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ABSTRACT

Burning of post-harvest non-edible agro residues (biomass) are the major source of environmental and soil pollution,
affecting the lives of millions of people, especially in certain demography of developing countries like India. Non edible
agro residues contain toxic structural constituents, making it unsuitable for cattle feed. However, due to its cellulosic
and lignocellulosic constituents, it has the potential to be used as a promising feedstock to develop value added energy
products. Authors in this review paper have comprehensively reviewed the technological aspects related to conversion
of agro residues into value added energy products like bio-oil, bio-char, and pyro gas. Various non-edible agro residues
like Cotton stalk, castor stalk, Maize stalk, Rice straw, Rice husk, Corn cob, Sugarcane bagasse, and wheat straw etc.,
have been reviewed for its potential as feedstock material for thermo chemical conversion to obtain energy products like
bio-oil, bio-char, and pyro-gas. Different physio-chemical properties, its chemical characterization methods, different bio-
oil upgradation techniques, Techno-economic analysis (TEA), and Life Cycle Assessment (LCA) have been reviewed for
different thermo-chemical conversion processes. The reviewed works reveal that byproducts derived from pyrolysis of non-
edible agro residues have potential to be used as biofuels. Bio-oils after upgradation may be used as fuel, bio-char with
appropriate pulversing may be used as soil nutrient, and pyro-gas may be used as energy gas or carrier gas for process
industries. LCA of different processes for different agro residue-based biofuels indicate that conversion of biomass into
energy fuels is an sustainable, and economical solution for the environment point of view and economic point of view
through pyrolysis process as compare to the other conversion processes because pyrolysis process can accommodate agro
waste and produce bio-char and pyro-gas along with bio-oil having capacity to generate good revenue.
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INTRODUCTION climate change, environmental, and ecological impacts due

to usage of fuels. Nevertheless, we have to literally act upon

Due to remarkable economic development and higher
penetration of inclusive growth patterns throughout the
world in the last 20 years, the energy demand and hence, the
usage of fossil fuels have increased rapidly and reached its
highest level in the history of mankind. However, as per the
report of IEA (International Energy Agency), fossil fuels like
oil, coal, and gas resources will be available only for 35,107
and 37 years respectively. The projected availability of these
resources will be up to 2053, 2125 and 2055 (Shafiee et al.
2009). Moreover, increased usage of these resources will not
only diminish fuel resources, but also create adverse impacts
on environment, human health, and global climate change.
The world has already started experiencing the most brutal
reply from Mother Nature. It is a soaring time to think about

the solutions at multiple fronts.

One of the directions to fulfill the present and future
energy demands and simultaneously ensuring sustainability
of the fuels and its usage, renewable energy sources have
been considered as favorable energy sources (Farhad et
al. 2008).These energy sources are continuously being
refilled by nature and derived directly from the nature in
form of sun, wind, geothermal, tidal etc., making these
sources sustainable, environmentally friendly, efficient and
economically viable (Ellaban et al. 2014; Mata et al. 2010).
Since last decades, another shift has been witnessed for using
bio-based energy sources, which have been proved as the
viable, environmentally friendly, and sustainable sources of
energy. In general, liquid and gas fuel derived from biomass
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is broadly known as biofuels. (E.g. methanol, ethanol, bio-
diesel, bio-oil, FT (Fisher Tropsch) diesel) (bahadar et al.
2013; demirdas et al. 2010).

BIOMASS IN INDIAN CONTEXT

India is the 7" largest country in the world with great
biodiversity and mainly agriculture-based economy.
Approximately 400-500 million tons of agro residue-based
biomass is produced every year. It offers a huge scope of
energy harvesting compared to other renewable sources
(Dubey et al. 2009). In developing and underdeveloped
countries, due to poor availability of energy, these residues
are used for burning through direct combustion for cooking
and heating purposes. Instead of less efficient direct
combustion, thermo-chemical conversion processes are
more efficient and promising alternatives (Singh et al. 2010).
Various government bodies like MNRE (formerly known as
MNES), prominent academic institutions like Indian Institute
of Science (IISc), Indian Institutes of Technology (IITs) etc.
are putting lots of effort into utilizing the agro waste of these
energy sources.

INDIAN BIOFUELS POLICIES

The Indian Government started the Ethanol Blending
Petroleum Program (EBPP) in 2003, under the vision
of petroleum blending with biofuels. As per the
recommendation of the Ministry of New and Renewable
Energy (MNRE) for blending of ethanol up to 20 % in
2017, ethanol requirement will increase to 3.4 billion liters
by 2020 (Basavaraj et al. 2013). In India, sugarcane is
mainly used for ethanol production and it is expected that
its cultivation is to be increased by 20-30% of the current
sugarcane harvest. As the sugarcane crop demands huge
amounts of water compared to other crops, the ethanol and
subsequent production of biofuel from sugarcane requires
a huge quantity of water and land that already is heavily
exploited (Fraiture et al. 2008).

AVAILABILITY OF AGRO RESIDUE AND ITS IMPACT

India being an agriculture-based economy, availability of
crop residues is available substantially throughout the year.
Table 1 shows production data of crop wise agro based
residues in India.

TABLE 1. Crop wise residue generated in India

Production in 1994 Production in 2010 Production in 2018
Crop residues (Million Tons) (Million Tons) (Million Tons)
(Jain et al. ,2014) (Jain et al. ,2014) (TIFAC Report-2018)

Rice straw 103.48 159.98 225.487
Wheat straw 19.42 17.77 145.449
Maize stalks 0.36 0.40 27.880
Cotton stalks 19.39 30.79 66.563
Soybeans stalks 12.87 34.87 27.780
Sugar cane tops 68.12 117.97 119.16
Groundnut straw 19.00 23.16 12.900
Total 242.64 384.94 625.219

Figure 1 shows the contribution of different agro
residues in air pollution. It indicates that major contributing
agro residues in air pollution are rice (40%), wheat (22%),
sugarcane (20%) and cotton (8%). Because burning of crop
residues leads to many adverse impacts on human health by

releasing soot, GHG emission of different gasses responsible
for global warming; deteriorate plant nutrient and soil
fertility. Hence, it is immensely important to address these
issues and find a sustainable solution.
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FIGURE 1. Contribution of crop residues in GHG Emission

CONVERSION OF BIOMASS

BIOMASS CONVERSION TECHNOLOGIES

Thermo-chemical processes and Bio-chemical processes
are the two main technologies which may be used for
conversion of biomass into biofuel. However, application of
Bio-chemical processes for conversion of agro residues is
less efficient and uneconomical technology due to various
technical limitations like low bulk density, high enzyme
cost, high viscosity substrate and low ferment ability of some
substrate. On the contrary, the thermo-chemical process is
more efficient and economical, due to less process steps, low

processing time and high quality bio-products (Chen et al.
2012). Thermo-chemical conversion process is the process
that converts bio-mass into end product through the
application of heat in two approaches. In the first approach,
bio-mass is converted into gaseous form through
combustion or gasification, while the second approach is to
liquefy bio-mass at high pressure or high temperature
(Pandey et al. 2015; Bridgewater et al. 2003) Table 2
shows comparison between different thermo- chemical
conversion processes. Biomass conversion process should
be selected based on parameters like type of bio-mass,
requirement of end product, environmental standards, etc.
Different thermo-chemical conversion processes are shown
in Figure 2.

