measured, which we unfortunately could not do due to
various constraints.
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5 Conclusion

An analysis of the current situation of MSWM in Kolkata shows some positive
accolades under the belt of the Kolkata Municipal Corporation. KMC now handles
approximately 4000 megatons of waste daily, which is a 33% increase from the
quantity in 2005. The available area of waste disposal at Dhapa has been increased
to 35 ha from 21 ha in 2005. The challenge is to utilize this area effectively. Door-
to-door collection of wastes now covers 65% households under the municipal area,
which is an increase of the figure of 50% in 2005. Number of tricycles, bin carts,
contracted labourers, containers for garbage storage, transportation vehicles, trash
bins have all increased from their respective figures in 2005. Wired fencing has been
put up around the landfill site at Dhapa for a stretch of 6.5 km. The compost plant
under KMC, which had been closed due to legal issues, has been reopened. A new
biocomposting plant has also been constructed at Dhapa, covering an area of 1.5
acres [18]. In this regard the use of a decentralized biogas plant is the most viable
and cost-effective route. It has been estimated that approximately 6 l of biogas can be
produced daily in a 20 l reactor being fed with sufficient amount of substrates, which
is approximately 10–12 kg of food waste mixed with sufficient quantity of water
as required for hydrolysis. Each family has been estimated to use approximately
350–400 g of LPG per day which can be totally replaced by the quantity of biogas
produced.
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An Experimental Study
on the Generation of Biogas Using Food
Waste and Water Hyacinth

Soundararaj Manju Soniya and J. Senophiyah-Mary

Abstract Globally, the energy requirements increase every day, which pose the risk
of energy crisis in the future, as majority of the current need is met by crude oil.
Further, environment pollutions caused by waste materials are a major concern. This
study was carried to find the suitability of food waste and water hyacinth for the
production of biogas at mesophilic temperature. In India food wastes are produced
in large quantities. They are disposed off in open dump yard which create many
health problems and also one of the main source of methane which is GHG. Another
serious issue prevailing in both developed and developing countries is the disposal of
the perennial aquatic plant called water hyacinth. These plants are normally disposed
in open dumps which also create many serious environmental problems. A digester
has been designed to treat both the food waste and water hyacinth together for
the generation of biogas. The experiment was carried out for a period of 40 days.
Three experimental setups were prepared with different ratios of food waste and
water hyacinth with a total volume of 14 L. Parameters such as total solids, total
volatile solids and pH were analyzed every day. It was found that the generation of
biogas increased with increased concentration of water hyacinth. This proved that
the management of water hyacinth could be increased by biogas generation which
could convert waste to fuel.
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1 Introduction

A lot of greenhouse gases (GHG) gets emitted during the production of energy from
fossil fuel which itself gets depleted. There is a huge need in the development of tech-
nology for the production of alternate fuel which could be environmentally friendly
and sustainable. Solid Waste Management in Tamil Nadu is quite challenging for
the urban Local Bodies (ULB) though various legislations have been passed. The
improper disposal of waste water into the water bodies have increased the growth of
water hyacinth which increases BOD thereby reduces the dissolved oxygen concen-
tration which is harmful to the aquatic creatures. The depletion of fossil fuels and
the increase of waste generation have paved a way for the biogas production [1].

Foodwastewhich has a lot of proteins, carbohydrates, fats,moisture content, fiber,
and vitamins could not be treated by incineration, landfillings, aerobic decomposition
or could be converted into fodder for animals because none of them are environmen-
tally soundmanagement [2]. Utilization of food waste for the production of energy is
an essential substitute for fossil energy resources [3]. As foodwaste has lot of organic
substances they can be used for the production of biogas or biodiesel [1]. The food
waste also has a few amounts of toxic substances which could be problematic in the
production of biogas. Prior pre-treatment would be necessary for the production of
biogas. For fermentative production of hydrogen production food waste is essential,
because of its rich carbohydrate and easily hydrolysable [4]. Even water hyacinth
can able to remove pollutant in water [5], basic dyes [6] and trace elements [7],
negative effect can also form due to its wide growth rate. Under favorable condition,
rapid production of water hyacinth even up to 60 cm/month cause low oxygen level
which is dangerous to aquatic organisms and cause serious problems in navigations,
irrigation and power generations [8]. Addition of waste paper into the mixture of
cow dung and water hyacinth improves biogas production [9].

Widely used easymethod for organic treatment is anaerobic digestion [10]. Biogas
is the renewable energy that can be even produced from household and various
types of waste water [11], cattle waste [12], fish industry [13] and from market and
food industry waste [14]. Production of biogas requires bioreactor system which
reduce greenhouse effects, decrease unpleasant odor, and even heat and power can
be produced [15]. Even fruit and vegetable waste increases biogas production [16].
Methanogenic activity inhibited by high nitrogen and heavy metals and long chain
fatty [17]. Investigations are carried out for rapid production of biogas [18]. Even
reactor can be designed for eliminating methanogenic activity for improvement of
biogas production [19]. For higher volumetric loading within smaller space and
efficient gas production, high-solids anaerobic digester was also investigated [20].
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2 Materials and Methods

2.1 Feed Stocks

2.1.1 Collection of Food Waste

Food wastes collected from college hostel were grinded for size reduction and mixed
thoroughly by hand to make homogeneous mixture. The laboratory studies are being
conducted on food waste to evaluate the chemical properties such as pH, Total solids
and Volatile solids and the corresponding values are observed as 6.67, 9.3 and 94.9%
respectively.

2.1.2 Collection of Water Hyacinth

Water hyacinth was collected from Srinath lake, which is located in Coimbatore
south taluk, Coimbatore. Whole plant was cleaned with fresh water and sundried.
The dried water hyacinth was grinded to powder. The laboratory studies are being
conducted on water hyacinth to evaluate the chemical properties such as pH, Total
solids and Volatile solids and the corresponding values are observed as 6.4, 16.89
and 82.95% respectively.

2.2 Inoculum

Cow dung wasmixed with demineralised water in the ratio of 1:1 to use as inoculums
for the culture of microorganisms so that when fresh food waste is added to it biogas,
production is enhanced. The laboratory studies are being conducted on inoculum to
evaluate the chemical properties such as pH, Total solids and Volatile solids and the
corresponding values are observed as 6.66, 15.33 and 51.84% respectively.

3 Experimental Set up

Anaerobic reactor are designed for the biogas production even domestic waste water
can be treated [21]. The experimental setup consists of three Digesters each contain-
ing the following three units. (1) A digester (2) A gas collecting unit (3) Ameasuring
unit as shown in Fig. 1. A plastic can of 20 L capacity is used as a digester which
consists of one inlet to add the feedstock and two outlets, one at top for transferring
the produced gas to the gas collecting unit and another at bottom for the removal of
digested slurry. Gas collecting unit is a plastic can, with brine solution inside which
is used to collect the gas from the digester through a gas pipe from the digester.
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Fig. 1 Anaerobic digester
fed with inoculums

The gas from the digester compresses the brine solution which is then transferred to
the measuring jar through an outlet provided at bottom of gas collecting unit. The
Anaerobic Digester fed with inoculum is shown in Fig. 1.

3.1 Experimental Procedure

Three experimental Digesters were prepared with three different ratios of food waste
and water hyacinth using a 20 L plastic can. Even from tubular digester [22] and
advanced reactor [23], biogas can be produced. The entire content for each digester
was initially mixed manually. The can was filled with a total capacity of 15 L in all
the three Digesters. Table 1 shows the composition of each Digester.

3.2 Operation of the System

The digester was first loaded with inoculum and then with the feedstock through the
inlet. The digester was then mixed manually in order to make contact between the
biomass and the organic matter present in the digester. The digestion process was
initially carried out at room temperature as mesophilic temperature. Figure 1 shows
the anaerobic digester at first day of feeding.

Microorganisms the absence of oxygen break down the biodegradable material
through hydrolysis, acidogenesis, acetogenesis and methanogenesis processes [24]
in the digester to produce gases, which gets collected in the gas collecting unit. Since
the gas collecting unit and the measuring jar are interconnected, the pressure from
the produced gas compresses equal volume of brine solution to the measuring jar
indicating the volume of gas produced.
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Table 1 Composition of
digesters

Materials Quantity (kg) Water proportion

Composition of digester 1

Inoculum 1 1:1

Food waste 7 1:0.8

Water hyacinth – –

Composition of digester 2

Inoculum 1 1:1

Food waste 6.6 1:1

Water hyacinth 0.4 1:1

Composition of digester 3

Inoculum 1 1:1

Food waste 6.4 1:1

Water hyacinth 0.8 1:1

4 Results

4.1 Total Solids

The total solids for the samples were determined experimentally from day 4 to day
40 using standard methods from the initial day of feeding. At day 4, total solids
in digester 1 is 14.128%, digester 2 is 18.8% and in digester 3 is 21.33% which is
gradually decreased in all digester to 6.24, 6.39 and7.21%respectively. The reduction
of total solids content noticed in all the three Digesters are graphically represented
of reduction in Fig. 2.

Fig. 2 Reduction of total
solids
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Fig. 3 Reduction of volatile
solids

4.2 Volatile Solids

The volatile solids content for the samples were also determined experimentally
through standard laboratory methods. Initially Volatile solids found to be slight
increase in digester 1 and 2 but started to gradually decrease afterward. Gradual
decrease of volatile solids digester 3 is noticed. Volatile solids in digester 1 reduced
from 96.91 to 69.84% and in digester 2 from 94.55 to 78.52% and for digester 3 from
96.87 to 80.2%. The graphical representation of the reduction in volatile solids with
respect to time is shown in Fig. 3.

4.3 Temperature

The most influencing parameter for anaerobic digester is temperature. It influ-
ences both enzymes activity and biogas production. Usually anaerobic bacteria grow
between 10° and 60°, whose performance increasing with the increasing in tempera-
ture [24]. Initially room temperature was found in all the digester which is gradually
increased day by day. Temperature of the sludge during digestion was found to be
35± 2 °C formesophilic and 50± 2 °C for thermophilic condition to occur. Tempera-
ture affects the chemical equilibrium by producing new substance through chemical
reaction leads to decrease of pH level [18]. The inside temperature of the three
digesters were noted and the readings are given in the graphical form with respect
to time in Fig. 4. It also founds that biogas production at thermophilic condition is
higher than mesophilic condition [25].
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Fig. 4 Temperature variations

4.4 pH

Another important factor affecting anaerobic digestion is pH. Different pH range
required by anaerobic bacteria for their growth. It was found to be 4–8.5 ranges
required for fermentative bacteria. The favorable range for methanogenesis growth
was found to be 6.5–7.2 [24]. The pH value of the feedstock was noted from the
initial day of loading till the end of process. The pH value of the digester found to be
reduced during initial stage of loading hence sodium hydroxide solution was added
to all the three Digesters into neutralize the pH between 6 and 8 to attain a favorable
medium for the growth of anaerobic bacteria [4].

4.5 Gas Production

The gas production is the important parameter in the anaerobic digestion process.
The gas production measured every day and the gas burnt with blue flame indicated
the presence of methane gas. To obtain efficient biogas production, different tech-
niques for mixing, monitoring and controlling is necessary [1]. The variation of gas
collection with time period is presented graphically in Fig. 5.

