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Preface 

Energy security and the Environment are the primary and important issues to any 
country. The exhaustive use of fossil fuel sources has raised a serious concern not only 
about energy security but also the negative impact on the environment. Now there is a 
shift in the current energy spectrum to green energy by creating and utilizing renew-
able energy sources. In line with the commitment to build a sustainable future for all, 
India has been pioneering the development of various clean and renewable sources 
of energy with the ultimate objective of ensuring universal access to affordable, reli-
able, and modern energy services. As a result of this unwavering commitment, the 
country is having the 4th largest renewable energy capacity in the world. 

Agricultural biomass is an abundant renewable resource, which can be converted 
into biofuels forming a sustainable alternative to substitute fossil fuels. This also is 
attracting various stakeholders for advancing Research & Development in focusing 
on new-age solutions to advance the Energy Transition. Biomass meets a major 
fraction of energy demand in rural areas in developing countries like India. Biomass, 
which includes agricultural waste, firewood, animal dung, etc., accounts for the major 
primary energy used in India. With the huge availability of biomass, there is a huge 
potential for power generation. Keeping in view the amalgamation of these issues 
and potential, the proceeding of 3rd International Conference on Recent Advances in 
Bio-Energy Research (ICRABR2022) is being presented herewith. The conference 
covered the following themes:

• Biofuels and Biogas
• Biomass Hybrid Systems
• Electrochemical Conversion of Biofuels to Renewable Energy
• Nanotechnology for Biofuels and Bio-energy
• Waste Management
• Bio-energy Policy and Strategies. 

The conference was organized virtually during 9–11, March 2022, with a hybrid 
inauguration on March 9, 2022. The conference received more than 80 abstracts/ 
papers from various researchers, students, and academicians and witnessed 6 plenary 
and 10 keynote speakers from Europe, North America, and Asia in the three-day
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x Preface

program. Conference sessions and speakers highlighted the research activities in 
the areas of bio-energy including biodiesel, bioethanol, biomethanation, fuel cell, 
biomass-derived electrodes for energy generation, biomass gasification, and biomass 
cookstove. The conference brought together members of the scientific commu-
nity, industry, entrepreneurs, students, and organizations who gathered to discuss 
strategies, recent advances, and policies in the field of bio-energy. 

Overall response to the conference was quite encouraging. A large number of 
papers were reviewed and after a rigorous review process, only 22 papers were 
selected for inclusion in the conference proceeding. Further, the proceeding is catego-
rized into five sections. We are confident that the papers presented in this proceeding 
shall provide a platform for young as well as experienced professionals to generate 
new ideas and research in the field of bioenergy. 

The editorial team members would like to extend their gratitude and sincere thanks 
to all contributed authors, reviewers, panellists, plenary and keynote speakers, and 
the organizing team of the conference for paying attention to the quality of the 
proceeding. We are also thankful to our sponsors for supporting the event. We also 
extend our sincere thanks to Springer for agreeing to be our publishing partner for 
this proceeding. 

New Delhi, India 
Kapurthala, India 
Kapurthala, India 
Richland, USA 
September, 2023 

Nikhil Gakkhar 
Sachin Kumar 
Anil K. Sarma 

Neal T. Graham
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Chapter 1 
Analysis of Methane Emission Reduction 
of Biogas Plant at Bhopal 