FIGURE 2. Various Thermo Chemical Conversion Processes
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TABLE 2. Comparative analysis of thermo-chemical conversion processes for Biomass (Shah et al. 2019)

Thermo-Chemical conversion processes for biomass

Parameters - - - - - - Further Scope
Combustion Gasification Pyrolysis Liquefaction
Temperature >300°C 700-1500 ° C 350-800° C 250-400 °c -
Since liquefaction process is
carried out at high pressure
. . . leads to increase process
Pressure Atmospheric  Atmospheric Atmospheric 50-200 MPa cost. So further research
is required on reduction in
pressure.
Further research is required
Primary Heat Syngas B}o-oﬂ, Syngas, B}o-oﬂ, Syngas, for fruitful usage of end
product Bio-char Bio-char product from all thermo-
chemical conversion process
\ . Avg. 20MJ/ Heating value of 60-75 % (Fast \ Technqloglcal adv.ancemoent
% of yield one kg of dry s . 20-60 % is required for optimum % of
. gas 6-19 MJ/m pyrolysis) . .
biomass yield from biomass.
. . Further technological
. Wood or any Anytlpng with Biomass < 10 % Algae, sewage, up-gradation is required to
Biomass organic content can . . Lo .
plant . moisture content Animal manure etc. remove barrier in selection of
be gasified .
biomass
Moisture Strong technology is required
Up to 65 % 5-30 % 10-20 % No limitation for removal of moisture
content .
content from biomass.
Fouhng and Chnker'mg problem Presence of Highly As th¥s process '
corrosion on due to increase is mainly for Further advancement is
. Do oxygen content and d . . S
S combustor in oxidation . 3generation of required to remove limitation
Limitations moisture content create

make limited

temperature make

biomass whose

of all thermo-chemical

usage of this
process.

its usage limited in
industry

immiscibility of bio-oil
with hydrocarbon fuel.

resource availibity
is very limited.

conversion process

As transportation of bulky solid residue is costly, a
suitable technology for conversion of solid crop residue
into liquid is a matter of research. (R. Zanzi et al. 1996).
Pyrolysis is one of the important thermo-chemical processes
that decompose solid biomass in the absence of oxygen and

produces vapors, which on condensation, produces bio-oil.
Bio-char and pyro-gas are produced along with bio-oil as
byproducts. Application of end products from pyrolysis
shown in table 5.

TABLE 3. Applications of Bio-oil, Bio-char, and Pyro-gas (Goyal et al. 2008)

Bio -Oil Bio-Char Pyro-Gas
*  Combustion fuel, e Briquettes as high efficiency fuel for *  As fuel during combustion process, due
Transportation fuel, Power industrial heating for process industries. to presence of carbon dioxide along with
generation *  For production of carbon Nano tubes. methane.
«  AS preservatives, e.g., wood ¢  Used in gasification process for
preservative. generation of hydrogen by thermal

e Asadhesives. cracking as fertilizer.

Various types of pyrolysis processes as shown in
Figure 2, have been developed to enhance conversion rate,
conversion efficiency, product yield, and produce other
byproducts. However, slow, fast, and flash pyrolysis are
mainly used for crop-based residues. Slow pyrolysis is
performed using low heating rate, low temperature, and
longer residence time which favors production of bio- char.
Fast pyrolysis is performed at moderate temperature, high
heating rate, and comparatively short residence time of the
vapor which favors production of bio-oil. Flash pyrolysis
process requires very low residence time (For a few seconds

or even less than that) and very high heating rate and it
favors formation of pyro-gas. As this process is carried out
at a high heating rate, particle size of the residues should be
small (Goyal et al. 2008).

This review article is an attempt to check feasibility
of pyrolysis process for production of bio-oil, bio-char and
pyro-gas from selected crop residues i.e. sugarcane, maize
stalk, cotton stalk, rice straw, wheat straw etc. in Indian
context for technological, economic and environmental
point of view.



Selected biomass needs to be analyzed before it is used
as feedstock in the pyrolysis process for determining the

VARIOUS FEEDSTOCK
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Various types of feedstock analysis required to be performed
on biomass before applying pyrolysis process, are tabulated

reaction conditions, and predicting the product behavior.

TABLE 4. Pre-process feedstock analysis

in Table 4 with its ASTM standards. Feedstock analysis of
selected bio mass represented in Table 5.

Sr.  Feed-stock  ASTM Importance Accepted References
No  analysis  Standard Range
1 Moisture ASTM It is desirable to have lower moister content in bio mass. 0-20 (Dhyani et al. 2018,
E871 Lim et al. 2016,
Akhtar et al. 2012)

2 Volatile ASTM  High volatile matter means bio mass can ignite at low 0-80 (Dhyani et al. 2018,

matter E872 temperature. Lim et al. 2016,
Akhtar et al. 2012)
3 fixed ASTM  High fixed carbon leads to production of high Bio char. 0-25 (Guedes et al. 2017,
carbon E777 Dhyani et al. 2018;
Lim etal. 2016,
Lehto et al. 2013,
Jacobson et al. 2013)
4 Ash ASTM  Fraction of ash in bio mass plays a vital role in bio oil yield. 0-20 (Guedes et al. 2017;
D1102  Because high ash contains leads to decrement of bio oil and Dhyani et al. 2018,
increase bio char and gas production. Lim etal. 2016,
Reddy et al. 2018;
Lehto et al. 2013)

5 Carbon, ASTM  Carbon is basic element of organic chemistry. Its proportion is 0-55 (Dhyani et al. 2018;

Hydrogen D-3178  directly connected to value of HHV. Lim etal. 2016;
Hydrogen plays an important role in all fuel combustion Lehto et al. 2013)
systems. The greater the H + C/O ratio of a fuel, the greater it’s
HHV.

6  Nitrogen ASTM N content in biomass is very much important in Environmental No (Dhyani et al. ,2018,

D-3179  Pollution point of view. As value of N in bio mass decide significant Lim etal.,2016,
emission of NOx effect Lehto et al. ,2013)

7  Oxygen ASTM O content is usually established as the difference between the 0-70 (Dhyani et al. 2018;
and D-3177  sum of the percentages of C, H, N, S and that of the ash. Lim etal.2016,
Sulphur During combustion, the S in biomass fuels forms gaseous SO2, Lehto et al. 2013)

sometimes SO3, and alkalis. However, biomass is usually poor
inS.

8 Heating ASTM  Calorific value refers to the heat produced by combustion of a 5-20 (Dhyani et al. 2018;
Value D-121  unit quantity of feedstock in a bomb calorimeter with oxygen Lim etal. 2016;

under a specified set of conditions. Lehto et al. 2013)

9 Fibre - Bio mass with higher cellulose and hemi cellulose produce Lignin (Akhtar et al. 2012)
analysis more bio oil compare to bio mass with high lignin because (10-30%)

lignin decomposition is very difficult and it leads to production Cellulose

of bio char (30-50%),
Hemi

Cellulose

(15-35%)

10 Thermal - Along with elemental analysis of bio mass knowledge of - (Dhyani et al. 2018)
Analysis decomposition behavior is also important for pyrolysis process

design. The commonly technique used for decomposition of bio

mass are thermo gravimetric (TGA) and differential scanning

calorimetric. In Thermo Gravimetric analysis (TGA) weight loss

of bio mass is measured with increasing temperature.
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EFFECTS OF CONVERSION PARAMETERS ON PRODUCTION OF
BIO-OIL, BIO-CHAR, AND PYRO-GAS

Biomass conversion efficiency, also known as process yield,
of pyrolysis process depends on various process parameters
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particle size, reactor type, gas flow rate etc. However, the
most significant parameters are temperature, heating rate

and residence time (Dhyani et al. 2018). Table 8 shows

like temperature, Residence time, heating rate, feed rate,

TABLE 6. Parametric value of different agro residue

pyrolysis process yield in various parametric conditions of
selected feedstock.

Name

Heating Resistance

Sr. Type of  Temperature . Bio char Gas Bio-oil
of agro . A Rate Time o) v o/ o) U Reference
No. Residue Pyrolysis C (°C/min) (Min.) % Yield %Yield % Yield
380 45 60. 33.67 26.43 27.11
480 45-50 60 37.64 25.10 26.11
j  Sugarcane  Slow (Al arni et al. 2018)
Bagasse  Pyrolysis 580 45-50 60 333 30.50 24.13
680 45-50 60 27.67 35.67 21.67
380 120-127 20 28.33 11.33 47.13
480 120-127 20 25.34 14.12 50.89
, Sugarcane  Fast Al amni etal. 2018)
Bagasse Pyrolysis 580 120-127 20 29.86 15.46 42.81
680 120-127 20 29.53 17.94 39.77
300 7 60 30 30 15
400 7 60 30 30 16
3 Slow 500 7 60. 27 31 22 (Ates et al. 2009,
pyrolysis 600 7 60 26 32 23 Dhyani et al. 2018)
Corn cob 700 7 25 36 16
800 7 24 39 15
300 20 60 36.1 31.4 325
4 Wheat Slow 350 20 60 34.6 29.4 36.0 (Demirbas et al. 2010;
straw Pyrolysis 400 20 60 34.4 28.9 36.7 Dhyani et al. 2018)
450 20 60 324 38.4 29.2
300 20 60 35.1 39.0 259
. Slow 350 20 60. 35.0 37.9 27.1 (Demirbas et al. 2010;
5 Rice Straw . .
Pyrolysis 400 20 60 33.5 38.1 28.4  Dhyanietal. 2018)
450 20 60 33.1 39.8 27.1
300 20 60. 433 20.8 35.9
. Slow 350 20 60 37.2 26.6 36.2 (Demirbas et al. 2010;
6  Rice Husk . .
Pyrolysis 400 20 60 35.3 27.2 37.5  Dhyanietal. 2018)
450 20 60 35.0 26.9 38.1
200 10 5 97 0 5
300 10 5 80 3 18
400 10 5 31 16 52.5
Maize Fast (Fup. etal. 2010,
7 stalk pyrolysis 500 10 > 25 18 33 Dhyani et al. 2018)
600 10 5 22 20 53
700 10 5. 21 21 53.5
800 10 5 22 22 54
400 7 NR 30.30 26.59 20.28
3 Cotton Slow 500 7 NR 29.17 26.51 2238 (Puttun et al. 2005;
Stalk Pyrolysis 550 7 NR 27.93 27.02 23.02 Dhyanietal. 2018)
700 7 NR 25.56 32.02 18.59
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EFFECT OF TEMPERATURE