5 Conclusion

Anaerobic digestion is a reliable technology to digest food waste andWater Hyacinth
effectively under mesophilic and thermophilic condition in an economic way. The
following observation was found by a laboratory scale anaerobic digester of 20 L
capacity to evaluate the yield of biogas from food water and dried water hyacinth
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Fig. 5 Cumulative gas
produced

On 4th day digester 1 and 3 produces same amount of gas and digester 3 starts
to produce greater biogas than digester 1, which shows 3.75% increased biogas
production up to 16th day afterward the trend gets altered. For instance on 23rd day
Digester 1 shows 35% increased bio gas production when compared to Digester 3. It
is observed that there is a significant increase in gas production in all the ages except
the initial day in Digester 3 when compare to Digester 1. Maximum observation
found in 4th day and it almost 1.3 times more value that Digester 2. Initially digester
2 produces greater biogas than digester 1 afterward trends change. At 12th day
digester 1 and digester 2 produces same amount of Biogas. Total solids found to be
gradual decrease in all digester at day 4, total solids in digester 1 is 14.128%, digester
2 is 18.8% and in digester 3 is 21.33% which is gradually decreased to 6.24, 6.39
and 7.21% respectively on 40th day. Gradual decrease of volatile solids digester 3 is
noticed. Volatile solids in digester 1 reduced from 96.91 to 69.84% and in digester
2 from 94.55 to 78.52% and for digester 3 from 96.87 to 80.2%. Food waste and
Water Hyacinth was found to be desirable feedstock for anaerobic digestion. During
the process of biodegradation, developed free ammonia and ammonium may create
toxics tomicrobes and affect the performance. Hence approach for ammonia removal
can be studied for future.
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Bioethanol Production from Natural
Plant Substrates of Terrestrial Source

R. JayaMadhuri, M. Saraswathi, K. Gowthami, M. Sujatha and T. Uma

Abstract Petroleum-based fuels are non-renewable resources, causing severe air
pollution to the environment. Hence, biofuels are given much importance as they are
sustainable, produced from biological forms, cost-effective and eco-friendly. Bio-
ethanol is a volatile and flammable liquid produced through the microbial fermenta-
tion process. Bio-ethanol is a microbiological way of converting simple sugar into
ethanol and carbon dioxide. This work focused on the economically viable source
used for the production of bio-ethanol from agrowaste leaf extract used as a substrate
like agave leaves, neem leaves and cassava fermented by Aspergillus niger, Tricho-
derma viride and Saccharomyces cerevisiae. The fermented product was purified
by distillation process of ethanol which was determined by alcoholmeter, and the
bio-ethanol was characterized by FTIR analysis.

Keywords Bio-ethanol · Non-renewable · Biofuels · Petroleum · Alcoholmeter

1 Introduction

Petroleum-based fuels are non-renewable resources, causing severe air pollution to be
the environment. Hence, biofuels are given much importance as they are sustainable,
produced frombiological forms, cost-effective and eco-friendly. Among the biofuels,
bio-ethanol seems like a good alternative to fossils fuel and termed as a renewable
energy source since its source crops can be grown continuously, leading to lower
emission of greenhouse gases and no threat to our ecosystem [1]. Bio-ethanol is a
volatile and flammable liquid produced through the microbial fermentation process.
It has a molecular formula C6H5OH. It can be sufficiently used as an energy source
for transportation [2]. The most common blend is 10% ethanol and 90% petrol (E),
and vehicle engines require no modification to run on ethanol [3]. Ethanol is liquid
biofuel produced from sugar-rich biomass, and ethanol can be blended upto 20%with
desiel or petrol. Moreover, ethanol fuel is a substitute to gasoline and is produced
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from the translation of carbon-based feedstocks. Ethanol is a correctly used gasoline
for vehicles.

Most vehicles run in a mixture of gas ethanol; this mixture is common at most
gas stations across the country [4]. Bio-ethanol is a microbiological way of con-
verting simple sugar into ethanol and carbon dioxide. The most important resources
of sugar are necessary to manufacture ethanol coming from fuel or energy crops.
It is majorly produced in batch fermentation with fungi strain such as Aspergillus
and Saccharomyces cerevisiae that cannot tolerate high concentration ethanol [5].
In the present-day research on the run edible plant source, neem tree leaves are
used in bio-ethanol production using baker’s yeast as a fermenting agent prior to
the acid hydrolyzed substrate. In that view of above, the following study was aimed
to investigate the potential of neem tree leaves (Azadirachta indica) in bio-ethanol
production using baker’s yeast Saccharomyces cerevisiae as the fermenting agent.
The hydrolyzed and filtered extracts were fermented products purified by distilla-
tion process, and the presence of ethanol was determined by alcoholmeter method
[6]. Hence, in our present study, agave leaves were used as raw material for the
production of bio-ethanol using Saccharomyces cerevisiae and Trichoderma viride.
Biofuels such as bio-ethanol can be produced by many different types of substrates
among these cassavas (Manihot enculenta Crantz), a plant with high starch content,
is considered a cheap, edible, abundant and promising resource for the production of
fermentable glucose syrups and dextrins. Moreover, it is easily produced in tropical
and subtropical zones. This research work, therefore, examines the production of
bio-ethanol from cassava peels.

Immobilization technique is a method used to entrap microbial cells/enzymes and
keep them stable for prolonged activity. In the present study, sodium alginate method
has been used to immobilize microbial species used in the experiment. Experimental
data are compared with normal cultures in terms of yield and production period.
Further, scale-up studies weremuch important in fermentation economics. Finally, in
the research work, it has been aimed to produce the economically important biofuel
that is bio-ethanol from the non-expensive natural solid waste substrates, namely
neem, agave and cassava and compare their yield.

1.1 Materials and Methods

1.1.1 Sample Collection

Neem tree leaves were collected from SPMVV campus, agave leaves were procured
from TTD nursery in the campus, and cassava sample was obtained from local area
Indira Priyadarshini market, Tirupati (Fig. 1).
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Fig. 1 Collected samples for the production of bio-ethanol

1.1.2 Sample Pretreatment and Preparation

Neem

The neem tree leaves were collected from SPMVV ground. Neem leaves were col-
lected in polythene bags, and neem leaves were air-dried and grounded into powder
followed by sieving process. Three grams of powdered neem leaves was taken into
conical flasks and pretreated using H2SO4. The flasks were sterilized at 121 °C for
15 min, and then, Saccharomyces inoculum was inoculated into pretreated solid
substrate.

Agave

The substrate (Aloe barbadensis) was collected from agricultural land. Boiled agave
was crushed, and it was used for ethanol production. The pretreated substrate was
done by cooking agave leaves (100 g) in a pressure cooker in 100ml water containing
0.5% potassium meta bisulphate [7].

Cassava

Hundred grams (100 g) of cassava peels was collected from sweet potatoes. The
cassava peel was air-dried and grounded into powder followed by sieving. The potato
dextrose agarmedia slants were prepared and then inoculatedwithAspergillus Niger.
After 4 days, freshly harvested cells were obtained for fermentation process.

Fermentation process—Neem

For the production of bio-ethanol from neem leaves, the substrate is added with
Saccharomyces cerevisiae. Fermentationmediumwas incubated aerobically at 37 °C
for five days. Then, the estimation of reducing sugar and amount of alcohol produced
was performed.

Agave

The hydrolysed and filtered extract was fermented using Saccharomyces cerevisiae
for 7 days of incubation at room temperature under anaerobic condition carried out
in round bottom flask at 80 °C. After that, percentage of ethanol was estimated.
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Enzyme production and assay

Aspergillus niger and Trichoderma viride were inoculated in potato dextrose broth
and incubated at room temperature for 7 days. After incubation, fermentation media
was filtered by Whatman No. 1 filter paper and centrifuged, and the supernatant was
collected for enzyme assay—amylase and cellulose.

Enzymatic hydrolysis

Twenty grams of agave leaves was crushed and dissolved in 200ml of distilled water.
The content was boiled and filtered through Whatman No. 1 filter paper. The extract
was sterilized, and then, enzyme source was added to the extract and incubated at
37 °C for 24 h for hydrolysis process.

Cassava

Twenty-five grams of cassava peel powder was taken and then added 100 ml of
distilled water into that and autoclaved. It was cooled and then added the inocu-
lums (Aspergillus niger) and incubated for 7 days. After incubation, Saccharomyces
cerevisiae was added to the fermentation medium and incubated for 7 days, and the
estimation of alcohol was done.

Estimation of reducing sugars in Neem and Agave by dinitrosalicylic method

Different volumes of glucose solution from 0.2 to 1.0 ml were pipetted out into
various test tubes, and the volume was made to 2 ml with water. To each tube, 2 ml
of DNS reagent was added and kept in boiling water bath 10 min after the tubes
were cooled and diluted with 10 ml of water. The orange red colour flourished was
measured at 520 nm by using a reagent as blank. The colour intensity indicates the
biological sample concentration.

Determination of total and residual sugars

The total sugar content of agave leaves was determined by phenol sulphuric acid
method [8]. The reducing sugar percentagewas calculated by subtracting the residual
sugar [9] from total sugar.

Phenol sulphuric acid method

0.2, 0.4, 0.8 and 1ml of working standard were pipetted out into a series of test tubes.
Similarly, 0.1 and 0.2 ml of the sample solution were pipetted out in two separate
test tubes and the volume in each tube was made to 1 ml with distilled water. Set
a blank with 1 ml of water. One ml of phenol was added to each tube. Five ml of
96% sulphuric acid was added to each of the tube and shaken well. After 10 min,
the content in the tubes are placed in a water bath. The colour intensity was read
at 490 nm. The amount of total carbohydrates present in the sample solution was
calculated using the standard graph.
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Estimation of alcohol by potassium dichromate method [10]

Aliquots of given sample ranging from 0.2 to 1.0 ml were taken. 1 ml of K2Cr2O7

solutions was added. The solution was mixed and cooled by pouring ice cold water,
and 4 ml of conc. H2SO4 was added along the walls of the test tube collected. This is
highly endothermic reaction after the tubes were cooled, and OD values were taken
at 660 nm.

Recovery of bio-ethanol [11]

Bio-ethanol formed in the fermentation broth was collected using a rotary evaporator
available at DST Curie Centre, SPMVV, Tirupati. Another flask was fixed to the
other end of distillation column to collect the distillate at the standard temperature
for ethanol production. The distillate collected was measured using a measuring
cylinder, and the quantity of ethanol produced is expressed in millilitres/percentage.

Entrapment method

0.1 g of NaCl in 100 ml of distilled water was added. Added 3 g of sodium alginate
to four percentage of CaCl2 was prepared in 100 ml of distilled water. Cool this
to 15–20 °C. Culture alginate slurry was dissolved in small quantity of distilled
water to get cell paste. After 1 h of incubation, sodium alginate solution was taken
and culture was slowly added with constant stirring to avoid bubble formation. This
makes the cell to gel entrapped in mattress of alginate slurry. The slurry was taken in
aboard tip Pasteur pipette syringe whose needle was removed and checked before for
proper control and droplet formation. The slurry taken in syringe or Pasteur pipette
for slowly dropping in the form of droplet into CaCl2 gives stability to the sodium
alginate. Gel drops in which the cells were entrapped.

2 Results

Total reducing sugar estimation was carried out by phenol sulphuric acid method
using untreated agave leaves. Themaximum total reducing sugar percentage of neem

Table 1 Amount of reducing
sugars estimated by DNS
method

S. No. Concentration in mg/ml OD values

Standard 0.2 0.31

0.1 0.11

0.6 0.52

0.8 0.63

1.0 0.75

Neem 0.63 0.55

Agave 1.05 0.79



194 R. JayaMadhuri et al.

Fig. 2 Colour intensity of reducing sugars in neem leaves

leaves was given in Table 1 and Fig. 2. As summarized in Table 4, Agave leaves
contain more sugar concentration than neem.

Alcohol estimation: The concentration of ethanol present in the three substrates
was found to be higher in cassava followed by neem andminimum in agave (Tables 2
and 3).

Bio-ethanol produced by immobilized Saccharomyces and Trichoderma sp in
neem, agave and cassava plant substrates

The results obtained in sodium alginate entrapment method were represented in
Table 4. Significant increase in yield and reduction in incubation period are observed
in all three samples tested.

Table 2 Alcohol estimation
in the samples

S. No. Concentration in % OD values

Standard 1 20 0.47

2 40 0.54

3 60 0.65

4 80 0.76

5 100 0.83

Neem 38.5 0.52

Agave 18.7 0.44

Cassava 60 0.65
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Table 3 Estimation of total
sugars by phenol sulphuric
acid method in agave

S. No. Concentration in mg/ml OD values

Standard 0.2 0.25

0.4 0.33

0.6 0.48

0.8 0.54

1.0 0.67

Cassava 0.45 0.39

Table 4 Effect of
immobilization on
bio-ethanol production

S. No. Bio-ethanol production
without entrapment

Bio-ethanol production
with entrapment

Neem 38.5 (5 days) 58.5 (2 days)

Agave 18.7 (7 days) 33.6 (3 days)

Cassava 60 (7 days) 77.8 (3 days)

Scale-up studies

Initially, the experimentswere conductedusing100ml fermentation;mediumvolume
of the medium has been increased gradually to 250 ml and 500 ml, and the yield was
indicated in Table 5.

