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ABSTRACT

Fossilfuel requirement is the necessity for fulfilling the global energy needs, which is increasing day
by day due to this it will drain in future. Bio-energy became as one of the vital alternatives to
replace fossil fuel. Thermochemical conversion of biomass for obtaining the bioenergy is getting
more popular in the recent time. In the present study, slow pyrolysis is used for bio-energy
production from the waste biomass available in the form of crop residues of Groundnut Shell (GS),
Chana Straw (CS) and Wheat Straw (WS) using the developed continuous biochar production
system (Pratap Kiln) to produce biochar. An energy recovery system consisting of cooling chamber
was developed to recover the bio-oil from the waste flue gas (syngas). The pyrolysis of selected
biomass was carried out at 450°C and residence time of about 4 min. The yield of biochar and bio-
oil and syngas properties were determined. The maximum biochar yield was found in CS feedstock
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37% respectively.

as 35% followed by WS and GS, i.e. 33% and 29%, respectively. The bio-oil recovery in GS, CS
and WS was 31%, 26% and 30% respectively, whereas the syngas production was 40%, 39% and

Keywords: Energy recovery; biochar, syngas; bio-oil; slow pyrolysis.

1. INTRODUCTION

Energy is one of the most major essential
demands of present societies for their
sustainable development. To fulfill this demand
significantly the consumption of and depletes the
fossil fuels' sources [1]. The renewable energy
produced from the renewable sources, which are
not limited in nature and can be reproduced in
the limited time period [2]. The sources of
renewable energy are of the solar energy, wind
energy, biomass, hydro energy. In the
renewable-energy generation, the biomass

sector is contributed 12% energy generation from
total production of the energy. The maximum
Biomass energy production is higher in the state
of Maharashtra of 2516.10 MW followed by the
Uttar Pradesh 2115.51 MW and Karnataka
1881.80 MW out of total production of India is
about 9861.31MW energy production [3].
Biomass is renewable, widely available,
uniformly distributed, carbon neutral and more
economical than other renewable sources due to
which it becomes a high-potential energy source.
The classifications of biomass resources are
illustrated in Fig. 1. [4].

Energy Crops Forest Waste
Ex: Prosopis. Bamboo, F edsiock for Logs, Chips, Barks,
Lo, ee | Biomass Energy Leaves tc.
Production
fff | r A
© Agro Industrial Waste |
Wast from pape il y Agricultural Waste
molasses fom sugar [ D Siraw of cereals and
refineries, pllllp wases from Municipal Solid pulses,salks of fiber
food processing units, textile Waste crops, sced caats of ol
fber wase . Food & Kitchen seed, crop waste ke
waste, green waste, sugarcane trash, etc.
| paper, efc.

Fig. 1. Classifications of biomass resources
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The major crop residues available in India are
straws of paddy, wheat, millet, sorghum, pulses
(pigeon pea), oilseed crops (castor, mustard) etc
[5]. Similarly, the agro-industrial residues are rice
husk, groundnut shell, cotton waste, mustard
husk, coffee husk, cassava peels coir pith etc [6].
Ma et al.[7] specified bio-oil extraction from rice
husk in which fixed-bed pyrolysis reactor
incorporated with three-stage condensation
columns. Crop residues in fields can cause
considerable crop management problems as
they accumulate.

There are various generic waste/residue
processing technologies. The thermo-chemical
technology [8] is one of them, which comprises
direct combustion [9] for power, pyrolysis [10], for
biochar, gas and oils, and gasification [11] (for
carbon monoxide and hydrogen-rich syngas).
Panwar et al. [12] exclusively elaborated the
thermo-chemical conversions of biomass to
produce different end products as showed in the
Fig.2.