The function of reaction temperature is to provide heat
energy required for decomposition of biomass bonds. In
general, decomposition efficiency of biomass increases
with increasing temperature. Table 6 shows temperature and
corresponding % yield of bio-oil, bio-char, and pyro-gas. It
can be seen from the table that in case of slow pyrolysis
of sugarcane bagasse, with increase in reaction temperature,
yield of bio-oil and gas decreases, while yield of bio-char
increases. However, in case of fast pyrolysis of sugarcane
bagasse, bio-oil yield increases up-to moderate temperature
and then it decreases at high temperature, while yield of
bio-char and bio-oil increases with increase in reaction
temperature (Al arni et al. 2018). During slow pyrolysis
of corn cob, yield of bio-oil and pyro-gas increases up-to
moderate temperature, while yield of bio-char decreases
but at high temperature reverse trend was observed for bio-
oil, bio-char and pyro-gas (Ates et al. 2009; Dhyani et al.
2018). During slow pyrolysis of wheat straw, yield of bio-
oil increases up to moderate temperature while yield of bio-
char and pyro-gas decreases but at high temperature bio-oil
and bio char yield decrease and yield of pyro-gas starts to
increase. Similarly, for rice straw and rice husk, the yield of
bio-oil and pyro-gas increases with increase in temperature
while biochar decreases (Demirdas et al. 2010; Dhyani et al.
2018). In fast pyrolysis of maize stalk bio-oil and pyro-gas
yield increase with increase in reaction temperature while
yield of bio-char decreases (Fu p. et al. 2010; Dhyani et al.
2018). During slow pyrolysis of cotton stalks bio-oil yield
and pyro-gas yield increase gradually while yield of bio char
start decreasing but at high temperature bio-oil yield and bio
char yield starts decreasing while pyro-gas continuously
increases (Putun et al. 2005).

EFFECT OF HEATING RATE

Heating rate is an important parameter for biomass
decomposition due to its effects on oil composition and

hence quality of oil. Low heating rate in case of slow
pyrolysis of corn cob at 7°C/min. % yield of bio-oil is less
than pyro-gas and bio-char (Ates et al. 2009; Dhyani et al.
2018). For the same heating rate during slow pyrolysis of
cotton stalks, the proportion of % yield of Bio-char >Pyro-
Gas> Bio-oil (Puttun et al. 2005; Dhyani et al. 2005). For
moderate heating rate of rice straw, wheat husk, maize stalk
(10°-20°c/min), % yield of bio-oil > bio-char >pyro-gas (Fu
p. et al. 2010, demirbas et al. ,2010, Dhyani et al. 2018).
While for the same heating rate of rice straw pyro-gas> bio-
char > bio-oil. During fast pyrolysis of sugarcane bagasse
with very high heating rate bio-oil >pyro-gas> bio-char
(Demirbas et al. 2010; Dhyani et al. 2018).

EFFECT OF RESIDENCE TIME

Residence time is the time that biomass sustains in a
decomposition reactor at specific temperature to complete
the reaction process. Low residence time up to 20 minute
results in higher bio-oil yield compared to bio-char and
pyro-gas for maize stalk and sugarcane bagasse (Al arni et
al. ; Fu p. et al. 2010; Dhyani et al. 2018). Higher residence
time of 60 minute, produces lower bio-oil yield compared to
bio-char and pyro-gas for corn cob, sugarcane bagasse and
rice straw (Demirbas et al. 2010; Al arni et al. 2018; Dhyani
et al. 2018; Ates et al. 2009). However, the same residence
time is 60 min. results into higher oil yield compared to bio-
char and pyro-gas for rice husk and wheat straw (Dhyani et
al. 2018; Demirbas et al. 2010).

It can be observed that bio-oil yield is optimum
at moderate temperature, higher heating rate, and low
residence time. Other than this particle size of biomass,
gas flow rate, pyrolysis reactor type, feed rate and biomass
fibre analysis etc. are affecting parameters on bio-oil, bio-
char and pyro-gas [17]. Table 7 shows parametric range for
different pyrolysis processes.

TABLE 7. Parametric range for different pyrolysis processes (Shah et al. 2019)

Parameters Slow pyrolysis Fast pyrolysis Flash pyrolysis
Pyrolysis temperature 550-950 850-1250 1050-1300
Heating rate 0.1-1 10-200 >1000
Particle size 5-50 <1 <0.2
Solid residence time 450-550 0.5-10 <0.5

ANALYSIS OF BIO-OIL

Bio-oil is produced by condensation of gaseous products
generated due to decomposition of biomass and composed of
fragments of cellulose, hemicelluloses and lignin (C.K.Pchoi
et al. 1978). Due to presence of moisture in feedstock and
moisture generated as part of reaction during storage of
bio-oil, it consists of two distinct phases i.e. organic and
aqueous, in its structure. Organic phase is used as fuel

after upgradation, while aqueous phase, cannot be used (S.
Zhang et al. 2005). Bio-oil characterization is carried out by
various physico-chemical and chemical analysis.

PHYSICO-CHEMICAL ANALYSIS

Physio-chemical properties of crude bio-oil derived from
the residues are quite different from the hydrocarbon fuel.
Properties of crude bio-oil depend upon factors like moisture



content of feedstock, pyrolysis process parameters, reactor
type etc. Due to dissimilarities in properties, it is immiscible
with hydrocarbon fuel. Hence it needs to be upgraded
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(Solantausta et al. 1993). to use as fuel. Physio-chemical
properties of selected agro residues are shown in Table 8.

TABLE 8. Physio-chemical Composition of Selected agro Residue

Agro Residue Moisture ~ Oxygen  Viscosity  Acidity Ash HHV/LHV  Density References
content  Content cSt (pH) Content MIJ/Kg Kg/dm?
(% wt) (% wt) (% wt)
Sugarcane Bagasse NR 46.94 8.934 2.74 0.24 20.072 1.198 (Islam et al. 2005)
Wheat straw 47.4 62.63 17.2 3.45 NR 13.6 NR (Jahirul et 1. 2012)
Corn Cob 322 53.2 6.7 0.1 15.8 NR (Azeez et al. 2010)
Rice Straw 27.33 45.96 17.63 3.15 0.07 18 1.1883  (Lietal. 2015)
Rice husk NR 63.27 4.783 2.68 NR 13.69 1.082  (Yusup etal. 2016)
Maize Stalk 22.5 47.5 13.8 3.2 NR 19.6 1.220  (Zheng et al. 2008)
Cotton Stalk 24.4 49.4 12.5 33 NR 17.77 1.160  (Zheng et al. 2008)

NR-Not Reported by author.

Significance of important physio-chemical properties
i.e. moisture content, oxygen content, viscosity, acidity and
ash content on behavior of bio-oil need to be analyzed (Y.
solantausta et al. 1993).

MOISTURE CONTENT

Presence of moisture in bio-oil is mainly due to presence
of moisture in feedstock and dehydration during pyrolysis
process. Due to Solubilizing of hydrophilic, bio-oil cannot
be separated from water. Too much moisture content, lower
the heating value and flame temperature of the oil. Moreover,
it also helps to lower down viscosity and pH value. It is
measured by Karl Fischer titrimetric by following ASTM
E-203 method (Mohan et al. 2006; Oasmaa et al. 2005;
Khan et al. 2009; Zhang et al. 2007). Permissible range of
moisture content in bio-oil is 15-30 % wt. depending on the
pyrolysis process and condensation process.