TIR analysis

The samples (neem, agave and cassava) of bio-ethanol produced were analysed using
MB 3000 FTIR spectroscopymachine to determine the vibrational frequencies of the
bio-ethanol produced (Figs. 2, 3, 4, 5 and 6). The highest yield bio-ethanol obtained
that is using acid hydrolysis was subjected to FTIR spectroscopy analysis, and the
samples have shown O–H stretching bond peak at 3597–3650. O–H stretching is due
to the presence of phenol group.

Table 5 Quantitative
estimation of ethanol in
scale-up of fermentation
medium

S. No. Composition of
medium (ml)

Yield of ethanol in %

1. Neem 100 38.5

250 42.3

500 57.4

2. Agave 100 18.7

250 23.5

500 29.6

3. Cassava 100 60

250 71.4

500 68.5
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Fig. 3 FTIR spectra of standard bio-ethanol

Fig. 4 FTIR spectrum of bio-ethanol produced from neem

Fig. 5 FTIR spectrum of bio-ethanol produced from agave



Bioethanol Production from Natural Plant Substrates … 197

Fig. 6 FTIR spectrum of bio-ethanol produced from cassava

3 Discussion

Bio-ethanol is a principle fuel that can be used as a petrol substitute for the vehicle.
It is a renewable energy source produced mainly by the sugar fermentation process,
although it can also be manufactured by the chemical process of reacting ethylene
with steam. These crops include maize, cassava products and wheat crops, waste
straw, rice husk, millet husk, guinea corn husk and sorghum plant. Ethanol is high-
octane fuel and has replaced lead as an octane enhancer in petrol. By blending ethanol
with gasoline, we can also oxygenate the fuel mixture so it burns more completely
and reduces pollution emission. Ethanol has been produced in batch fermentation
with fungi strains such as Aspergillus niger, Mucor mucedo and Saccharomyces
cerevisiae that cannot tolerate high concentration of ethanol biofuels produced by
many different types of substrates.

In recent years, the production of ethanol using fermentation on a large scale has
attained considerable interest. The economic feasibility however always has been
focused towards high yield of ethanol that is full use of raw material associated with
high productivities so as to reduce the cost of production. The crude enzymes like
amylase and cellulase were used for the enzymatic hydrolysis of biomass. In the
hydrolysis process, few extracts of biomass and whole biomass were treated with the
crude enzymes.

Purification of the crude enzymes and optimization parameters may give a better
result for the degradation of starch of hemicellulose and cellulose present in biomass.
The maximum ethanol percentages of amylase-treated (Saccharomyces cerevisiae)
agave leaves and cellulose-treated agave leaves were found, respectively. This is due
to the fact that an organism has several advantages over yeast like higher rates of
glucose uptake to ethanol production, higher ethanol yields and ethanol tolerance.

Bio-ethanol was produced from agave leaves using an enzymatic hydrolysis pro-
cess and enzyme hydrolysis (amylase and cellulose) followed by fermentation. The
results showed that the cassava and neem leaves yield maximum, whereas the mini-
mum ethanol is recorded with agave leaves containing Saccharomyces cerevisiae.
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Production of ethanol from lignocellulose material has received extensive interest
due to their availability, abundance and relativity low cost. Neem leaves (Azadirachta
indica) is, therefore, abundant and sustainable biomass and non-food material that
could be exploited for bio-ethanol production especially in the northern part of Nige-
ria. Neem leaves (Azadirachta indica) however could serve this purpose since from
the study it is indicated that by either proper pretreatment or appropriate method
bio-ethanol could be obtained.

Entrapment and scale-up studies revealed a prominent increase in bio-ethanol pro-
duction, and production time has also been drastically reduced, thus highlighting the
immobilization technique in fermentation studies. This may be due to the protection
of the microbial from the external environment.

Entrapment samples were subjected to FTIR Spectroscopy analysis, the samples
showed a strong broad peak at 3450-2850-1, therefore indicating –CH2– and –CH3
stretching vibrations andwell-resolved peak around 3416 cm−1 can be assigned to an
alcoholic –OH– vibrations. The values are in agreement with the standard value and
previous reports. According to Spectra (2014) free O–H stretching normally occurs
at 3550–3200 cm−1, while C–H stretch occurs at 3000–2840 cm−1. Therefore, the
production of ethanol was successful. The results obtained from the present study can
be concluded that H2SO4 acid hydrolysis gave the highest concentration of ethanol
production. This indicates that baker’s yeast (Saccharomyces cerevisiae) is a suitable
fermenting agent in the production of bio-ethanol using neem leave sample.

4 Conclusion and Future Prospective

The population of a human being is increasing on the average; hence, the demand
for energy source increases. It is apparent that current fuel bio-ethanol production
from grain-based feedstock is not favourable as it may lead to a food shortage to the
taming world populace. In order to avoid these foreseen worrisome, lignocelluloses
biomass should be utilized in the production of bio-ethanol and biofuels in general.
The study showed that all the three natural plant substrates, namely neem, agave
and cassava samples have potential in producing the bio-ethanol in an economical
and eco-friendly manner. In the future, we want to imply different immobilization
materials and check potential of bio-ethanol production. In addition, we want to
check the nanoparticles as an aid in purification of bio-ethanol from the fermentation
broth.
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Bio- and Thermochemical Conversion
of Poultry Litter: A Comparative Study
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Abstract More than 90% of world’s population takes eggs and broiler chicken
as food directly or indirectly to meet their protein demand economically. Egg and
broiler industries have grown in size considerably during the last decade. Several
food processing, preservation and transporting technologies have been developed,
demonstrated and adopted successfully. Both heat energy and electrical energy are
vital to the broiler production house. Heat is vital for the brooding period of a newly
hatched chick, and heating in thewinter helps optimize feed consumption and growth.
Electrical energy is important for automatic feed delivery and especially for ventila-
tion and cooling purposes. The poultry litter contains volatile matter, fixed carbon,
ash and water with a calorific value of 2276 kcal/kg. Poultry litter has traditionally
been land spread on soil as an amendment. Excessive spreading enriches the soil with
water nutrients resulting in eutrophication of water bodies, the spread of pathogens,
the production of phytotoxic substances, air pollution and emission of greenhouse
gases. Therefore, identification of an alternate eco-friendly disposal routewith poten-
tial financial benefits has become the need of the hour. Schemes providing energy
and easy to handle fertilizer as a by-product would be the best alternate route. Hence,
this paper attempts the comparative study of the bio- and thermochemical conversion
of poultry litter for converting waste into biogas as well as producer gas.

Keywords Poultry litter · Biogas · Gasification ·Waste-to-energy conversion

1 Introduction

India is one of the developing countries that is struggling to keep up with the energy
demand for its large population. The country is producing annually about 1206.306
billion units against the demand of 1265 billion units [1]. Meeting such demands has
traditionally relied on fossil fuel-based power generation plants. However, against
the backdrop of rising fuel price and decreasing fuel resources, focus has shifted to
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renewable energy resources [2]. Now biogas and gasification hold a great potential
resource for energy generation. In India, according to 2018 report, chicken meat
consumption was 2784 MT [3]. Huge chicken production leads to large amount of
poultry waste. In India, the total removal of fuel wood from forest land is estimated
to be 270 million tons annually which results in deforestation. This paper focuses
on power production from poultry waste and sawdust [4, 5]. We did the sample
analysis and experimental results to show the potential of power production from
these wastes. Biogas is an environmentally friendly and one of the most efficient and
effective option for renewable energy among various other alternative sources [6].

1. A. S.M.Mominul Hasan, an author fromBangladesh, identified that the calorific
value of poultry waste is higher than the cow manure. He includes the economic
feasibility analysis of biogas plant. With an existing poultry farm, he developed
a biogas plant and generated 60 kWh of power from the excretion of 6000 birds.
This analysis further reveals that the money from selling slurry from biogas plant
and the generated electricity can recover the investment within 4–6 years of time.

2. Joseph R.V. Flora (2006) made a comparative study of using poultry litter for
generating power by the different process such as anaerobic digestion, openfiring,
co-firing and gasification. In addition, he includes cost analysis, rate of return and
payback period and discussed the best method in the terms of economic analysis.
Finally, he concludes that gasification is the effective method for generating
power in the terms of economic term.

3. In ‘Anaerobic digestion technology in poultry and livestock waste treatment’
by Suleyman Sakar, Kaan Yetilmezsoy and Emel Kocak, different anaerobic
processes used in poultry and livestock treatment are discussed. The final results
include a wide range of different reactor volumes from 100 to 95 mL that can be
utilized to investigate the anaerobic processes in poultry manure.

4. In Illinois River watershed case study by Roger L. OlsenaRick, W. Chappellb,
Jim C. Loftisc, the water quality investigations to characterize large watersheds
are discussed. Further, more water quality sample collection and treatment for
principal component analysis for different water samples is presented. This result
reveals the different chemical and biological constituents of the waterbody.

5. In ‘Anaerobic co-digestion of hog and poultry waste’ by Benjamin S. Magbanua
Jr., Thomas T. Adams and Phillip Johnstonc, the anaerobic batch tests were
performed using hog and poultry wastes in various proportions. Treatments that
received both wastes produced good yields of biogas.

6. In ‘Continuous co-digestion of cattle slurry with fruit and vegetable wastes and
chicken manure’ by F. J. Callaghana et al., has proposed anaerobic digestion for
treating both solid and liquid organic wastes. As such, the digestion of cattle
slurries and agricultural wastes has been evaluated.

7. ‘Anaerobic digestion of organic solid wastes—An overview of research achieve-
ments and perspectives’ by J.Mata-Alvarez, S.Macé and P. Llabrés describes the
technology for anaerobic digestion of organic solid wastes with many features.
Topics such as essentials (kinetics,modelling, etc.), process phases (performance,
two- and single-phase systems,wet and dry technologies), digestion development
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(several pre-treatments), co-digestion with their other substrates and its relation
to composting technology are examined in this review.

2 Process of Biogas and Gasification

2.1 Gasification

Gasification is the process of converting any kind of biomass into gaseous fuel car-
bon monoxide, hydrogen and carbon dioxide at a temperature 700–1100 °C with
sub-stoichiometry oxygen supply/air supply. The resulting gas is termed as syn-
gas/producer gas, which is considered as a fuel. In the initial process of gasification,
generous amount of air is supplied for the preparation. The combustion is reduced to
sub-stoichiometric air for effective gasification. This process involves drying zone
where the moisture content is removed from the biomass (poultry waste) at 110 °C
[7]. The next process is pyrolysis at 200–300 °C. In the pyrolysis zone, it separates the
volatile matter from the biomass and the part of devolatilized matter that enters into
the combustion chamber where enough amount of air is there for effective combust-
ing. At the end in the reduction zone, the unburnt char combines with water vapour
and volatile gas which results in gases like carbon monoxide, methane, hydrogen
and carbon dioxide. Finally, the ash is formed at the bottom of the grate and the
syngas is extracted from the outlet pipe and used for some combustion applications
[8] (Fig. 1).

2.2 Biogas

Biogas reactor produces methane by converting liquid manure, into methane in an
anaerobic condition. After processing, the remaining sludge from the organic matter
can be used as a fertilizer. Biogas involves three stages, namely enzymatic hydrolysis,
acid formation and gas production. At the end of organic digestion, the gaseous
products that escape from the solids are methane, carbon dioxide and less amount of
hydrogen sulphide [9, 10].

• In the first phase, the hydrolysis process takes place where the complex molecules
are broken down into simple structure of monomers by enzymatic hydrolysis.

• In the second phase, acid-producing bacteria convert the simple structure of
monomers into acetic acid, hydrogen and carbon dioxide. The acetic acid is a
common by-product of digestion of fat, starch and proteins.