Biochar is a carbon rich, fine grained, porous
substance produced under oxygen limiting
conditions at temperatures between range 350 C

T R |

- 700C for the zero-carbon biochar process
pyrolysis is the best system to conduct. The slow
pyrolysis and intermediate pyrolysis both result in
higher biochar yields, while fast pyrolysis gives
higher liquid (bio-oil) yields [13,14]. This paper
representing the slow pyrolysis system with three
types of feed stocks of GS, CS and WS was fed
into the pyrolysis reactor. This feedstock yields
the biochar, bio-oil and syngas, in particular,
average. The reviews said that, biochar
production with slow pyrolysis process will
produce 35% biochar, 30%liquid(bio-oil) and
35% gas(syngas) [15,16]. The smoke contains
some amount of bio-oil so that liquid (bio-oil) can
be condensed and also the non-condensable
gases combust using suitable burner to produce
process heat [12,17]. The process heat can used
for preheating of biomass which help to improve
working efficiency of biochar production unit.
Before this study, the gases from this biochar
unit directly expel into the atmosphere[18—20].
These gases was utilized and bio-oil and syngas
was recovered by condensing these hot gas. The
study shows that the gases which are non-
condensable are combustible in nature that can
be used for secondary heat generation [21,22].

Heat
Producer Gas
Motive Power
Heat

Fig. 2. Thermo-chemical conversion of biomass
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2. MATERIALS AND METHODS
2.1 Feedstock

The process flow chart is described in Fig.3.The
present study was conducted with three different
crop residues such as GS, CS and WS residues
used as a feedstock (shown in Fig. 4).

2.2 Experimental Setup

The Energy Recovery System was specially
developed and coupled with the existing
continuous biochar production system Pratap
Kiln) having the working capacity of 1-30 kg of
biomass per hour. Raw biomass (crop residues)
as GS, CS and WS was feed through the hopper
and slowly pyrolyzed for the residence time of
about 4min at temperature 450°C on left side of
the cooling chamber, in which the biochar
discharge from the bottom side of the reactor.
The pyrolysis reactor converted biomass into bio-
char while the cyclone separator were provided
at the end of the reactor for biochar collection
and hot gas feed into the cooling chamber then
hot gas condensed, converted into the bio-oil.
However, non-condensable gas (syngas) feed
into the premixed type burner for secondary uses
of heat generation. The cooling chamber
containing 5 baffles arranged in zigzag position

Groundnut
Shell

to increasing residence time which help to
maintain the 5°C temperature. The outlets of
cooling chamber having two purposes, collecting
the oil by condensable gas and extracting non-
condensable gas. The premixed type burner was
designed based on the stoichiometric air
requirements for the burning of the gas, and the
gas composition was calculated by Gas
Chromatography (GC-Trace1110).

The schematic view of Energy Recovery system
coupled with biochar production unit is depicted
in Fig. 5.

2.3 Products Yield

The product yield which is calculated during
performance of the developed energy recovery
system was evaluated by the following formula:

2.3.1. Biochar and bio-oil yield

Biochar/bio — oil yield(%)
_ Total mass of biochar/bio — oil produced(kg) % 100

Total mass of biomass(kg)
2.3.2 Syngas yield

Syngas yield(%) = 100 — [Biochar yield(%) + Bio — oil yield(%)]

Wheat
Straw

Pyrolysis
(450 °C at 4 min)

l

Biomass

Bio-oil

Syngas

Fig. 3. Flow chart of the methodology

303



Jawale et al.; IJECC, 10(12): 300-310, 2020; Article no.lJECC.64545
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Fig. 4. Crop residues used as feedstock for pyrolysis
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Fig. 5. Energy recovery system coupled biochar production system

3. RESULTS AND DISCUSSION

The pyrolysis system was set at temperature of
450 °Cat 4 minutes of residence time. The
performance of the developed energy recovery
system was evaluated product yield as presented
in Table 1.

The biochar yield was maximum found in CS
followed by the WS and GS while the bio-oil yield
was maximum in GS followed by WS and CS
also the syngas yield was maximum in GS
followed by the CS and WS. The different types
of feedstock have produced a different char,
condensate and varying gas composition was

304



Jawale et al.; IJECC, 10(12): 300-310, 2020; Article no.IlJECC.64545

observed due to their different ash content and
lignocellulosic compositional variation [23], and
also the liquid yield depended on biomass type,
temperature, vapour residence time, and
biomass ash content, which have wide influence
towards vapour cracking [24,25]. The product
yield was verified with the [26] similar product
yield percentage was found.