OXYGEN CONTENT

Presence of oxygen in bio-oil plays a major role in
variation of its properties as compared to hydrocarbons. It
reduces heating value and makes bio-oil immiscible with
hydrocarbons. It is generally calculated by the difference of
C, H, N and S. Apart from its adverse impacts, it reduces
emission of CO, by controlling combustion characteristics
(Czernik et al. 2004; Zhang et al. 2007; Jacobson et al.
2013).

VISCOSITY

Viscosity is generally in the range of 15 —30 cSt. It decreases
with increase in room temperature and changes with time
during storage. Higher water content controls viscosity.

Also, it can be controlled with solvent like methanol and
ethanol (Mohan et al. 2006).

ACIDITY

Bio-oil acidity is in the range of 2-3. Reason for this high
value of acidity is generation of carboxylic acid during
decomposition of biomass. High acidity leads to corrosion
during transportation fuel pipe lines or in storage tanks
which is a big challenge in usage of bio-oil (Czernik et al.
2004). Carboxylic acids such as formic acid and acetic acid
become enormously high at high temperatures which require
enhancing bio-oil upgradation technique before it gets used
as transportation fuel (Jacobson et al. 2013).

ASH CONTENT

Ash is noncombustible matter present in bio-oil measured
by following ASTM D482 standard (Zhang et al. 2007). Its
presence in bio-oil is responsible for metallic corrosion and
erosion. It creates a detrimental effect when its value is more
than 0.1% wt. Presence of Alkali compound, mainly Na, K
and vanadium are responsible metallic corrosion (Jacobson
etal. 2013).

CHEMICAL CHARACTERIZATION OF BIO-OIL

Chemical characterization is an approach to identify
presence of chemical compounds in bio-oil. It is analyzed
mainly by Gas chromatography-mass spectrometry (GC-
MS), Fourier transform ion cyclotron resonance-mass
spectrometry (FTICR-MS), and nuclear magnetic resonance
(NMR) (Demirbas et al. 2004). Table 9 shows the major
chemical compound presence in bio-oil with % range
(Oasmaa et al. 1999).
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TABLE 9. Major compound of chemical characterization (Baloch et al. 2018)

Main components

Area % *Range

Phenolics 6-65%
Esters 2-44%
Aromatics and hetrocyclics 6-35%
Aldehydes 0-18%
Carboxylic acids 2-40%
Ketones 0-38%
Alkanes 9-13%
Nitrogenates 12-23%
Physio-chemical properties and chemical by catalytic reaction of bio-oil with alcohol. Presence of a

characterization of bio-oil show that bio-oil is a mixture
of a variety of compounds, making it immiscible with
hydrocarbon oil. It severely affects its combustion behavior,
and significantly affects engine performance when used as
fuel. So bio-oil upgradation is required before it is used as
engine fuel.

UPGRADATION METHODS FOR BIO-OIL

High oxygenated compounds present in bio-oil makes it
thermally unstable during storage and increases its acidity.
High acidity produces detrimental effects during its usage.
Hence, bio-oil cannot be directly used in raw form. Thermal
stability can be controlled through various upgradation
processes by reducing water and oxygen compounds
(Jacobson et al. 2013). But enhancement of combustion
behavior by reducing corrosion rate and improvement of
H/C rate are the main challenge for researchers because the
upgradation process of bio-oil is quite different compared
to traditional crude oil (Zhang et al. 2005; Yang et al.
2015; Lian et al. 2016). Following are important bio-oil up-
gradation techniques.

EMULSIFICATION

Emulsification is the process of forming homogeneously
mixed emulsions using surfactants. As compared to other
techniques, emulsification is the simplest method to control
the calorific value, cetane value, thermal stability and
viscosity of bio-oil (Lin et al. 2016). Bio-oil is normally
immiscible with hydrocarbon oil, but it can be emulsified by
using surfactants. Some of the surfactants used for bio-oil
emulsification are Span 20, Span 80 and Span 100, Span 85,
Tween 85, Span 60, etc. (Solantausta et al. 1993).

CATALYTIC ESTERIFICATION

In Catalytic esterification, organic acid is converted into
esters because presence of organic acid in bio-oil develops
corrosion during transportation and storage. It is carried out

large number of aldehydes in bio-oil is the key challenge for
bio-oil esterification (Lin et al. 2016).

CATALYTIC HYDROGENATION

In this method, pressurized hydrogen is passed to remove
oxygenated compounds, Acidic compounds and Aldehydes
to improve stability and combustion performance (Lin et al.
2016).

STEAM REFORMING

Formation of hydrogen and synthesis gas by passing steam
through bio-oil is the fundamental principle of steam
reforming. This gas can be used in the chemical industry
(Lin et al. 2016). Nowadays, this method is studied by many
researchers.

CATALYTIC CRACKING

Bio-oil catalytic cracking is the process to convert
hydrocarbon fraction of bio-oil into hydrocarbon fuel with
CO,, CO, H,0 by using a catalyst. Mostly Zeolite catalysts
(HZSM-5 etc.) used for this process because of its strong
viability for reduction of oxygen compound, water, viscosity
and acidity (Lin et al. 2016).

Many authors have put their effort for bio-oil upgradation
through different methods. Catalytic cracking, Catalytic
hydrogenation and Steam reforming are the advanced
techniques but requirement of gas for this technique create
GHG emission. While emulsification is the cheapest method
for generation of bio-oil-diesel blend through emulsifiers /
surfactants.

ANALYSIS OF BIO-CHAR

Bio-char is the solid residue generated during the pyrolysis
process along with bio-oil and pyro-gas. It can be used as a
direct or blended form for soil improvement and protection
against particular environmental pollution etc.
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TABLE 10. Available nutrient from different agro residue

Agro waste C% N% P% K% S% Ca% Mgh Fe% Cu% References

Sugarcane (Y.Solantausta et el.,1993, Kameyama et al.

Bagasse 78.6 0.87 0.67 223 - 733 177 043 T 2012, Yaoetal. 2012)
(Bruun et al. 2012; Cheng et al. 2012; Kloss

Wheat straw 60.8 141 - 1.26 - 126 988 194 --- etal. 2012, Solaiman et al. 2012; Sun et al.
2012; Yoo et al. 2012, Zheng et al. 2012)
(Brewer et al. 2012, Rajkovich et al. 2012;
Feng et al. 2012; FReddo et al. 2012, Hale

Corn Cob 588 1.06 235 19.0 037 864 7.10 730 115 etal. 2012;Jiaetal. 2012; Kammann et
al,2012, Kineey et al. 2012; Nelissen et al.
2012; Rajkovich et al. 2012)

Rice Straw 436 140 120 070 390 - _ (Luetal. 2012; Mekuria et al. 2012; Wang
etal. 2012)

Rice husk 436 140 120 070 390 - . . . (Lu et al. 2012; Mekuria et al. 2012; Wang et
al. ,2012)

Maize Stalk 21.54 2.06 0.84 4.25 -- -- -- -- -- (Sherene et al. )

Cotton Stalk 76.2  0.67 039 1.11 -- - - - ---  (Sherenc et al. )

TABLE 11. Nutrient retention from different agro residue

pH Surface area(m? g™') CEC(mmolc kg™) References
Sugarcane Bagasse 7.59 113.6 115 (Kameyama et al. 2012)

Wheat straw 8.80 26.65 103 (Bruun et al. 2012)

Corn Cob 9.27 107.2 607 (Brewer et al. 2012)
Rice Straw 9.17 42.15 212 (Luetal. 2012)

Rice husk 9.17 42.15 212 (Luetal. 2012)
Maize Stalk 9.9 1.5 45 (Sherene et al. )
Cotton Stalk 10.6 0.9 39 (Sherene et al. )

Table 10 and 11 shows average of total nutrient value
available in bio-char from different agro residues. Presence
of N in bio-char shows a good carrier for the growth of soil
bacteria, while P present in bio-char helps to improve enzyme
efficiency and soil pH. Presence of S in bio-char enhances
oxidation and reduction capacity of soil. It is observed that
the incremental effect of pH leads to detrimental effects on
surface area and Cation exchange capacity (CEC). However,
bio-char is greatly affected by pyrolysis temperature and
particle size distribution.

Thus, retention of bio-char to the soil replaces the
nitrogen, carbon and other important plant nutrients that
vanish due to frequent harvesting of crops and improves soil
fertility.