• The final phase is the methane-forming stage, where methanogenic bacteria play
a role of converting a fermenting acetic acid into methane and carbon dioxide
(Fig. 2).
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Fig. 1 Cross section of
downdraft gasifier

3 Poultry Litter as a Source

3.1 Proximate Analysis

The proximate analysis is used for finding howmuch percentage ofmoisture, volatile,
fixed carbon and the ash content present in the sample. The sample considered here is
the poultry litter. In this experiment, first we have ground the poultry waste into small
particles for even heating. To find out the moisture content, the weighted sample is
placed in the hot air oven, and the temperature is set to 110 °C. After the sample
attains a certain temperature, the sample is allowed to cool for 15 min and again
weighed. The reduction in the weight shows the moisture content of the poultry
litter. Then the same sample is closed by a lid and moved into muffle furnace and
heated at a temperature to 450 °C. The heated sample is allowed to cool for 10 min
and is again weighed. The initial and final weights are compared to estimate the value
of volatile content present in poultry litter. Then without any disturbance, place the
same sample in muffle furnace with no lid and set a temperature of 750 °C. This step
is carried out to find the ash content present in the sample. After the temperature
reaches 750 °C, reduction in the mass of the sample is compared to the weight at
450 °C [11, 12]. This percentage shows the ash content present in the poultry litter.
The proximate analysis results for poultry litter are given below (Fig. 3).
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Fig. 2 AutoCAD design of nano-biogas set-up

% of moisture content = 14.80
% of volatile matter = 45.35
% of fixed carbon = 23.05
% of ash content = 16.80
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Fig. 3 Placing the poultry sample in the muffle furnace for proximate analysis

3.2 Gasification

In this analysis, the downdraft gasifier is used which provides excellent handling for
feeding biomass from top and the syngas extracts at the bottom of the gasifier with
less tar content. The opening lid of the gasifier is insulated with water column for
arresting the syngas, the bottom of the gasifier is insulated with water to prevent the
escaping syngas, and ash is dropped on the water. For the combustion purpose, air is
supplied to the gasifier by means of air blower with external power supply [13–15].

In the initial process, we brought the downdraft gasifier to combustion zone by
burning some sawdust at 400 °C with sufficient air supplied through the blower. At
this stage, the poultry litter is fed from top of the gasifier and air supply is reduced
to 50%. This enhances the gasification and reduces the combustion. The lid of the
gasifier is closed and filled with water column for arresting any gas leakages. Once
the flue gas escapes from the outlet, then the syngas rushes out of the reduction
zone. The resultant gas is highly combustible in nature. For analysing the present
gas composition, the syngas is diverted to the producer gas analyser where the hose
sucks up the syngas to the analyser and displays the readings in the LCD (Fig. 4).

In a downdraft gasifier, initially we add charcoal for red bed formation in the
reduction zone. We use the fuel to ignite the charcoal, and the air is pumped using
centrifugal pump for combustion process. Three thermocouples are inserted in the
three zones—drying zone, distillation zone and reduction zone—for the purpose
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Fig. 4 Operation of down draft gasifier

of monitoring the temperature. The poultry waste can be fed into gasifier when the
temperature reaches 700 °C in the reduction zone. For the pyrolysis process, we allow
the sub-stoichiometric air by the centrifugal pump. By allowing a partial amount of
air into the gasifier, CO2 formation in a reduction zone, CO and H2 formation in
pyrolysis zone and moisture content in drying zone can be reduced. The grate in the
bottom of the gasifier should be adjusted periodically to remove the ash from the
reduction zone, because ashes act as an insulator. By this process, the producer gas
comes out of the gasifier and it is directed towards the producer gas analyser which it
senses the producer gas and gives output about the composition about the CO, CO2

and H2. The peak values are given in Table 1.
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Table 1 Peak value of
producer gas

CO 48%

CO2 28%

H2 9%

3.3 Anaerobic Digestion of Poultry Litter

Anaerobic fermentation in the digester is a continuous process, which results in the
formation of biogas. This experiment was conducted in KVIC biogas digester, which
is suitable for biogas production in anaerobic environment. For effective digestion,
the poultry litter should contain 10% solids. To attain this, the poultry waste is soaked
in water and fed into the digester. After the retention time of about 15 days, the
gas production starts from the digester. For measuring the composition of methane,
carbon dioxide and hydrogen sulphide, the gas is sent to the biogas analyser, which
sucks the biogas and shows the percentage ofmethane in the LCD.After the digestion
of waste, the slurry is taken out of the digester (Table 2; Fig. 5).

Table 2 Peak value of biogas CH4 28%

CO2 21%

H2S 86 PPM

Fig. 5 Analysing the bio gas
by using bio gas analyser
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Fig. 6 After red bed
formation feeding poultry
waste into the gasifier

4 Work Profile

See Fig. 6.

5 Graphs and Results

Gasification of poultry litter produces more CO than the CH4 produced through
anaerobic digestion of the same. The CO2 production in both the cases is relatively
high. Therefore, the gasification process proves to be the most efficient method to
produce energy from poultry litter waste (Figs. 7, 8 and 9).

6 Conclusion

Poultry waste directly disposed to agriculture land can increase nitrite content in soil
which contaminates the groundwater. To address this issue and make revenue out
of poultry waste, anaerobic digestion and gasification are suggested. In this paper,
we made a comparative study of which method is efficient in terms of output. From
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Fig. 7 CO, CO2 and H2 characteristic curve

Fig. 8 H2S characteristic curve with PPM

Fig. 9 CH4 and CO2
characteristic curve with
percentage
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this analysis, the production of CO and H2 is higher in gasification than the CH4

produced through digestion. So we conclude that the gasification process is more
efficient when compared to biogas process.
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Study on Conversion Techniques
of Alternative Fuels from Waste Plastics

Awinash Kumar, Santosh Kumar Dash, Moiching Sajit Ahamed
and Pradip Lingfa

Abstract Plastic is one of the most useful, durable, cheap and ubiquitous materials
known to human. It permeates every sphere of human life. Most of the developing
countries are consuming more and more plastic goods due to modern urbanization
and revenue upgrades. Plastic wastes are increasing day by day due to alternate
production patterns and consumptions. Today plastic materials are produced twenty
times more than fifty years ago. The most commonly used available methods for
municipal waste in most of the countries is the dumping of waste plastic in open
areas and landfills; which leads to an environmental threat. This study focused on the
conversion techniques of alternative fuels from waste plastic materials. Conversion
of plastic wastes can be regarded as a milestone of zero waste technology around
the world. End use of plastic may be as a cheap source of energy. There are two
approaches have been widely applied mechanical and chemical recycling. Altering
of plastic wastes into energy resources approaches are pyrolysis with or without
catalyst, gasification, and liquefaction. This paper also relates to another approach
in conversion of plastic waste materials and by products like RDF (Refuse derived
fuel) and RPF (Refused paper plastic fuel). These may be the next generation energy
resources from waste plastic and municipal wastes.

Keywords Plastic wastes · Conversion techniques · Pyrolysis · Solid recovered
fuels · International society of waste management · Air and water

1 Introduction

Need is the origin of an invention. Demand for the alternative sources of energy
has been long realized. Though biofuel seems as a viable solution among many
renewable energy sources to replace liquid petroleum diesel fuel, feedstock scarcity
has become a major hindrance to its widespread use. Viscosity is not always reliable
in case of biodiesel production. Liquid fuels flow behaviors have important role for
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their utilization [1–5]. In this regard; plastics derived liquid fuel explored by several
researchers to reduce the pressure on diesel fuel and at the same time to control
the issues pertinent to non-biodegradable plastic waste. Plastics were invented in the
1800s. Most of the developing countries are consuming more and more plastic goods
due to modern urbanization and revenue upgrades. In between 17 years from 1990 to
2007 the production of plastic goods had reached 80 million tons to 260 million tons.
According to a report of the government of India, import data of plastic goods mostly
from countries like Canada, Denmark, Germany, U.K., Japan, Netherlands, France,
and the USA during the years 1999 and 2000 is respectively more than 59,000 and
61,000 tons [6]. Plastic goods are becoming more popular day by day and plastic
materials are widely used in house hold products, automobile industries, medical
sectors, packaging of foods, electrical, mechanical industries as well as appliances
and constructions of building or structures [7]. Plastic wastes are not easily flattened.
Waste plastic disposal is a giant challenge for global environment. The world is
now moving toward the zero-waste technology (ZWT) in accordance with green
and safe ambience. Incineration and landfill are common and most popular way of
decomposing wastes, but incineration of plastic wastes threat to the next pollution
such as emission of CO2 and soil pollution. As the plastics are made of polymers and
they take several years in demolition due to their non-biodegradable nature. It’s time
to move forward waste to wealth technology (WWT). Energy from waste techniques
plays a favorable role in the zero-waste technology a head.

With the expense of CH4 and C2H4, more generation of CO and H2 is obtained
from the blends of polypropylene + polyethylene and polyethylene + polystyrene
[8–10]. It is observed by the Shah SH, et al. that 275 °C is good enough for thermal
degradation of PE for getting pyrolytic oil, wax, char, and pyrogas by 48.6, 10.1,
0.6, 40.1% respectively [11]. One of the conversion technique of polymer into liquid
resources of fuel is liquefaction, occurs at the temperature range of 370–420 °C,
the naphtha liquid is obtained by de-polymerization of polymers of waste plastics
at 110 °C. Long chained hydrocarbons are in the range of C6–C14 in naphtha liquid
[12]. The experiment had been done by the Zen Feng et al. in 1996 indicates that in
plastic liquefaction and coal-plastics co-liquefaction the nature of plastic and solvent
have magnificent behavior on different catalysts added [13]. Many investigations
have been done on the degradation of polyethylene and polypropylene are placed
[14–25]. Most of the investigations made on PP, PE, and PS due to its favorable
thermal degradation results for further analysis [26–30].

Gasification is also a method, defined as the thermo chemical conversion of the
feedstockwhich ismainly carbon basedmaterial into combustible gaswith the help of
another gaseous compound. Gasification is useful for the heat treatment of pretreated
heterogeneous waste and homogeneous carbon based wastes.
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1.1 Refused Paper and Plastic Fuel (RPF): Application
and Listing

RPF relates with refuse-derived paper and plastic-densified fuel. It is available in
pellet form and bore range of 8–40 mm. It is a high calorie solid fuel made by
conversion of the mixture of waste paper and plastics. In comparison with the coal
it has the same energy level but is Eco-friendly and less CO2 emission by 33%. The
quantity and characteristics of MSW play an important role for the selection and
utilization in different sectors [31].

1.1.1 Applications and Advantages of RPF

• The calorific value of RPF is adjustable for the requirement.
• It is economically efficient than using coal and in pellet form so easy way of
transportation occurs.

• It can be a sustainable substitute for coal and coke at firms like paper industries,
chemical manufacturers, and lime processing companies.

• It has high calorific fuel equivalent to coke.

To ensure consistent quality and to guarantee the reliability of the RPF, Japanese
Industrial Standards Committee (JIS) have been established in 2006. Table 1 shows
the standard value for the marketing aspects of the RPF.

1.2 Refuse-Derived Fuel (RDF): Fuel Resources Collected
from Different Kinds of Non-biodegradable

RDF is a family of Solid recovered fuels (SRF). It is produced from municipal
solid wastes (MSW), industrial wastes and it has high calorific value 18 MJ/kg.
The methodology behind the production of RDF is separation techniques in which
combustible matters are separated by non-combustible matters and then shredded.

Table 1 JIS standards for RPF (List number: JIS Z7311: 2010) [59]

RPF Type RPF-coke RPF Unit

Grade – A B C

Higher heating value ≥33 ≥25 ≥25 ≥25 MJ/kg

≥7883 ≥5972 ≥5972 ≥5972 Kcal/kg

Moisture 3≤ 5≤ 5≤ 5≤ %

Ash 5≤ 10≤ 10≤ 10≤ %

Residual chlorine 0.6≤ 0.3≤ 0.3 ≤ 0.6 ≤ 0.6 ≤ 2.0 ≤ %
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Magnetic separation and eddy current separation is generally used. It is available
in pellet, bricks or logs forms. The vital problem is explosion during production
(shredding) of RDF and it may be prevented by explosion-suppression systems. To
ensure the quality production of SRFone such standard is European standardCEN/34
Kilns. At present the UK is a big exporter of RDF about 2.5MT/year to Europe [32].
During the combustion of RDF the NOX and SO2 emission concur with the limits
as per the European Union directives 2000/76/EC, was found. International Energy
Agency and International Solid Waste Association member countries are looking
through the possibilities for trending waste energy product as RDF. The countries
like Italy, Denmark, Belgium, and Netherland are using at least one cement kiln
processing RDF. In EU the application of RDF in various cements factories since
1993 [31, 33–36].