3.1 Proximate Analysis of the Biomass

Proximate analyses of the feed stocks (GS, CS,
and WS) were experimentally analyses using
standard protocols [27]. The results obtained
from the proximate analysis of the biomass are
tabulated as in Table 2.

3.2 TGA-DTG Analysis of Biomass

The thermogravimetric analysis (TGA) of
biomass shows the mass loss takes place during
the slow pyrolysis as a function of temperature
and it was taken at the heating rate of 20°C/min
and the maximum temperature of 700°C. The
pyrolysis product formation by the pyrolysis
totally depends on the hemicellulose, cellulose
and lignin content of the biomass [28].

Fig. 6 shows the TG and DTG curves of the GS,
CS and WS sample. The mass loss took place in
three different stages: moisture content removal,
hemicellulose, cellulose, lignin degradation and
char formation.

Stage 1:This stage was conducted from room
temperature 180°C for removing moisture
content and volatile matter form the mass, this
degradation higher in groundnut shell.

Stage 2:This stage was conducted temperature
range 180 to 380°C which covert mass product
hemicellulose, cellulose and lignin into pyrolysis
product: biochar, bio-oil and syngas. Maximum
degradation was found mostly higher in
Groundnut Shell.

Stage 3:This stage called the lignin degradation
starts from 380 to 535°C, lower percentage of
the weight loss was observed as compared to
previous stage due to lower reaction rate.

Fig. 7 shows the TG-DTG analysis curve of
biochar produced from the biomass feedstock
(GS, CS and WS) at 450 °C. The TG analysis of
biochar done to analyse the thermal resistance
and pyrolytic performance. When temperature
range started from 400 to 450 °C, small amount

of mass loss was occurred (8 — 22%) due to
higher thermal stability. The thermal
degradations of all the biochar samples were
started from 450 0C and ended at 750 °C with
average mass loss of 58% in all the samples[29].
TG-DTG curves showed that the maximum mass
loss occurs between the 500-550 0C was about
GS followed by CS and WS.

Due to the presence of the water and
macromolecule such as cellulose, hemicellulose,
oligomeric phenolic compounds the density of
the bio-oil is larger than the petrol and diesel
[30]. The pH content of the bio-oil was found high
acidic in the CS followed by WS and GS.

3.3 Bio-oil Properties

The hot gases which were condensed by the
cooling chamber converted into the form of bio-
oil. This condensed bio-oil was analysed in the
departmental laboratory and its properties like
viscosity, density and pH were determined and
tabulated in Table 3.

3.4 Syngas Composition

The hot syngas was condensed in the cooling
chamber. The non-condensable gas was
collected into the 2 lit glass bottle by waster
displacement method. The sample bottle was
then attached to the Gas Chromatography (GC)
by Thermo Fisher Scientific GC Trace-1110. The
gas composition was found by this instrument is
given in the Table 4.

3.5 Higher Heating Value of the Biomass
and Pyrolysis Product

The calorific value of the biomass, biochar and
bio-oil was determined using the bomb
calorimeter. The higher heating value of the
biomass, biochar and bio-oil with the crop
residues was given in the Table 5.

The calorific value of the syngas was determined
by the composition of the syngas. The syngas
was consisting of H,, CO, CH,4, N, CO,, and
lower C,H, gaseous streams (where, n < 4).
3.6 Economic Feasibility of the
Developed System

The economic feasibility of the developed energy
recovery system for continuous biochar
production as Table 6 which was accessed after
analyzing the various economic parameter [31].
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The cost analysis of a developed energy
recovery system was considering the present
investment, and the assumption where the
capital cost of Energy Recovery system is Rs.
1,75,000, while the total capital costs of the
developed system Rs. 9,25,000 for operating
period of 300 days in a year which was
recovered in 10 months only. The total cost of
Production per annum including repair and
maintenance is Rs. 9,11,650.

The system was design for the agricultural waste
biomass however few operation precautions has
to be taken care like: at the moisture content has
to be maintain the biomass. The low density
agrowaste biomass has the issue with the
flowability therefore it was necessary to maintain
the uniform flow of the biomass during the
experimentation. The operation must be purely
under the anaerobic condition to avoid the
combustion of the biomass during the operation.