ANALYSIS OF PYRO-GAS

Pyro-gas is the gasses that are produced during the pyrolysis
process. It comprises carbon dioxide (CO,), carbon
monoxide (CO), hydrogen (H,), methane (CH,), ethane or
ethylene (C,H,), propane or propylene (C,H,). Since this
gas comprises a substantial amount of carbon dioxide in it,
it can be used as fuel (Goyal et al. ,2008). Most effective
use of this gas is as carrier gas during the pyrolysis process

as this gas contains a considerable amount of heating value
(Bridgewater et al. 1994). Yang Yu et al found HHV of corn
stalk 13 MJ/m? while the same for rice husk was 15 MJ/m°.
Author also found that the HHV value of pro-gas increases
sharply with the increase in temperature (Yu y. et al. 2016).

ECONOMICAL ASSESSMENT OF BIOFUEL PRODUCTION

Apart from Technological aspects, economics of bio- fuel
production is of paramount importance for commercial
level acceptability of the biofuels. Economics of biofuel
production is affected by many external parameters like
market fluctuation, weather conditions that affect logistic
and agricultural operation and subsidy government policy
etc. Despite these external parameters, the area of biofuel
still needs to be explored technologically as well as
economically. Techno Economic analysis (TEA) is the
method used by researchers for economic evaluation of
biofuel production.

GENERAL METHODOLOGY OF ECONOMIC EVALUATION

Biofuel production cost varies with production process,
production capacity, geographical pathway and government
subsidy policy etc. Biomass production pathway varies with
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first to third generation biomass. The economic evaluation
is based on some common techno economic indicators i.e.
payback period, net present value, fixed capital cost, total
manufacturing cost, rate of return and break-even price
etc. (Kou et al. 2011). Table 12 shows Techno Economic
analysis of bio fuel derived through various techniques from

first generation to third generation sources. Operating cost
for different processes for different agro waste listed in
Table 16 directly implied that operating cost for biodiesel
and gasification process is little beat less but it cannot
accommodate agro waste as feedstock while pyrolysis
process can accommodate agro waste that may directly
reflect on total manufacturing cost.

TABLE 12. Economic Evaluation of biofuel based on feedstock and Technology

Sr. No  Feed stock and process Process Operating cost ($/1it) References
1 Soya bean Biodiesel 1.08 (Hung et al. 2016)
2 Sugarcane Ethanol 0.48 (Hung et al. 2016)
3 Forest residues Pyrolysis 1.65 (Carrasco et al. 2017)
4 Corn Stover Fast pyrolysis and Gasification 1.48 (Lietal. 2015)
5 Energy crop Fast Pyrolysis 1.56 (Sarkar et al. 2010)
6 Gasoline - 1.3 (Trippe et al. 2013)
7 Lignocelluloses biomass ~ Ethanol 0.36 (He etal. 2011)
8 Algae Hydrothermal Liquefaction 0.679 (Ouetal. 2015)
9 Corn Stover Fast pyrolysis 0.82 (Wright et al. 2010)
10 Waste cooking oil Biodiesel 1.298 (Mohammadshirazi et al. 2014)

LIFE CYCLE ASSESSMENT ANALYSIS

Life cycle assessment (LCA) is the tool to assess impact
of end product throughout the life. The conversion of
lignocellulosic biomass to useful end product carried
out in 3 phases: 1) Biomass pre and post harvesting and
transportation. 2) biomass site operation and its up gradation.
3) Flattening and reprocessing of plants. LCA is carried
out by different software i.e. GREET [Greenhouse gasses,
Regulated Emissions, and Energy use in Transportation],
SigmaPro, GHGenius, TEAM [Tools for Environmental
Analysis and Management] etc. (Roger et al. 2012; Mann
et al. 2001). Eco Indicator 95/99 and CML (developed by
Institute of Environmental Science of Leiden University)
are used to analyze the environmental impacts of different
feedstock (Robert et al. 2010; Faix et al. 2010).

DIFFERENT PHASES INVOLVED IN A SYSTEM BOUNDARY FRAMEWORK

The LCA of thermo chemical conversion process is carried
out in 3 phases as discussed earlier. Figure3 shows required
input and output during each phase. Phase 1 includes two
processes: biomass cultivation and transportation. Important
measuring indicators for this phase are usage of land, carbon
adoption, use of fertilizer and pesticides, impact on soil
after removal of agro residue and transportation distance
from site to biomass storage (Koroneos et al. 2008). The
removal of agro waste is a key factor because it affects the
environment and creates adverse impact on soil. If sufficient

straw is not left in the field it reduces soil organic matter,
nutrients from the soil and yield of biomass forever. That’s
why straw management is required to balance the entire soil
ecosystem needed to include in LCA (Gabrielle et al. 2008).

Phase 2 of LCA is for biomass pretreatment processes
like crushing, chopping, grinding and drying etc.,
This phase varies with process to process. Therefore,
different conversion technologies are having variation in
environmental impact.

Phase 3 of LCA is for reprocessing and flattening
of plants. This phase involves: 1) Flattening of plant
2) Extraction, Transportation and reprocessing of plant
equipment 3) Dealing with Non-Recyclable material.

REVIEW OF LCA STUDIES ON THERMO -CHEMICAL
PROCESSING OF BIOMASS

LCA of different thermo chemical conversion processes
is shown in table 13. This study needs to consider Global
warming potential (GWP), Net energy ratio (NER),
greenhouse gasses (GHGs) etc. By referring various
literature of different process for LCA i.e. combustion,
gasification, liquefaction and pyrolysis, it can be concluded
that transportation of biomass, fuel consumption during
site process, bio-oil yield, and electric power consumption
also play vital roles in determining the GHG footprint. GHG
emission through pyrolysis process is comparatively less
than fossil fuel like gasoline and diesel particularly
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Biomass
conversion Feed stock LCA and Environmental Impact Reference
Technology
Combustion Rice Husk Co, emission from rice husk derived F:lectrlmty is 217g/KWh which is (Shafie et al. 2012)
too high as compare to other crop residue.
Combustion Forest Residue  The GHG emissions depends on moisture content. (Thakur et 9al. 2014)
GHG emissions can be significantly reduced (from 68 to 17 Gg CO,-eq/
Gasification =~ ----- PJ) by increased utilization of residual biomass. CO, emissions lower (Farzad et al. 2016)
from (35-178 g-CO,/kWh) than coal fired systems (975.3 g-CO,/kWh)
Gasification - Gasification of forest residue reduce 80% GHGs compare to natural gas  (Thornley et al. 2015)
. . Biomass pretreatment during palm liquefaction process contributes
Liquefaction  Palm 99.78% of the GWP, with 98.49% of CO, emission. (Chanetal. 2015)
. . HTL-derived algae fuels were found to have lower greenhouse gas .
Liquefaction Algae (GHG) emissions than petroleum fuels. (Liuetal. 2013)
Pyrolysis Forest Residue Pyrolysis of forest residue are estimated to emit fewer greenhouse (Iribarren et al. 2012)

gases than conventional gasoline
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CHALLENGES

Despite the many advantages of the pyrolysis process
using agro residues as feedstock material, it is not yet
commercialized due to following challenges:

1. Bio-oil is chemically and biologically complex oil due
to large no. of constituting chemical compounds, which
makes it difficult to process to get derided properties of
an efficient fuel. So, suitable oil processing technologies
and methodologies are to be developed to ensure
uniformity in composition and quality of oil.

2. Depending upon the feedstock sources, the values
of the bio-oil fuel properties are much wider than
the properties of hydrocarbon fuel. It offers a great
challenge to optimize the oil extraction and upgradation
processes.

3. Bio-oils are thermally and chemically unstable due to
susceptibility to change viscosity with temperature and
time. It is suggested to either filter out the viscosity
affecting constituents or neutralize the effects of it by
suitable treatments.

RECOMMENDATIONS FOR FUTURE RESEARCH

From the reviewed literature, it has been found that research
has been carried out on performance of agro residue-based
bio-oils as engine fuel. However, very limited works have
been reported on the production of stabilized oils and its
performance analysis as engine fuel. Some potential areas
have been identified for the future research as briefed below.

1. Production of stabilized oil from different agro
residues: Proper extraction of crude oil contents from
agro residues and proper procedure to upgrade it into
stabilized oil need to be explored and developed for
high oil containing biomasses separately.

2. Mixing/Blending methodology for agro residue-based
bio-oil: Due to different chemical and biological
structures of agro residues, proper mixing methods and
Blending ratios are required to be developed to ensure
desired miscibility and long-term stability.

3. Performance and emission analyses: Performance
and emissions analyses are to be evaluated to assess
the feasibility of stabilized and blended agro residues-
based biodiesel as engine fuel.