1.3 Target and Sources of Plastic Wastes

The market research is essential to storing up large quantities of plastic to ensure
that the recycling process of will run smoothly. Potential of plastic waste should
coordinate with the marketing revenue. Rejected or waste plastic materials from
manufacturing industries of plastics goods have better characteristics for recycling
or producing fuel resources. Agricultural wastes such as plastic bags, plastic con-
tainers, hosepipes, sheets may be reused as fuel resources in the way of zero-waste
technology (ZWT). A lot of plastics generally polyethylene (PE) can be obtained
from craftsmen shops and supermarkets. On the other hand municipal waste is also
a vital source of plastic wastes. The local scrap yards of cities have sufficient broken
plastic furniture those have been collected by scrap buyer moving around the local-
ity. Water bottles can be collected from nearby the major connecting railway stations
especially at junctions. Common sources of plastic wastes are pharmaceutical or
clinical, industrial, construction and electronic wastes (EW) [37].

1.4 Pre-use Plastic (Production Scrap)

Pre-use plastic waste is likely either to be plastic. These have notmet the specification
required for their designed use, or off-cuts arising during assembly or installation.
Although these materials are not suitable for intend uses, it may be suitable for
other applications and have the potential to be recycled. This type of plastic waste
is the main source of plastics suitable for reprocessing from manufactures of plastic
products. It is typically more valuable than post-use plastic wastes. It generally
requires little processing to use in a new product [38–40].
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1.5 Post-Use Plastic

Recycling categories of Post-use plastics:

• Water Bottles, pots, tubes and trays
• Plastic films
• Pipes and Rigid plastics
• An expanded polystyrene (EPS)
• Flexible plastics, such as strapping and cable sheathing (LDPE).

1.6 Selection of Waste Plastics: A Promising Resource
of Fuel Production

It is investigated by many researchers that the conversion of waste plastic into fuel
requires combustible and nonhazardous feed stock. The conversion methodology of
plastic to fuel depends upon the types of plastic chosen. A separation process is also
done for the identification of different types of plastics. The tests by water, burning,
smell after burning, scratch is done for the proper identification. All plastics are not
suitable for recycling. Thermo sets or thermosetting can be heated and take shape
only once [41, 42].

These types of polymers are not suitable for repeated thermal processes. Thermo-
plastics (PE, PVC, PP,) are good source of fuel. Polytetrafluoroethylene (PTFE) is
also a type of thermoplastic. Almost following types of plastics which are recycled:

• High-density polyethylene (HDPE)
• Low-density polyethylene (LDPE)
• Polystyrene (PS)
• Polypropylene (PP)
• Polyvinyl chloride (PVC).

1.7 Plastic to Fuel Techniques: Recycling of Waste Polymers

Recycling of plastic wastes is a necessary step toward the promotion of a sustainable
environment. In general it was found following four ways of recycling of plastics:

• Primary Recycling—altering of plastic wastes into products having performance
level comparable to that of original products made from virgin plastics. It is expen-
sive. It is a form of mechanical reprocessing in which product has the similar
specifications as that of virgin. Semi clean scraps may have good results with this
process. It is not an appropriate process.
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• Secondary Recycling—altering of plastic wastes having less demanding perfor-
mance requirements than the original material. This process is done for wealth
from waste. The process involves different products in comparison with the orig-
inal one.

• Tertiary Recycling—It is the most common process used in the field of plastic
to fuel technology. Chemicals/fuels/ similar products from plastic wastes are pro-
duced by de-polymerization or thermal degradation. The raw material loses its
original value. In this process, high level of waste contaminants can be achieved
by thermal cracking.

• Quaternary Recycling—Incineration play important role for energy recovery pro-
cess from plastic wastes. Incineration is caused by the generation of energy in this
process. This process is more convenient for solving air pollutions not suitable for
solid waste problems. As 20% by weight and 10% by volume of the virgin wastes
are land filled [43, 44]. Figure 1 shows the general process for making liquid fuel
from waste plastic materials.

1.8 Pyrolysis (with or Without Catalyst): Sustainable
Zero-Waste Technology

Pyrolysis is an endothermic process can be done with or without catalyst. Table 2
shows the conversion rates of different types of resins. Conversion parameters are
necessary for selection of resin before pyrolysis. The operating temperature range is
350–600 °C. Also an investigation report of State Research, Inc. (NSR) founded that
the suitable and feasibleway for conversionof polymer into fuel resources is pyrolysis

Fig. 1 Generation of fuel from the plastic wastes [58]
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Table 2 Conversion rates of some resins and their sources [60]

Resin Availability and identification Conversion rate (%)

HDPE Milk jugs, cleaning agents, laundry detergent, bleaching
agents, shampoo bottles

Not available

LDPE Crushed bottles, shopping bags, most of the wrappings and
high resistance sacks

70

PS Toys, hard packing, refrigerator trays, cosmetic bags, costume
jewelry, audio Cassettes, CD cassettes

80–85

PP Polypropylene, furniture consumers, luggage, toys, bumpers,
lining and external borders of cars

50–60

PET Soft drinks bottles, mineral water bottles, juice containers,
cocking Oil packs

30

PVC A tray for sweets, fruits, plastic packing, and foils to wrap the
foodstuff

30

without any catalyst [45]. The product output by simple pyrolysis as a fluid fuel has
impurities like chlorine, sulfur and residues, which may be optimized by using a
catalyst. Pyrolysis forms three products like charcoal, condensable liquids (tar) and
non-condensable gases. By using catalyst, pyrolysis is donewith these types of plastic
wastes, suitable for conversion of wastes of plastic into energy resources. There are
four types of kinetics under pyrolysis known as mechanism of thermal degradation.
Proposed mechanisms are: (1) end-chain scission, (2) fragmentation, (3) elimination
of side chain, (4) cross-linking. For thermosetting plastics cross linking mechanism
is preferred. It depends on the types of polymer [46, 47]. Fujimoto [47] and Panda
et al. [6] suggested Fe/activated carbon catalyst for the catalytic degradation of PP
through the initiation of random breakage of C-C bond followed by propagation
and termination. Polyethylene (PE) type plastics like HDPE, LDPE and PP have
crossed chain hydrocarbon chemical structure, so conducting pyrolysis is somehow
difficult [48]. Pyrolysis with catalysts such as Red Mud, FCC, HZSM-5, Y-zeolite,
Fe2O3, Al2O3, Ca(OH)2 and natural zeolite have been used for further improvement
of liquid by product obtained from it. In thermal degradation the role of catalyst is
caused for better fraction. Also less energy consumption was founded in thermo-
catalytic than the thermal degradation [49]. MCM-41 and ZSM-5 zeolite catalyst in
the staged pyrolysis of plastic wastes is more convenient for the gasoline. Table 3
shows which types of the resin is as suitable as for the pyrolysis. Liquid hydrocarbon
products may be favorable for fuel production due to low sulfur content. Thermal
cracking involves the chain scission of polymers to produce basic petrochemical
compounds at different temperatures, reaction times, pressures, in the presence or
absence of reactive gases and catalysts. Supply of heat is vital for breaking of the
bonds and results in the initiation of a volatile fragment and a carbonized char, further
separated into non-condensable gases and condensable hydrocarbon oil. Recovery
of various hydrocarbon fragments in the fuel range has been focused by the chemical
recycling, thermolysis, thermo catalytic cracking and steam decomposition of solid
plastic wastes [45, 50–52]. Thermal pyrolysis conducts to a wide range of C5–C80
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Table 3 Outcomes of some plastic pyrolysis [49]

Products Plastics Suitable feed stock for liquid
fuel

Liquid hydrocarbons High-density polyethylene
(HDPE)

Yes

Low-density polyethylene
(LDPE)

Yes

Polystyrene (PS) Yes

Polypropylene (PP) Yes

Polymethylmethacrylate
(PMMA)

Yes

Acrylonitrile-butadiene-
styrene copolymer
(ABS)

No

Solid products Polypropylene terephthalate
(PET)

No

Carbonous products Polyurethane (PUR) No

Phenol resin (PF) No

Hydrogen chloride and
carbonous products

Polyvinyl chloride (PVC) No

Polyvinylidene chloride
(PVDC)

No

hydrocarbons. The limited commercial value products are produced like I-olefin
and n-paraffin at high temperature. Heavy oils are obtained in form of wax. The
key drawback of this process is its wide range of production of hydrocarbons at
about 500–900 °C. Thermal pyrolysis may be done in two step process also [53–55].
Thermal cracking is an emerging technique for converting waste plastics into source
of energy [56, 57].

Following advantages of pyrolysis process: [46]

• Low capital cost is obtained.
• First and easy process to recovering energy resources from waste.
• It supports zero-waste technology.
• It reduces volume of waste in the range of 50–90%.
• Easy to transport and store.
• A desirable method to produce revenue from wastes.

For lighter hydrocarbons high reaction temperature is needed, it is the major
drawback of thermal degradation [7].
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1.9 Gasification: A Thermo Chemical Conversion

Gasification may be called as a first order reaction occurs in between temperature
range greater than 600–800 °C usually in less oxygen environment. Gasification may
be endothermic or exothermic in practice. Syngas or producer gas is an output by
product of gasification [8]. Under the gasification process 1.76 MJ/m3 of energy and
cold gas efficiency approx. 66% was obtained from 55% of plastic wastes with a
refuse-derived fuel briquette. Gasification is about to partial oxidation of organic
matter for the production of syngas. At the first stage, partial combustion of biomass
takes place to produce gas and char. Heterogeneous reactions take place in the pres-
ence of gasification agent [49].

There are three main components of gasification systems:

• The gasifier; it helps to produce combustible gas.
• The gas cleaning arrangements; it removes harmful compounds or undesirable
compounds from the combustible gas.

• The energy recovery arrangement; it recovers the desired energy from the process.

2 Conclusions

The study reveals that research and investigation efforts on the conversion techniques
using different catalysts and agents have been placed. So many research works have
been initiated but there is limited research about to marketing aspects of plastic fuel.
Laboratory to land terminology is most important for any research work. Awareness
campaigns will lead to growth of plastic oil industry.

There are following conclusions:

(1) It is obvious that most of the research works regarding conversion of plastic
wastes into hydrocarbon products are based on thermal cracking or pyrolysis
(with or without catalyst). Not a single appropriate approach for conversion is
identified till now.

(2) Limited research works are available on SRF, RPF and RDF.
(3) Limited works have done on the IC engine performance with plastic oil blends

and physiochemical properties of plastic oil.
(4) Government policies in India and standardization of plastic fuel are not fixed

like bio fuels.
(5) The issues on scaling and sustainability of industries like plastic to fuel in world

wide.
(6) Cost competitiveness with normal fuel and marketing research will reach to

acceptance of plastic fuel.
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Co-processing of RDF in Cement Plants

Kaushik Chandrasekhar and Suneel Pandey

Abstract Effective solid waste management in India is becoming a major need
due to high pace of urbanization and rapid industrialization posing major chal-
lenges. Co-processing of refuse-derived fuel (RDF) presents to the urban local bod-
ies an option for environmentally sound management for non-biodegradable, non-
recyclable organicwaste aswell as opportunity to reduce emissions due to fossil fuels
used in cement kilns. With about 68.8 Million Tonnes of MSW generated annually
in the country and 13.7 Million Tonnes available for co-processing, the potential
for co-processing looks positive. The government has also realized the potential and
introduced policies to encourage the development of co-processing. However ground
realization of this potential still remains in the nascent stage with Thermal Substitu-
tion Rate (TSR) reported at less than 1%. Municipal Solid waste is still considered
a burden and a cost for the municipalities which spend large portions of its budget
to transport waste to landfills. The quality of RDF produced has had an impact on
the levels of utilization in the cement kilns and the associated environment impact.
Currently, RDF due to the lack of quality consideration, is finding little or no its
use in the cement plants. The informal sector could play a key role in assisting to
manage collection of wet and dry waste and manning Material Recycling Facilities.
However, the integration of this sector formally into the solid waste management
system has been a hiccup. The paper presents analysis of factors leading to low lev-
els of co-processing in cement plants despite its advantages, national and regional
policies, economic feasibility, industry perspective and proposes menu of business
models for turning co-processing into a sustainable business case.
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1 Introduction

Accelerated urbanization has been one of facets of developing India and has led
to inadequate services, infrastructure and sanitation in the urban areas. With 410
million urban dwellers India along with China account to 30% of world’s urban
population. Between 2014 and 2050, India is expected to add another 404 million
people to its urban community.1 This growth and increase in population density
often creates stress on the basic civic amenities offered by local governments. The
fourteenth finance commission report on municipal finances and service delivery
in India observed that due to the widening gap in the providing basic services one
of the priority areas for investment of grant recommended by 14FC was services
such as water, sewerage, storm water and sanitation.2 Today, India generates close
to 144,165 TPD3 of waste with an organic fraction of 40–60%,4 recyclable fraction
of 10–25% and moisture content of 30–60%. CPCB estimates that 28.4% is treated
with collection efficiency of 80.28% and the remaining is disposed in landfills or
open dumps. The low treatment efficiency has created an increased load on landfill
sites eventually converting them to dump sites. While weak business models and
lack of segregation has hampered traditional waste processing technologies such as
composting, ULB’s are always looking at low cost, effective strategies to treat and
dispose waste generated.