Table 1. Overall product yield obtained from the developed energy recovery system

Product yield Product Yield (%)

GS CS WS
Biochar 29+0.25 35+0.3 3310.5
Bio-oil 3110.75 26+0.4 30+0.2
Syngas 40+0.5 39+0.7 37+0.8
Table 2. Proximate analysis of the biomass
Parameters Feedstock
GS CS WS
Moisture Content (%) 6.5+1.0 10.2+1.0 8.6+1.2
Volatile Content (%) 68.1£1.8 67.6+£3.0 69.7+1.0
Ash Content (%) 9.1£0.5 6.8+0.7 7.3+0.6
Fixed Carbon (%) 16.3+1.0 15.4+1.5 14.612.0
100 I % : l l : l
80 Lignin .
-~ 1 Degradation
S 60 1 Moisture content 7]
&) removal
H 40 = =

20 - Hemicellulose & cellulos\ _
Degradation — 1

0 T T T T T T T T T T T T
12 1 —|Groundnut shell

— 10 —|Wheat straw =
E g ] ——|Chana straw
N
S 4
S 4 4 char formation ]
| 2 ]

0 _&a—_— N

T T T T T T T T
100 200 300 400 500 600 700

Temperature (°C)

Fig. 6. TG-DTG analysis curve for biomass feedstocks
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Fig. 7. TG-DTG analysis curve of biochar

Table 3. Physicochemical properties of the bio-oil recovered from the pyrolysis

Biomass Names

Physical Properties of Bio-oil

Viscosity Density pH

(cSt at 40°C) (kg/m°)
GS 32.310.12 1.04+0.12 4+0.05
Cs 30.1+0.2 1.02+0.3 3.1£0.1
WS 29.9+0.14 1.01+0.05 3.6+0.1

Table 4. Gas composition of non-condensed gases from the cooling chamber

Biomass H, (%) CO (%) CH,4 (%) N2 (%) CO; (%)
GS 2.74+0.8 7.241 1.0210.1 70.2+1.2 12.641
Cs 2.8+1 6.9+1 1.030.1 71.7£1.6 14.4+0.5
WS 2.53+1 6.7+1 1.01+0.2 72.36+0.9 13.8+1

Table 5. Calorific value of the biomass and pyrolysis product i.e. biochar, bio-oil and syngas

Biomass Calorific Value
Biomass Biochar Bio-oil Syngas
(MJ/kg) (MJ/kg) (MJ/kg) (MJ/m®)
GS 15.90 23.79 20.63 491
CS 15.77 20.91 20.41 5.49
WS 14.60 22.88 21.76 5.02
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Table 6. Economic of the developed energy recovery system

S. No. Economic Indicators Values

1. Net Present Worth (NPW) Rs. 59,71,354.9
2. Benefit Cost Ratio (BCR) 1.91

3. Payback Period 10 Months

4. Internal Rate of Return (IRR) 121.10%

4. CONCLUSION

In this study Pratap kiln slow pyrolysis
continuous biochar production system for energy
recovery of biomass of crop residues like GS, CS
and WS was used for the experiment. The
cooling chamber containing the 5 baffles
arranged in zig-zag position for increasing the
residence time for condensing hot gas having
two outlet of 100 mm for collecting bio-oil and
another for burning non-condensable gas.
Condensable gas used for production of oil while
non condensable gas is also employed for heat
generation using premixed type burner. The
biochar yield was found maximum in CS followed
by WS and GS ie. 35, 33 and 29 percent
respectively. The bio-oil vyield was found
maximum in GS followed by WS and CS i.e. 31,
30, 26 percent respectively. The syngas yield
was found maximum in GS followed by CS and
WS ie. 40,39 and 37% respectively. The
combustible gases remaining after the
condensation of the bio-oil was utilized for

secondary heat source for slow pyrolysis
process.
The economic indicators shows that the

developed system has the NPW of Rs.
59,71,354.9, Benefit Cost ratio is 1.98 and IRR of
121.1 %. By selling the biochar at Rs. 60/kg and
bio-oil at Rs. 30/kg the payback period was
calculated for the developed system is 11
months. The utilization of the waste heat from the
syngas produced during the process can be used
back in to the pyrolysis process which could
improve the overall efficiency of the pyrolysis
system.
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