4. Life cycle Analysis (LCA) of agro residue-based
Biodiesel: Detailed investigations on LCA for agro
residue-based Bio-oil needs to be evaluated and its
comparison with different biodiesel is required.

CONCLUSION

Due to abundant availability of non-edible agro based
residues after post-harvest practices, and favorable
constituting elemental analysis of residues suggest the
potential of sustainable sources of high value-added
bio energy products like bio-oil, bio-char and pyro-gas.

Pyrolysis is found to be one of the most suitable methods for
conversion of residue biomass into value added products.

Properties of raw bio-oils derived from agro residues
are dissimilar to hydrocarbon oil due to its chemical
structure. raw bio-oils are to be upgraded in order to
improve its stability, anti-corrosiveness, and miscibility
with hydrocarbon fuel. Amongst various bio-oil upgradation
techniques, emulsification is found to be the most economical
and efficient method. Bio-char analysis of selected feedstock
shows that soil nutrition retention can be possible with
investment of biochar in soil. Pyro-gas analysis shows that
non condensable gas produced after the pyrolysis process
can be used as fuel for feedstock heating.

Techno Economic analysis of the bio-oil production
shows that bio-oil extraction through the pyrolysis process
is an economical process as compare to the other conversion
processes. LCA of bio fuel through different conversion
processes have been reviewed for GHG emission, global
warming potential, net present value etc. which shows
pyrolysis process has potential to reduce GHG emission.

ACKNOWLEDGEMENT

The authors wish to express their gratitude towards Dr. G.D.
Acharya, Principal, Atmiya College of Engineering, Rajkot,
India; and Dr. Subarna Maiti and Dr. Himanshu Patel
from CSIR-CSMCRI, Bhavnagar, India for their support
and granting permission to utilize the laboratory and other
resources required for this ongoing research. Also, special
thanks go to the Directorate of Technical Education, Gujarat
state, India for providing encouragement to carry out this
research work.

DECLARATION OF COMPETING INTEREST

None

REFERENCES

Akhtar, J. & Amin, N. S. 2012. A review on operating parameters
for optimum liquid oil yield in biomass pyrolysis. Renewable
and sustainable energy reviews 16(7): 5101-5109.

Al arni, S. 2018. Comparison of slow and fast pyrolysis for
converting biomass into fuel. Renewable Energy 124: 197-201.

Aleman-nava, G. S., Casiano-flores, V. H., Cardenas-chavez,
D. L., Diaz-chavez, R., Scarlat, N., Mahlknecht, J.& Parra,
R. 2014. Renewable energy research progress in Mexico:
A review. Renewable and sustainable energy reviews 32:
140-153.

Ates, F., & Isikdag, M. A. 2009. Influence of temperature and
alumina catalyst on pyrolysis of corncob. Fuel 88(10):
1991-1997.

Azeez, A. M., Meier, D., Odermatt, J. & Willner, T. 2010. Fast
pyrolysis of African and European lignocellulosic biomasses
using py-ge/ms and fluidized bed reactor. Energy &
Fuels 24(3): 2078-2085.

Bahadar, A., & Khan, M. B. 2013. Progress in energy from
microalgae: A review. Renewable and ustainable energy
reviews 27:128-148.



Baloch, H. A., Nizamuddin, S., Siddiqui, M. T. H., Riaz, S., Jatoi,
A. S., Dumbre, D. K., & Griffin, G. J. 2018. Recent advances
in production and upgrading of bio-oil from biomass: a critical
overview. Journal of Environmental Chemical Engineering.
Jilid:halaman mula dan akhir.

Basavaraj, G., Rao, P. P, Basu, K., Reddy, C. R., Kumar, A. A.,
Rao, P. S., & Reddy, B. V. S. 2013. Assessing viability of
bio-ethanol production from sweet sorghum in India. Energy
policy 56: 501-508.

Brewer, C. E., Hu, Y. Y., Schmidt-Rohr, K., Loynachan, T. E.,
Laird, D. A. & Brown, R. C. 2012. Extent of pyrolysis impacts
on fast pyrolysis biochar properties. Journal of Environmental
Quality 41(4): 1115-1122.

Bridgwater, A.V. TAHUN. Catalysis in thermal biomass conversion.
Appl Catal A Gen 1994;116(1-2):5-47.

Bridgwater, A. V. 2003. Renewable fuels and chemicals by thermal
processing of biomass. Chemical Engineering Journal 91(2-
3): 87-102.

Bruun, E. W., Petersen, C., Strobel, B. W. & Hauggaard-Nielsen,
H. 2012. Nitrogen and carbon leaching in repacked sandy soil
with added fine particulate biochar. Soil Science Society of
America Journal 76(4): 1142-1148.

C.K. PChoi, R.W. Frischmuth, R.M. Gundzik, J.P. & Tassoney.
TAHUN. Loop pyrolysis process for 920 organic solid wastes,
4,078,973, 1978.

Carrasco, J. L., Gunukula, S., Boateng, A. A., Mullen, C. A.,
DeSisto, W. J. & Wheeler, M. C. 2017. Pyrolysis of forest
residues: An approach to techno-economics for bio-fuel
production. Fuel 193:477-484.

Chan, Y. H., Yusup, S., Quitain, A. T., Tan, R. R., Sasaki, M.,
Lam, H. L. & Uemura, Y. 2015. Effect of process parameters
on hydrothermal liquefaction of oil palm biomass for bio-oil
production and its life cycle assessment. Energy conversion
and management 104: 180-188.

Chandel, A. K., Bhatia, L., Garlapati, V. K., Roy, L. & Arora, A.
2017. Biofuel policy in indian perspective: socioeconomic
indicators and sustainable rural development. in sustainable
biofuels development in India (pp. 459-488). Springer, Cham.

Chen, Y. 2012. Biomass to fuels: Thermo-chemical or bio-chemical
conversion? ferment technol.1: e104. DOI:10.4172/2167-
7972.1000e104.

Chen, D., Shuang, E. & Liu, L. 2018. Analysis of pyrolysis
characteristics and kinetics of sweet sorghum bagasse and cotton
stalk. Journal of Thermal Analysis and Calorimetry 131(2):
1899-1909.

Cheng, Y., Cai, Z. C., Chang, S. X., Wang, J. & Zhang, J. B.
2012. Wheat straw and its biochar have contrasting effects
on inorganic N retention and N 2 O production in a cultivated
Black Chernozem. Biology and Fertility of Soils  48(8):
941-946.

Czernik, S., & Bridgwater, A. V. 2004. Overview of applications
of biomass fast pyrolysis oil. Energy & Fuels 18(2): 590-598.

Demirbas, A. 2004. Effects of temperature and particle size on bio-
char yield from pyrolysis of agricultural residues. Journal of
Analytical and Applied Pyrolysis 72(2): 243-248.

Demirbas, A. 2004. Effects of temperature and particle size on bio-
char yield from pyrolysis of agricultural residues. Journal of
Analytical and Applied Pyrolysis 72(2): 243-248.

Demirbas, A. 2010. Social, Economic, environmental and policy
aspects of biofuels. Energy education Science and Technology
part b-social and educational studies 2(1-2): 75-109.

Dhyani, V. & Bhaskar, T. 2018. A comprehensive review on the
pyrolysis of lignocellulosic biomass. Renewable energy 129:
695-716.

91

Dubey, A. K., Chandra, P., Padhee, D. & Gangil, S. 2009. Energy
from cotton stalks and other crop residues. in International
workshop on utilization of cotton plant by produce for value
added products. Nagpur, India (pp. 9-11).

Ellabban, O., Abu-rub, H. & Blaabjerg, F. 2014. Renewable energy
resources: current status, future prospects and their enabling
technology. Renewable and sustainable energy reviews 39:
748-764.

Faix, A., Schweinle, J., Scholl, S., Becker, G. & Meier, D. 2010.
(GTI-tcbiomass) life-cycle assessment of the BTO®-process
(biomassOto-oil) with combined heat and power generation.
Environmental progress & sustainable energy, 29(2): 193-202.

Farhad, S., Saffar-avval, M., & Younessi-sinaki, M. 2008. Efficient
design of feedwater ~ heaters network in steam power plants
using pinch technology and exergy analysis. International
Journal of Energy research 32(1): 1-11.

Farzad, S., Mandegari, M. A., & Gorgens, J. F. 2016. A critical
review on biomass gasification, co-gasification, and their
environmental assessments. Biofuel Research Journal 3(4):
483-495.