The growth in GDP and urban agglomerations has also led to increase in demand
for the construction industry. Cement being the heart of the construction industry is
an energy intensive industry with power and fuel cost accounting to 30–35% of the
overall production cost.5 Cement production is also responsible for 5% of the global
anthropogenic CO2 emissions and 7% of industrial fuel use.6 Thus the industry is an
important contributor to GHG emissions and reductions measure in this sector will
lead to significant reduction in overall GHG emissions.

Coal is the major source for energy fuelling the cement sector alongside petcoke.
The Indian cement industry continues to suffer on account of reduced availability of
linked coal. CMAreported coal receipt against FSA/Linkage bymember units as 7.06
Mn tonne in 2015–16 as against 7.71Mn in 2014–15 and 9.22MnTonne in 2013–14.7

This coal receipt in 2015–16 formed only 24.3% of the total fuel consumption by
the industry. Due to this shortage and increased demand for cement, the industry is
required to buy coal from e-auctions, import coal or look for alternate fuel sources
like husk, MSW and biomass. The co-processing of MSW based RDF as an alternate

1UN World Urbanization Prospects—2014.
2Municipal Finances and Service delivery in India, Government of India.
3Central Pollution Control Board [1].
4Assessment of Status of Municipal Solid Wastes Management in Metro Cities and State Capitals.
Retrieved from http://www.cpcb.nic.in/wast/municipalwast/Studies_of_CPCB.pdf on 29.08.2016.
5Crisil Industry Research Sample Report https://www.crisil.com/Crisil/pdf/research/industry-
research-sample-report.pdf.
6Boesch and Hellweg [2].
7Cement Manufacturers Association Annual report 2014–15 and 15–16.

http://www.cpcb.nic.in/wast/municipalwast/Studies_of_CPCB.pdf
https://www.crisil.com/Crisil/pdf/research/industry-research-sample-report.pdf


Co-processing of RDF in Cement Plants 227

fuel in cement kilns has shown positive potential in replacing conventional fuel and
addressing the solid waste management concerns. Co-processing is a scientifically
proven and established technology for disposal of hazardous andother non-recyclable
waste in an environmentally sustainable manner.8 As the process involves waste
combustion with no residual waste left over, co-processing ensures complete waste
disposal as compared to incineration. Further, every ton ofRDFcould yield 1.48–1.88
ton CO2 emission reductions9 due to avoided coal.

The current paper starts by exploring RDF as a potential fuel and its associated
benefits. This is followed by a review of reasons leading to lower levels of TSR.
This is further validated by an analysis of effective availability of waste for RDF
co-processing and a meta-analysis of literature on quality standards of RDF for co-
processing and integration of informal sector. Based on these assessments the paper
further discusses the need for sound business models for ensuring sustainability of
the process and suggests a few technical models for implementation in the Indian
context.

2 Methodology for Review

The study involves a literature review of acceptable quality standards of RDF for
co-processing and need for integration of informal sector. The following was the
assessment methodology applied for analysis of effective availability of waste.

An area of 100 km radius around Cement plants in major cement producing states
of India contributing to over 75% of production of cement10 was mapped. Cities
having a municipal solid waste generation of more than 100 TPD were mapped to
trackwaste contributions.Waste availability for producing RDFwas assumed at 20%
factoring informal sector activity, collection efficiency and competition fromwaste to
energy plants for RDF. The yield from RDF manufactured fromMSWwas assumed
to be 10%. The calorific value of resultant RDF was assumed to be 2500 kcal/kg.

3 Potential for RDF Use as a Fuel

A study done for evaluating the potential environment impacts due to use of alternate
fuel such as RDF, Tire Derived Fuel and biological sludge or a mixture of them
in cement plants by partial replacement of conventional fuel observed that RDF
provided the most environment friendly prospect as compared to the other three
fuels.11 Replacing coal and petcokewith lower carbon alternatives has always been on

8Promoting alternate fuel and raw material usage in Cement Industry—CII and Shakti Foundation.
9Industrial Efficiency Technology Database—RDF Co-processing.
10Cement Manufacturers Association—2011–12 data.
11Georgiopoulou and Lyberatos [3].
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Table 1 CO2 emissions from fuel sources

Fuel type Petcoke Coal Natural gas Tires Waste oil Plastic MSW

Net Co2 emission
factor (Kg
Co2/GJ)

101 96 54.2 85 74 75 8.7

the agenda for cement industries. The International Energy Agency (IEA) observes
that most of the alternate fuels are 20–25% less carbon intensive than traditional
fossil fuels.12 Table 113 shows the potential for AFR to reduce GHG emissions in the
cement production process.

At the current rate of waste generation, 1,557,55814 tons of carbon reductions
can be realized if solid waste generated in India could be converted into RDF and
substituted for coal, contributing to the Indian Nationally Determined Contributions
(NDC’s). As per CII, thermal substitution rate (TSR) by AFR use in cement industry
is anticipated to reach 25% by 2025 and RDF use is going to contribute 57.06% of
the substituted AFR7 provided use of RDF as alternate fuel is promoted in cement
kilns. The Government of India (GoI) policies have endorsed the use of RDF in
cement plants in a positive way.15 The government has introduced the definition
of co-processing under Solid Waste Management rules (SWM), 2016. Through the
rules it has further stated that non-recyclable, high calorific value fractions of waste
are to be segregated and sent to waste to energy, RDF production, co-processing
in cement plants or thermal power plants. The rules further reinforce that industrial
units located within one hundred km from RDF plants or waste to energy plants
based on solid waste should make arrangement within six months of notification to
replace at least five per cent of fuel requirement by RDF. Further the GoI has come
up with the draft guidelines for pre-processing and co-processing of hazardous and
other wastes in cement plants.16

Considering the aforementioned potential and positive impacts that RDF co-
processing could generate the proportional replication or thermal substitution rate in
cement plants has been considerably low at 3–4%17 while in few countries it has been
as high as 60%. Some reasons for these lower levels of TSR substitution include.

12Cement Technology Roadmap 2009.
13Adapted from Alternative Fuel Use in Cement Manufacturing, The Pembina Institute and Envi-
ronmental Defence.
14Source: TERI research; Assuming daily waste generation as per CPCB 2014 estimates and 20%
recovery efficiency and 10% yield; 1.48 ton CO2 emission reduction per tonne usage of RDF.
15Solid waste Management Rules, 2016, Ministry.
16Draft Guidelines for Pre-processing andCo-processing of Hazardous andOtherWastes in Cement
Plants as per H&OW(M&TBM) Rules 2016—http://www.cpcb.nic.in/final_report_27.01.17.pdf.
17CMA Annual report 2015–16.

http://www.cpcb.nic.in/final_report_27.01.17.pdf
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4 Availability of Acceptable Quality RDF for Co-processing

RDF typically is manufactured in the form of fluff, pellets or bricks and consists
of segregated municipal waste including organic waste and materials like paper,
cloth, plastic and wood that provides the fuel calorific value to burn.18 However, as
global waste hierarchy defines recycling with a higher precedence over utilization of
waste for producing energy. Therefore non-recyclable, non-biodegradable organic
waste would constitute RDF.19 This would be mean soiled organic waste too dirty to
recycle, rejects from composting and anaerobic digestion could be used to process
RDF. However, RDF also requires qualifying certain quality parameters before it
could be used as a fuel to manufacture cement. Presently, RDF presented for use by
RDF manufacturing facilities in waste to energy and cement plants is a misnomer
for this material as it does not have the desired quality or consistency in it for using
it as a source of fuel.20 While RDF shows great potential for contributing towards
AFR mix, its use is greatly hampered because of lack of quality standards. This has
adversely affected viability and thus the business models.

The RDF prepared from MSW may have different physical and chemical prop-
erties depending on where they are sourced, particularly with reference to their ash,
chlorine, sulphur, and water contents.21 As RDF is a material that has been prepared
fromMSWthat has not been efficiently segregated at source, utilizing the samewould
hamper the kiln combustion process. Thermal substitution rates must be carefully
determined also considering levels of sulphur and chlorine in raw materials. Unreg-
ulated input of alternate fuels with these volatiles would lead to preheater blockages
necessitating a gas bypass system22 and high moisture content in fuels could limit
kiln capacity. This necessitates that RDF needs to be pre-processed to make it fit to
be used in a cement kiln. Table 223 identifies a broad guideline defining parameters
of raw MSW and RDF acceptable by cement plants. These could be further refined
and tuned to cater to individual cement plants through detailed discussions with RDF
manufacturer.

18Report by Global Alliance for Incinerators Alternatives.
19TERI-Suez Report on feasibility on co-processing in cement plants.
20Recommended Quality Standards for SRF and RDF from MSW to improve resource recovery in
cement kilns —UlhasParlikar, Dy. Head, Geocycle India, ACC Limited.
21Hajinezhad et al. [4].
22White paper on Technical Guidelines on Environmentally Sound Pre-Processing Facilities To
Prepare Homogenous Waste Mixes Suitable for Co-processing in Cement Kilns—IIP Network.
23Recommended Quality Standards for SRF and RDF from MSW to improve resource recovery in
cement kilns —UlhasParlikar, Dy. Head, Geocycle India, ACC Limited.
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Table 2 Broad guideline
defining parameters of raw
MSW and RDF

Parameter MSW RDF 1 RDF 2

Size <400 mm <75 mm <35 mm

GCV >1500 Cal/gm 2500–3500
Cal/gm

2500–3500
Cal/gm

Moisture No limit <25% <25%

Ash No limit <20% <20%

Chlorine No limit <1% <1%

5 Effective Availability of Waste for RDF Co-processing

Most of the mega cities in India that generate in excess of 3000 tonnes may automat-
ically qualify as attractive options for generating non-recyclable organic waste that
could be processed into RDF and co-processed in cement plants. However, there are
no cement kilns around these cities and even if RDF is produced the most likely user
would be waste to energy plants.24 An assessment of was performed to calculate the
potential levels of TSR achievable by utilization of waste available within 100 km
radius of cement plants.

5.1 Results of the Analysis

The outcome of the assessment suggests that by utilization of MSW within the
radius of 100 km from cement plants, the Indian cement sector can achieve a TSR of
0.48%. This further suggests that area greater than 100 km radius may be explored
for increasing substitution rates. The assessment further suggests that substitution
of coal with RDF prepared by utilization of waste within 100 km radius of cement
plants may yield a carbon reduction of 205,778 tCO2/year. The observations of the
assessment are tabulated below.

24TERI-SUEZ Report on Feasibility of co-processing RDF in cement plants.
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6 Lack of Informal Sector Integration

The informal waste management sector consists of individuals, families working
in the waste management sector who are neither recognized or sponsored by the
mainstream waste management authorities.25 Largely, the sector makes its living by
collecting recyclables from the waste stream and deriving economic value from it.
The tag ‘informal’ is synchronous to lack of formal identity provided to them by the
system.26 Presently the formal system of waste collection and valorization doesn’t
involve informal waste pickers. The waste collected by informal waste pickers is
sorted by them and sold to itinerary waste buyers for selling it for further recycling.
While sorting the waste, the most soiled kind of recyclables are not picked up by
waste pickers or discarded. Proper integration of informal sector in formal waste
collection mechanism would not only protect their livelihood but also improve waste
collection by RDF processors.

7 Lack of Workable Business Models

The potential that co-processing technology has displayed requires a concerted effort
by all responsible stakeholders for realization of on-ground success. The technology
has been proven in many countries to be one of the efficient methods for waste
management and mode for fossil fuel substitution. A workable business model is a
must to ensure long term sustainability of themechanism.TheCementManufacturers
Association (CMA)27 observes that, to encourage the Industry to utilise more fly-
ash and increasing AFR usage, they must be supplied ‘Free-of-Cost’ on the world-
accepted principle ‘Polluter Pays’. The RDF manufacturing facilities feel that they
may not be assured of a sale to a cement plant even if they establish a process line to
cater superior cement grade RDF.28 These are concerns raised by stakeholders taking
into account individual concerns and could be addressed by devising a sound business
model. The following technical models29 present scenarios for implementation in the
Indian context.

25Economic Aspects of the Informal Sector in Solid Waste Management—GIZ, 2010.
26Velis et al. [5].
27Cement Manufacturers Association—Annual Report 2013–14.
28Ramky enviro engineers—Enhanced Usage of Alternate Fuels and Raw Materials In
Cement Industry—http://www.cmaindia.org/templates/magicaltie/images/conference/Technical-
V/Mr-Varun-Dilip-boralkar.pdf.
29Adapted from financial viability and barriers for implementing AFR project—Ulhas Parlikar, Dy
Head, Geocycle India.

http://www.cmaindia.org/templates/magicaltie/images/conference/Technical-V/Mr-Varun-Dilip-boralkar.pdf
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8 Model 1: Direct Pre-processing Model

Direct pre-processing model is implemented in cases where RDF plants are yet
to be setup near cement plants/clusters. The model also ensures recycling of waste
through the Material Recycling Facilities (MRF) as per the waste hierarchy. Com-
bustible waste from composting facilities could be delivered at the gates of cement
for pre and co-processing. The pre-processing facility may be installed as a part of
the cement plant which could be used to treat waste before co-processing at the plant.
The advantages of implementing such a model are that the government can save the
investment on setting up RDF plants. This model will also ensure seamless use of
RDF use in cement kilns with no quality concerns being raised by cement companies.
However, a cost sharing/business model with a sound cash flow is to be devised for
ensuring a profitable business for all entities including the municipality.
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9 Model 2: Cluster Model

The cluster model could be utilized where multiple cement plants are in close
proximity. The pre-processing plant could be owned by an independent body or an
association of cement plants and the resultant RDF could be utilized by multiple
cement plants in the vicinity. The advantage of such a model is that the cost of
installingmultiple pre-processing facilities could be saved. Further, the transportation
costs to individual plants could be minimized.
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10 Model 3: Market Mature Model

The market mature model attempts to tap the expertise and maturity of the RDF
plant setup to cater to individual clients/cement plants in terms of the required quality.
In this model, the RDF plant processes the technical capability of catering to the
cement plant as per the required quality parameters. Advantage of this model is
that the market for the RDF plant is wide open as it is able to cater to the quality
requirements of various clients including the cement plants. However, at this stage,
this may be a futuristic model, the RDF plants are to improve on their abilities to
cater to the different clients based on their individual requirements.

11 Conclusion

RDFco-processing is a beneficial technology that could address a lowcarbon strategy
for cement plants and efficient waste management for ULBs. However, it is key to
understand the barriers affecting its replication potential and address the same. It
is evident from the assessment that waste available within 100kms of cement plant
would contribute to 0.48% TSR in the cement sector and the plants have to look
beyond this area in order to increase levels of substitution. Quality could be a major
deterrent in spelling levels of RDF use in plants. Cement plants/associations and
ULBs must collectively look into devising innovative business models to ensure
sustainability of co-processing.
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Abstract Sustainable development of rural sector has been a prime concern of the
present World including India. Technology plays an important role for rural devel-
opment. Appropriateness of any technology with reference to economy and envi-
ronmental sustainability is a prerequisite. In this context, scope of a biogas-based
bioenergy technology cluster is investigated with reference to a representative rural
area in Assam. The bioenergy system is conceptualized for production of (i) fuel
for domestic cooking to replace fuel wood, (ii) organic fertilizer for crop farming
replacing chemical fertilizer and (iii) mushroom as saleable commodity. The relevant
information pertaining to an on-going work is used to investigate the (i) economic
feasibility, (ii) potential environmental benefits and (iii) potential benefits to gen-
erate rural employment. About 70 m3 biogas (375 kg of fuel wood) from about 2
tonnes of cattle dung available in the rural cluster of 33 households would com-
pletely replace the fuel wood used for domestic cooking. Moreover, the solid part of
digested slurry along with surplus crop residues available in the village would pro-
duce about 60 tonnes of organic fertilizer per annumwhich is equivalent to 16 tonnes
of chemical fertilizer. Further, the use of about 150,000 L of surplus digested liquid
slurry (separated from the solid part) for production of about 10 tonnes of mushroom
appears potential to enhance the overall economy of the system. The benefits of
all the individual components (viz., biogas as cooking fuel, solid digested slurry as
organic fertilizer and liquid slurry as supplement for enhancing mushroom produc-
tion) are analyzed in terms of economy and environmental sustainability considering
the available information for the rural clusters considered in the study.
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1 Introduction

Implementing clean and affordable cooking fuels is a critical social objective for
improving the environment of rural areas in India. Generally, a traditional cook stove
meets the cooking requirements of an average rural household. On the other hand,
these cook stoves result in indoor air pollution which in turn causes health problems
and in severe cases, death. Women make up a sizeable portion of the sufferers of
primitive indoor cooking practices as they spend a lot of time in drudgery and cooking
[1–3].

The universal access to clean cooking fuel in rural areas is not possible, especially
in developing countries like India. However, the substitution of traditional sources
of energy like firewood, chips, kerosene, coke, coal etc. with renewable sources of
energy like biogas is still desired. In rural India, firewood and chips are principal
sources of energy for cooking by more than three-quarters (76.3%) of households,
LPG by 11.5%, and dung cake by 6.3%. About 1.6% of rural households do not have
any arrangement for cooking. The remaining households use other sources of energy
like kerosene (0.8%) and coke (0.8%) [4–6].

Swachh Bharat Abhiyan, launched in India on 2nd October, 2014 was aimed at
creating clean villages by eliminating open defecation and handling solid and liquid
wastes. In view of this, the Ministry of Drinking Water and Sanitation launched the
GOBAR (Galvanizing Organic Bi-Agro Resources) scheme on 30th April, 2018 to
convert the solid wastes from livestock into useful matter like cooking fuels (biogas
and bio-CNG) and compost fertilizer. The various thrust areas of the GOBARDHAN
scheme include: proper handling of wastes, developing organic fertilizer to supple-
ment the chemical fertilizers, improving the indoor air quality, generating bioenergy
as well as generating employment [7].

In viewof these thrust areas and also the problems of threat of exhaustion of natural
resources such as firewood from forests and many cardio vascular diseases arising
from inhaling the harmful pollutants from burning firewood indoors, an alternate
solution has been discussed in this paper to tackle these issues. It has been envisaged
that proper utilization of solid wastes like cow dung can solve the dual issues of solid
waste management and cooking fuels [6, 8].

Utilization of solid wastes to produce biogas (for cooking) could be an effective
way to tackle the dual issues of waste management and cooking. Surplus availability
of cow dung in rural areas of India is a suitable feedstock option for biogas production
[9]. Further, the byproducts (i.e., digested slurry) from biogas plant have sufficient
fertilizer value [10–12]. Organic fertilizer like Vermicompost production from dried
digested slurry is also reported to be beneficial considering the value addition of
biogas digested slurry [13–15]. In addition, liquid portion of digested slurry is also
reported to be an effective supplement for enhancement of mushroom production
[16–18].

The present work is aimed at investigating the feasibility of installing a biogas-
based bioenergy system in a typical rural area of Assam. Cow dung generated in
the village will be estimated for providing sufficient biogas supply to the village
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community. The scope of utilization of digested slurry left behind from the system
will be further investigated for testing economic feasibility of the system. Apart from
this, environment sustainability of the system will also be addressed in addition to
possible ventures of employment generation from the system for the villagers.

2 Materials and Methods

2.1 Description of the Village

The area considered for the present study is Jhawani village, located at a distance of
17 km from the Tezpur town of Sonitpur District, Assam. Jhawani village is under
Bihaguri Development Block, located in the southern side of the Sonitpur district. A
location profile of the village is presented in Table 1 and Fig. 1.

Table 1 Location profile of Bihaguri development block and Jhawani village

Location and area Bihaguri block Jhawani village

Location Longitude 92°30′54.719′′E and
92°43′55.025′′E

26°37′43.637′′N and
26°38′25.756′′N

Latitude 26°42′28.29′′N and
26°36′46.709′′N

92°41′39.35′′E and
92°40′44.277′′E

Area (km2) 155.43 2.09

Fig. 1 Map showing Bihaguri development block
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Jhawani has 33 households with a total population of 137 people. It is mainly an
agrarian-based society with 89% of the population depending on farming for their
livelihood. The remaining population mostly engage themselves in rearing cattle.

2.2 Cooking Energy Consumption

Firewood and liquid petroleum gas (LPG) are the two predominantly used energy
sources in cooking. Firewood is available within the village, mostly within the home-
stead. Sesbania javanica, (a biomass cultivated in the village) grown almost in all
household is mostly used as firewood for cooking and space heating. LPG is used by
six households, cylinders being collected from Bihaguri (about 5 km from Jhawani
village) facing difficulty in collecting and transporting. The estimated highlight of
the cooking scenario in Jhawani is presented in Table 2.

2.3 Biomass Resource Availability in Jhawani

Jhawani village is an agriculturally dominated village with 85% of households
depending on agriculture. The estimated amounts of available crop residue biomass
mostly available for each household in the village are presented in Table 3. Some of
the residues have competitive uses. However, about 50% rice straw, black gram straw,
mustard straw is available as this amount is left over in the crop field. In addition,
cattle rearing is also onemajor occupation in the village with 28 out of 33 households
have cows. About 2 tons of cow dung is available in the village on the daily basis.

Table 2 Domestic energy consumption pattern in Jhawani village

Activity and energy
source

Number of
household

Population Village total
(MJ/daya)

Daily
consumption
(kg/day)

Cooking fuel Firewood 33 137 5970 375

LPG 6 28 65.46 1.42

aCalorific values of firewood and LPG are considered as 16 and 46 MJ/kg

Table 3 Major crop residue biomass and cow dung availability

Crop residues/Cow dung Months Amount available (kg)

Rice straw Oct (IV week)–Nov (III week) 20,768

Mustard straw Jan (IV week)–Feb (III week) 11,281

Black gram straw Jan (I week)–Feb (I week) 2274

Cow dung Throughout the year 2204
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Cow dung produced is generally used as a fertilizer for crops and the excess cow
dung is sold in Jhawani village. Despite this, the handling of cow dung and disposal
of the agro wastes is a problem to the households. Mostly the farmers are tempted to
dispose the excess cow dung into dumping areas and burn the surplus agro residues
which become a source of soil and air pollution.

2.4 Energy Recovery from Available Biomass

As discussed, the cooking need of the Jhawani village is mostly met by firewood.
Despite inefficient cooking using firewood, collection and its preparation for fuel
involves time and effort and most importantly indoor air pollution while cooking.
The end result is the affected health of the women and children of the families. In
order to tackle these issues; an effective solution is a necessity. Jhawani, being a
resourceful village, utilization of available biomass in an environmentally effective
manner can be sought as an option to replace the current cooking practice.

Prior to the consideration of an alternative fuel being generated through an envi-
ronmentally sustainable system, the energy demand for cooking needs to be deter-
mined based on the time required for cooking which in turn depends on the size
of the family. This basic information of the time required for cooking on a daily
basis for each household are obtained from household surveys and information for
the cooking demand has been estimated thereafter. Moreover, investigation on the
availability of resource and selection of appropriate technology for conversion of
these resources in an environmental and economical manner to meet the cooking
demand of the village is a necessary step for feasible application and acceptance of
the technology.