Feng, Y., Xu, Y., Yu, Y., Xie, Z. & Lin, X. 2012. Mechanisms of
biochar decreasing methane emission from Chinese paddy
soils. Soil Biology and Biochemistry 46: 80-88.

Fraiture, C. D., Giordano, M., & Liao, Y. 2008. Biofuels and
implications for agricultural water use: blue impacts of green
energy. Water policy 10(s1): 67-81.

Freddo, A., Cai, C. & Reid, B. J. 2012. Environmental
contextualisation of potential toxic elements and polycyclic
aromatic ~ hydrocarbons in  biochar.  Environmental
Pollution 171: 18-24.

Fu, P, Hu, S., Xiang, J., Li, P., Huang, D., Jiang, L., & Zhang, J.
2010. Ftir study of pyrolysis products evolving from typical
agricultural residues. Journal of Analytical and Applied
Pyrolysis 88(2): 117-123.

Fu, P, Hu, S., Xiang, J., Li, P., Huang, D., Jiang, L. & Zhang, J.
2010. Ftir study of Pyrolysis products evolving from typical
agricultural residues. Journal of analytical and applied
pyrolysis 88(2): 117-123.

Gabrielle, B. & Gagnaire, N. 2008. Life-cycle assessment of straw
use in bio-ethanol production: a case study based on biophysical
modelling. Biomass and Bioenergy, 32(5): 431-441.

Goyal H.B., Seal, D. & Saxena, R.C. 2008. Bio-fuels from
thermochemical conversion of renewable resources: a review.
Renew Sustain Energy Rev 12(2):504-17.

Goyal, H. B., Seal, D. & Saxena, R. C. 2008. Bio-fuels from
Thermochemical conversion of renewable resources: A
review. Renewable and sustainable energy reviews, 12(2):
504-517.

Guedes, R. E., Luna, A. S. & Torres, A. R. 2017. Operating
parameters for bio-oil production in biomass pyrolysis:
A review. Journal of analytical and applied pyrolysis
Jjilid-halaman mula dan akhir.

H. Li, Q. Xu, H. Xue & Y. Yan. 2009. Catalytic reforming of the
aqueous phase derived from fastpyrolysis of biomass, Renew.
Energy. 34: 2872-2877.

Hale, S. E., Lehmann, J., Rutherford, D., Zimmerman, A. R.,
Bachmann, R. T., Shitumbanuma, V. & Cornelissen, G. 2012.
Quantifying the total and bioavailable polycyclic aromatic
hydrocarbons and dioxins in biochars. Environmental Science
& Technology 46(5): 2830-2838..

He, J. & Zhang, W. 2011. Techno-economic evaluation of thermo-
chemical biomass-to-ethanol. Applied Energy 88(4): 1224-
1232.



92

Huang, H., Long, S. & Singh, V. 2016. Techno-economic analysis
of biodiesel and ethanol co-production from lipid-producing
sugarcane. Biofuels, Bioproducts and Biorefining 10(3): 299-
315.

Iribarren, D., Peters, J. F. & Dufour, J. 2012.. Life cycle assessment
of transportation fuels from biomass pyrolysis. Fuel/ 97: 812-
821.

Islam, M. N., Beg, M. R. A., & Islam, M. R. 2005. Pyrolytic oil
from fixed bed pyrolysis of municipal solid waste and its
characterization. Renewable energy 30(3): 413-420..

Jacobson, K., Maheria, K. C. & Dalai, A. K. 2013. Bio-oil
valorization: A review. Renewable and Sustainable Energy
Reviews 23: 91-106.

Jahirul, M. L., Rasul, M. G., Chowdhury, A. A., & Ashwath, N.
2012. Biofuels production through biomass pyrolysis—A4
Technological Review. Energies, 5(12): 4952-5001..

Jain, N., Bhatia, A. & Pathak, H. 2014. Emission of air pollutants
from crop residue burning in india. Aerosol and air quality
research 14(1): 422-430.

Jia, J., Li, B., Chen, Z., Xie, Z. & Xiong, Z. 2012. Effects of
biochar application on vegetable production and emissions of
N20 and CH4. Soil Science and plant nutrition 58(4):503-509.

Kameyama, K., Miyamoto, T., Shiono, T. & Shinogi, Y. 2012.
Influence of sugarcane bagasse-derived biochar application
on nitrate leaching in calcaric dark red soil. Journal of
Environmental Quality 41(4): 1131-1137.

Kammann, C., Ratering, S., Eckhard, C. & Miiller, C. 2012.
Biochar and hydrochar effects on greenhouse gas (carbon
dioxide, nitrous oxide, and methane) fluxes from soils. Journal
of environmental quality 41(4): 1052-1066.

Khan, A. A., De Jong, W., Jansens, P. J. & Spliethoff, H. 2009.
Biomass combustion in fluidized bed boilers: potential
problems and remedies. Fuel processing technology 90(1):
21-50.

Kinney, T. J., Masiello, C. A., Dugan, B., Hockaday, W. C., Dean, M.
R., Zygourakis, K. & Barnes, R. T. 2012. Hydrologic properties
of biochars produced at different temperatures. Biomass and
Bioenergy 41: 34-43.

Kloss, S., Zehetner, F., Dellantonio, A., Hamid, R., Ottner, F.,
Liedtke, V. & Soja, G. 2012. Characterization of slow pyrolysis
biochars: effects of feedstocks and pyrolysis temperature on
biochar properties. Journal of environmental quality 41(4):
990-1000.

Koroneos, C., Dompros, A. & Roumbas, G. 2008. Hydrogen
production via biomass gasification—A life cycle assessment
approach. Chemical Engineering and Processing: Process
Intensification 47(8): 1261-1268.

Kou, N., & Zhao, Fu. 2011. Techno-economical analysis of a
thermochemical biofuel plant with feedstock and product
flexibility under external disturbances. Energy. 36: 6745- 6752.

Lehto, J., Oasmaa, A., Solantausta, Y., Kytd, M. & Chiaramonti,
D. 2014. Review of fuel oil quality and combustion of fast
pyrolysis bio-oils from lignocellulosic biomass. Applied
Energy 116: 178-190.

Li, H., Xia, S., Li, Y., Ma, P. & Zhao, C. 2015. Stability evaluation
of fast pyrolysis oil from rice straw. Chemical Engineering
Science 135: 258-265.

Li, Q., Zhang, Y. & Hu, G. 2015. Techno-economic analysis
of advanced biofuel production based on bio-oil
gasification. Bioresource technology 191: 88-96.

Lian, X., Xue, Y., Zhao, Z., Xu, G., Han, S. & Yu, H. 2017. Progress
on upgrading methods of bio-oil: a review. International
Journal of Energy Research 41(13): 1798-1816.

Lim, C. H., Mohammed, 1. Y., Abakr, Y. A., Kazi, F. K., Yusup, S.
& Lam, H. L. 2016. Novel input-output prediction approach
for biomass pyrolysis. Journal of cleaner production 136:
51-61.

Lin, B. J., Chen, W. H., Budzianowski, W. M., Hsieh, C. T., & Lin,
P. H. 2016. Emulsification analysis of bio-oil and diesel under
various combinations of emulsifiers. Applied energy 178:
746-757.

Liu, X., Saydah, B., Eranki, P., Colosi, L. M., Mitchell, B. G.,
Rhodes, J., & Clarens, A. F. 2013. Pilot-scale data provide
enhanced estimates of the life cycle energy and emissions
profile of algae biofuels produced via hydrothermal
liquefaction. Bioresource technology 148: 163-171.

Lu, J., Li, J., Li, Y., Chen, B. & Bao, Z. 2012. Use of rice
straw biochar simultancously as the sustained release
carrier of herbicides and soil amendment for their reduced
leaching. Journal of agricultural and food chemistry 60(26):
6463-6470.

Mann, M. & Spath, P. 2001. A life cycle assessment of biomass
cofiring in a coal-fired power plant. Clean Products and
Processes, 3(2): 81-91.

Mata, T. M., Martins, A. A. & Caetano, N. S. 2010. Microalgae
for biodiesel production and other applications: a
review. Renewable and sustainable energy reviews 14(1): 217-
232.

Mekuria, W., Sengtaheuanghoung, O., Hoanh, C. T. & Noble, A.
2012. Economic contribution and the potential use of wood
charcoal for soil restoration: A case study of village-based
charcoal production in Central Laos. International Journal of
Sustainable Development & World Ecology 19(5): 415-425.