2.5 Description of the System

Considering the Jhawani village, a biogas-based bioenergy system can be a suitable
technology that holds the potential to benefit the villagers economically as well as
environmentally. A majority of Jhawani village’s population is dependent of fuel-
wood for cooking accounting its consumption of up to 375 kg per day. A biogas
system utilizing the local resources (Cow dung) generated in the village can act as a
viable option in fulfilling the cooking requirement of the village. Moreover, fulfilling
cooking needs of the village is not the only aspect of the biogas plant. Utilization of
byproduct of the system into organic fertilizer and sellable value added products is
itself an added benefit of such kind of bioenergy systems. Figure 2 shows the various
components of a proposed multi-utility biogas-based bioenergy system considering
a sample rural area like Jhawani village. The components of the system are explained
in the following points.
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Fig. 2 Components of the multi-utility biogas-based bioenergy system

1. Biogas plant (T1): An already proven and widely accepted technology (KVIC
model) for biogas production from cow dung available in the Jhawani village
can be set up in meeting the cooking energy requirement. Since, the system is
expected to be a community scaled one, demand for cooking and assessment
of cow dung generation in the village is prerequisite before deciding its size.
Moreover, a community scaled biogas system comes with added auxiliaries for
its daily operation. The amount of biogas production required to not only fulfill
the cooking demand but also having a scope to power the auxiliaries for an
uninterrupted supply of biogas needs to be done prior to the designing of the
system. The sub components for such a biogas system includes:

a. Mixing Tank: Cow dung (I1) and water is mixed using a mechanical mixer
in the mixing tank. This process of mixing requires electricity supply.

b. Buffer storage vessel and Gas distribution: Biogas generated (P1) in the
floating dome is transferred to the pressure regulation buffer tank which
pressurizes the gas using water column. Pressurized gas is then distributed
to households through underground pipelines

c. Digested slurry handling system: Digested Slurry (IP1)is separated into
solid (IP2) and liquid portion (IP3) in a dewatering screw press machine.
The size of the dewatering screw machine is considered based on the amount
of daily available digested slurry from the biogas digester.

d. PowerGeneration system: A power generator using biogas as fuel to supply
power to motor (mixing cow dung and water), compressor (compression of
biogas in buffer storage) and dewatering screw press.

2. Organic fertilizer production unit (T2): The by-product of the biogas plant,
i.e., digested slurry (digestate) can be used as a value added product by the
production of organic fertilizer like vermicompost (P2) [13, 14]. Digested slurry
is firstly separated into solid and liquid portion using a dewatering press. The
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solid portion of the digested slurry (IP2) is then mixed with agro residues and
vermi worms (I2) and it takes a period of 45–50 days to produce vermicompost.
It has been reported that 30% of product can be recovered as vermicompost per
unit kg of biomass (dried digested slurry, agro residues). The cost calculations
have been taken from the already reported literature [15]. Vermicompost has
an added advantage over chemical fertilizers due to the enhanced productivity
of crops on application of it [15]. For an agriculturally dominated village like
Jhawani, application of vermicompost over chemical fertilizers will not only
enhance productivity of crops but also bring environmental sustainability.

3. Mushroom production unit (T3): Liquid portion of the digested slurry (IP3)
after being separated using a dewatering press can be used as a supplement for
mushroom (P3) cultivation. It has been reported that the use of liquid digested
slurry enhances mushroom production (Species: P. Florida) as compared to con-
ventional process of oyster mushroom production. Addition of liquid digested
slurry to substrates, i.e., I3 (sterilized rice straws with mushroom spawns)is done
for a period of 30 days after the spawning period of 25–30 days for enhanced
mushroom production [17]. It has been reported that P. florida gave about 2.4 kg
of mushroom per kg of substrate on application of liquid portion of digested
slurry [16, 17]. Considering the multi-utility of the bioenergy system, produc-
tion of mushroom as a saleable commodity in Jhawani village can not only
improve the economic feasibility of the system but also generate employment
for the villagers.

2.6 Economics of Multi-utility Biogas-Based Bioenergy
System

The analysis of cost economics of the entire biogas-based system involving biogas
utilization and activities associated with its byproduct utilization is necessary to
test the feasibility of such system in any area. In the present study, cost economics
is investigated considering the full utilization of biogas for cooking and powering
system components as well as 100% utilization of digested slurry in the production
of organic fertilizer and mushroom.

To estimate the cost, capital investment of a community biogas plant (CBP) with
its size based on available cow dung and biogas demand, organic fertilizer production
unit andmushroom production unit based on digested slurry utilization from the CBP
has been considered.

The economic analysis of such a CBP has been carried out taking into
consideration of two sub cost parameters, i.e., recurring and non-recurring
cost. Specific key components to develop a production unit are identified
under each cost parameter. The various components of non-recurring cost are
(i) Capital investment of CBP (ii) Capital cost of organic fertilizer unit andmushroom
production unit. While the various components of recurring cost are (i) chemi-
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cals/spawn//bags/tray/vermiworms/gunnybags/spades/nets/tools and accessories (ii)
interest on investment (iii) insurance (iv) depreciation (v) manpower requirement in
man days.

3 Results and Discussion

3.1 Energy Demand for Cooking and Estimation of Available
Energy

Cooking time depends on the size of the family and it varies from two to five
hours/day. Utilization of biogas as a cooking fuel can save the daily firewood usage
up to 375 kg thereby reducing drudgery and time in fuel preparation for cooking.
The daily availability of cow dung from all the households in Jhawani is estimated to
be around 2204 kg. It has been estimated that there is a demand of 54.8 m3 of biogas
in meeting the cooking energy requirement of the village against a total potential of
88.16 m3 from the available cow ding. The household-level biogas generation poten-
tial (cow dung as feedstock), demand for cooking and powering system components
are shown in Table 4.

However, considering the demand, 70 m3 of biogas is sufficient in meeting the
cooking needs and providing power to system components. This can be easily avail-
able if 80% of available cow dung is utilized. Therefore, a 70 m3 CBP can be con-
sidered to be a suitable option for the selected Jhawani village.

3.2 Mass Flow in the CBP

A daily requirement of 1750 kg of cow dung is required for the production of 70 m3

of biogas per day. The mass flow involved in the CBP is shown in Fig. 3.
Digested slurry (Digestate) available from the CBP is expected to be separated

into liquid and solid portion which accounts for a daily availability of 0.54 tonnes
of solid and 1.2 tonnes of liquid digested slurry. Apart from biogas for cooking to
the households, utilization of the solid and liquid portion of the digested slurry can
produce about 60 TPA of organic fertilizer and 10 TPA of mushroom, respectively.

3.3 Economic Feasibility of the Biogas-Based Bioenergy
System

The investigation of the economic feasibility of the aforementioned conversions of
cow dung into biogas and digestate in value added products needs to be investigated.
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Fig. 3 Mass flow diagram of CBP

Utilization of cooking using biogas can save up to 375 kg of daily firewood
requirement. With all the time invested in collection and preparation of fuel, cooking
using firewood is not a very dependable source of cooking energy. Moreover, it is
also a source of indoor air pollution. Considering these aspects, biogas from the
community biogas plant supplied to the families at a rate as low as INR 200/month
can be an agreeable alternative considering the reliability of the technology and
overall benefits over firewood cooking.

The economic analysis of CBP has been carried out taking into consideration two
sub cost parameters, i.e., recurring and non-recurring cost. Specific key components
to develop a production unit are identified under each cost parameter. The various
components of non-recurring cost are capital investment of CBP and mechanical
screw press for separation of the digestate. The various components of recurring
cost are cost of cow dung, manual labor for cow dung preparation and cow dung
feeding (INR 60,000 PA@200man days) andmaintenance cost of CBP. The revenue
generated from the biogas is INR 79,200 per annum. Capital investment of a 70 m3

community biogas plant with provision of gas supply to households is considered in
consultation with the reported literature [19].
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Revenue generated by selling the biogas produced from the community biogas
plant alone cannot form a cost effective venture. The solid digestate and the liquid
digestate are also required to for an effective economic model of the CBP.

3.3.1 Organic Fertilizer from Solid Digestate

Based on the potential production of organic fertilizer of 60 TPA, a total of five har-
vests will be required from an organic fertilizer production unit of 12 tonne capac-
ity. The production of organic fertilizer requires decomposable crop residues, solid
digestate, vermi worms and soil. Crop residues, as already mentioned are available
in surplus quantities in the village.

The non-recurring cost is the capital investment of the unit. The recurring cost
involves the cost of crop residues already available in the village, manual labor for
vermi bed preparation and water spraying (INR 60,000 PA @ 200 man days) and
packaging organic fertilizer (INR 9000 @ 30 man days), maintenance cost of the
production unit, depreciation. Two laborers are employed for the production and
packaging of the mushrooms and one laborer is employed for cow dung preparation
and cow dung feeding in the biogas plant.

The revenue obtained from the 60TPA organic fertilizer unit is expected to be
INR2.97 lakhs. The cost calculations have been referred from the already reported
literature [15].

3.3.2 Mushroom Enterprise

For the present study, 2 kg of mushroom production is considered per unit kg of
substrate. Crop residue like rice straw is required to be sterilized prior to the spawning
process. As already reported, there is a surplus availability of rice straw in the village.

Liquid digestate available from the CBP is sufficient for producing 10 TPA of
mushroom. The prevalent market value of the mushroom is INR 100 per kg. In
the mushroom enterprise, the recurring costs are manufacturing costs which include
spawn, polybags, rice straw and packets for packaging, maintenance cost of mush-
room, depreciation manual labor for production and packaging mushroom (INR
40,800 PA @ 136 man days). The cost calculations for the mushroom production
unit have been referred from the already reported literature [18]. The detailed cost
analysis considering all the avenues discussed is presented in Table 5.

From the table, it can be stated that the revenue of the CBP has attained an
amount of INR 13.33 lakhs per annum. Considering multi-faceted horizons of a
biogas system, a balanced economic model can be projected.
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Table 5 Detailed cost analysis of the CBP

S. no. Particulars

Fixed cost

1 Capital cost of biogas plant (Rs.) 2,500,000

2 Capital cost of vermi compost unit (Rs.) 140,000

3 Mechanical screw press for separation of digestate 500,000

4 Mushroom production unit 400,000

Total fixed cost (Rs.) 3,540,000

5% depreciation 177,000

7% interest 247,800

15% insurance and tax 531,000

Total 4,495,800

Recurring cost of the plant

5 Packaging of vermicompost in gunny bags (Rs.) 16,620

6 Manual labor for packaging (Rs.) 9000

7 Manual labor for vermi bed preparation, bed spraying (Rs.) 60,000

8 Cost of cow dung (Rs.) 219,000

9 Mushroom production cost (spawn, polybags, rice straw + packets for
packaging)

94,000

10 Manual labor for production and packaging mushroom 192,000

11 Manual labor for cow dung preparation and cow dung feeding (Rs.) 96,000

12 Maintenance cost of cbp (Rs.) 90,000

13 Maintenance cost of vcu and mushroom (Rs.) 16,200

Total recurring cost (Rs.) 792,820

Revenue

Biogas (Rs.) 79,200

Vermicompost (Rs.) 254,580

Mushroom (Rs.) 1,000,000

Total revenue 1,333,780

3.4 Environmental Sustainability of the CBP

The problems of threat of exhaustion of natural resources such as firewood from
forests and many cardio vascular diseases arising from inhaling the harmful pollu-
tants from burning firewood indoors have necessitated the substitution of sources of
energy like firewood to cleaner sources of energy like biogas. Application of biogas
will not only improve the cooking practice but also will have direct benefits like
reduction of drudgery associated with fuel collection, better health of families. In
addition, production of 60 TPA of organic fertilizer can save up to 2–2.7 TPA of
Urea, 5–7 TPA of diammonium phosphate (DAP) and 7.2 TPA of muriate of potash
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(MOP) [20]. It will not only eradicate the dependency on chemical fertilizers but
also the productivity of crops will be enhanced. Moreover, entrepreneurial avenue
like mushroom production has the potential of effective utilization of liquid diges-
tate. The whole system of multi-utility features of biogas-based bioenergy can be
considered as an environmentally sustainable model based on the benefits already
stated.

3.5 Employment Generation of the CBP

Introduction of a bioenergy system with multiple avenues brings a plethora of man-
power requirement to fulfill the tasks associated with the smooth operation of the
system. Engagement of local people from the community for biogas generation,
organic fertilizer and mushroom production will not only generate income for them
but also the economic status of the working families will be improved.

4 Conclusion

The main aim of current study is to reduce the dependency of the people on the
conventional sources of traditional energy like firewood for imparting a profound
livelihood option for them. Feasibility of setting up a biogas-based bioenergy system
is investigated in the current study with scope of employment generation from the
system. The multi-faceted benefits availing from system viz., biogas for cooking,
organic fertilizer production for enhancing crop productivity and mushroom pro-
duction as an income generating venture have proved to be both economically and
environmentally sustainable. A 70 m3 community biogas plant has the potential of
supply biogas supply to 33 households in a typical rural area like Jhawani villagewith
an added option of 60 TPA of organic fertilizer production and 10 TPA of mushroom
production. The biogas-based system has a payback period of six years.
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