Mohammadshirazi, A., Akram, A., Rafiee, S. & Kalhor, E. B. 2014.
Energy and cost analyses of biodiesel production from waste
cooking oil. Renewable and sustainable energy reviews 33:
44-49,

Mohan, D., Pittman, P. U. & Steele, P. H. 2006. Pyrolysis of wood/
biomass for bio-oil: a critical review. Energy & fuels 20(3):
848-889.

Nelissen, V., Riitting, T., Huygens, D., Staelens, J., Ruysschaert,
G. & Boeckx, P. 2012. Maize biochars accelerate short-term
soil nitrogen dynamics in a loamy sand soil. Soil Biology and
Biochemistry 55: 20-27.

Oasmaa, A. & Ezernik, S. 1999. Fuel oil quality of biomass
pyrolysis oils state of the art for the end users. Energy &
fuels 13(4): 914-921.

Oasmaa, A. & Peacocke, C. 2001. A guide to physical property
characterisation of biomass-derived fast pyrolysis liquids.
Espoo: technical research Centre of Finland.

Oasmaa, A., Peacocke, C., Gust, S., Meier, D. & Mclellan, R.
2005. Norms and standards for pyrolysis liquids. end-user
requirements and specifications. Energy & Fuels 19(5): 2155-
2163.

Ou, L., Thilakaratne, R., Brown, R. C. & Wright, M. M. 2015.
Techno-economic analysis of transportation fuels from
defatted microalgae via hydrothermal liquefaction and
hydroprocessing. Biomass and Bioenergy 72: 45-54.

Pandey, A., Bhaskar, T., Stocker, M. & Sukumaran, R. (Eds.). 2015.
Recent advances in thermochemical conversion of biomass.

Patel, M., Zhang, X. & Kumar, A. 2015. Techno-economic
and life cycle assessment of lignocellulosic biomass-based
thermochemical conversion technologies: A review.

Piitlin, A. E., Ozbay, N., Onal, E. P. & Piitiin, E. 2005. Fixed-bed
pyrolysis of cotton stalk for liquid and solid products. Fuel
Processing Technology 86(11): 1207-1219



R. Zanzi, K. Sjostrom & E. Bjornbom. TAHUN. Rapid high-
temperature pyrolysis of biomass in a free993 fall reactor, Fuel
75 (1996): 545-550.

Rajkovich, S., Enders, A., Hanley, K., Hyland, C., Zimmerman, A.
R. & Lehmann, J. 2012. Corn growth and nitrogen nutrition
after additions of biochars with varying properties to a
temperate soil. Biology and Fertility of Soils 48(3): 271-284.

Rajkovich, S., Enders, A., Hanley, K., Hyland, C., Zimmerman, A.
R. & Lehmann, J. 2012. Corn growth and nitrogen nutrition
after additions of biochars with varying properties to a
temperate soil. Biology and Fertility of Soils 48(3): 271-284.

Reddy, B. R. & Vinu, R. 2018. Feedstock characterization for
pyrolysis and gasification. in coal and biomass gasification (pp.
3-36). Springer, Singapore.

Roberts, K. G., Gloy, B. A., Joseph, S., Scott, N. R. & Lehmann,
J. 2010. Life cycle assessment of biochar systems: estimating
the energetic, economic, and climate change potential.
Environmental Science & Technology 44(2): 827-833.

Rogers, J. G. & Brammerjg. 2012. Estimation of the production
cost of fast pyrolysis bio-oil. Biomass and bioenergy 36:208-
17.

S. Zhang, Y. Yan, T. Li & Z. Ren. 2005. Upgrading of liquid fuel
from the pyrolysis of biomass,Bioresour. Technol. 96 : 545—
550

Sarkar, S. & Kumar, A. 2010. Biohydrogen production from forest
and agricultural residues for upgrading of bitumen from oil
sands. Energy 35(2): 582-591..

Shafie, S. M., Mahlia, T. M. 1., Masjuki, H. H., & Rismanchi, B.
2012. Life cycle assessment (Ica) of electricity generation from
rice husk in malaysia. Energy Procedia 14: 499-504.

Shafiee, S. & Topal, E. 2009. When will fossil fuel reserves be
diminished? Energy Policy 37(1): 181-189.

Shah & Valaki. 2019. International conference GTU ICON. 2019.
Technological advancements in sustainable fuels production
from biomass— A research insight through review and future
directions.

Sherene, T. tahun. Characterization of Crop Biomass Bio Char
Materials for Their Nutritional Composition.

Singh, J., & Gu, S. 2010. Biomass conversion to energy in India—a
critique. Renewable and Sustainable Energy Reviews 14(5):
1367-1378.

Singh, J., & Gu, S. 2010. Biomass conversion to energy in india—a
critique. Renewable and Sustainable Energy Reviews 14(5):
1367-1378.

Solaiman, Z. M., Murphy, D. V. & Abbott, L. K. 2012 Biochars
influence seed germination and early growth of seedlings. Plant
and Soil 353(1-2): 273-287.

Solantausta, Y., Nylund, N. O., Westerholm, M., Koljonen, T. &
Oasmaa, A. 1993. Wood-pyrolysis oil as fuel in a diesel-power
plant. Bioresource Technology 46(1-2): 177-188.

Sun, K., Gao, B., Ro, K. S., Novak, J. M., Wang, Z., Herbert,
S. & Xing, B. 2012. Assessment of herbicide sorption
by biochars and organic matter associated with soil and
sediment. Environmental Pollution 163: 167-173.

93

Technology Information, Forecasting & Assessment Council
(TIFAC). 2018 report

Thakur, A., Canter, C. E., & Kumar, A.. 2014. Life-cycle energy
and emission analysis of power generation from forest
biomass. Applied Energy 128: 246-253.

Thornley, P., Gilbert, P., Shackley, S., & Hammond, J. 2015.
Maximizing the greenhouse gas reductions from biomass: the
role of life cycle assessment. Biomass and Bioenergy 81: 35-
43,

Trippe, F., Frohling, M., Schultmann, F., Stahl, R., Henrich, E. &
Dalai, A. 2013. Comprehensive techno-economic assessment
of dimethyl ether (DME) synthesis and Fischer-Tropsch
synthesis as alternative process steps within biomass-to-liquid
production. Fuel Processing Technology 106: 577-586.

Wang, J., Pan, X., Liu, Y., Zhang, X. & Xiong, Z. 2012. Effects of
biochar amendment in two soils on greenhouse gas emissions
and crop production. Plant and Soil 360(1-2): 287-298.

Wright, M. M., Daugaard, D. E., Satrio, J. A. & Brown, R. C.
2010. Techno-economic analysis of biomass fast pyrolysis to
transportation fuels. Fuel 89: S2-S10.

Y. Solantausta, N.-O.0. Nylund, M. Westerholm, T. Koljonen & A.
Oasmaa. TAHUN. Wood-pyrolysisoil as fuel in a diesel-power
plant, Bioresourse. Technol. 46 (1993): 177—-188.

Yang, Z., Kumar, A. & Huhnke, R. L. 2015. Review of recent
developments to improve storage and transportation stability
of bio-oil. Renewable and Sustainable Energy Reviews 50:
859-870.

Yoo, G. & Kang, H. 2012. Effects of biochar addition on
greenhouse gas emissions and microbial responses in a
short-term laboratory experiment. Journal of Environmental
Quality 41(4): 1193-1202.

Yusup, S., Yiin, C. L., Tan, C. J. & Abdullah, B. 2015. Determination
of optimum condition for the production of rice husk-derived
bio-oil by slow pyrolysis process. Process design strategies for
biomass conversion systems, 329-340.

Zhang, Q., Chan, G.J., Wang, T. & Xu, y. 2007. Review of biomass
pyrolysis oil properties and upgrading research. Energy
Conversion and Management 48(1): 87-92.

Zhang, S., Yan, Y., Li, T. & Ren, Z. 2005. Upgrading of liquid fuel
from the pyrolysis of biomass. Bioresource Technology 96(5):
545-550.

Zheng, J. L. 2008. Pyrolysis oil from fast pyrolysis of maize
stalk. Journal of analytical and Applied Pyrolysis 83(2): 205-
212.

Zheng, J. L., Yi, W. M. & Wang, N. N. 2008. Bio-oil production
from cotton stalk. Energy Conversion and Management 49(6):
1724-1730.

Zheng, J., Stewart, C. E. & Cotrufo, M. F. 2012. Biochar and
nitrogen fertilizer alters soil nitrogen dynamics and greenhouse
gas fluxes from two temperate soils. Journal of Environmental
Quality 41(5): 1361-1370.