Prakhar Badal and Savita Vyas 

Abstract The term climate change refers to the effects of global warming on the 
earth’s climate. With improving economic activities and living standards around 
the globe, people are consuming more goods and services and adding more anthro-
pogenic emissions to the atmosphere. Most greenhouse gases in waste are gener-
ated from organic biodegradable waste. CH4 is 25 times more harmful compared 
to CO2 gas, therefore traps more heat, and also causes global warming and its ill 
effects. In this comprehensive analysis, multiple IPCC methodologies and first-order 
decay models were referred to estimate CH4 emission reductions in tCO2 equiva-
lent. The procedure to evaluate the project efficiency includes defining the situa-
tions of designed and actual operation capacities, also reflecting possibilities within 
Bhopal city based on total waste generation in the city. With the recent develop-
ment in India’s carbon mechanisms in order to achieve its NDCs, methane emission 
reduction estimation potentially plays an important role. Waste generation use and 
biogas generation are also monitored. This analysis helps us assess the renewable 
energy potential and methane emission reduction potential of related project opera-
tions. Emission reduction through this project activity is 408.3 tCO2e/year for annual 
average 2TPD biodegradable waste, taking baseline emission from CH4 capture and 
electricity generation of 100–250 KWh per day in addition to operational use and 
using this light to power 50 street lights every day. 

Keywords Emission reduction · Climate change · Environment · Waste 
management · Biogas · Sustainability
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1.1 Introduction 

Greenhouse gases such as CO2 and CH4 are climate-forcing factors that drive or force 
the atmospheric system to change. The recent increase in the number of cyclonic 
activities in the Indian Ocean region is a clear indication of the ill effects of anthro-
pogenic actions of human beings. The recent disturbance of El Nino and La Nina 
patterns can also be observed. With the introduction of the Montreal Protocol in 1987, 
the scientific community tracked down the ill effects of CFCs and by introducing the 
Kyoto Protocol in 1997 more GHGs are added with the aim of reducing emissions 
throughout the globe. However, the Kyoto Protocol failed but paved the way for 
the concept of emission monitoring and helped in the introduction of many carbon 
credit-based markets; with the Clean Development Mechanism various methodolo-
gies are clearly defined in order to promote renewables by providing carbon finance 
methods of emission reduction. Electricity generation and land use pattern are the 
major contributor to anthropogenic emissions, and waste management contributes 
~5%. Important greenhouse gases with their contribution are CO2—64% followed by 
CH4—18%, and N2O—6%. Water vapors are not considered in Kyoto but contribute 
majorly to global warming. 

The total annual CO2 emission in India is approximately 2.44 billion tCO2e/year 
[1]. India’s methane emissions in 2016 totaled 409 million tCO2e, of which 73.96% 
came from the agricultural sector, 14.46% from the waste sector, 10.62% from the 
energy sector, and 0.96% from industrial processes and product use. 216 WtE facili-
ties with a combined capacity of 370.45 MWeq have been built to produce electricity, 
biogas/biomethane, and bio-CNG from municipal, industrial, and agricultural solid 
waste [2]. For several years landfill is the most common, easy, and unavoidable 
method to tackle waste. However, the recent trend is changing with the help of the 
Ministry of Environment, Forest, and Climate Change, and the Ministry of New and 
Renewable Energy via major initiatives like AMRUT and Swachh Bharat Mission. 
Anaerobic assimilation is a waste administration process for biodegradable materials 
which produces biogas and a settled processed buildup. Compost, food squander, 
natural modern waste, and ooze from sewage treatment are broadly utilized in anaer-
obic digesters (AD) to create biogas made of 50–70% CH4 and 30 to half CO2, with 
hints of H2S and NH3 [3]. Accordingly, biogas introduction has diverse GHG moder-
ation influences. Biogas plant life may be the source of enormous fugitive methane 
emissions. Latest studies have found that methane leaks may additionally originate 
from various places, inclusive of feedstock storage tanks, fuel safety release valves 
from the digestion technique, gas storage gadgets, pipework, digestate storage tanks, 
flaring, foil roofs and wires, and gas engine exhaust [4]. In India, due to insufficient 
data availability, great uncertainty has been observed regarding the management and 
emissions of SWDS, making it difficult to estimate the precise value of the GHG emis-
sion potential of the landfill. CH4 estimation begins with the experimental setup of 
the respiration chamber; this is the direct method to quantify CH4 from single cattle; 
an artificial environmental setup known as chambers is constructed to observe differ-
ences in CH4 concentration [5]. Micrometeorological techniques are used to measure
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CH4 concentration for a confined geographical area by using a sensor installed at an 
appropriate height, upstream wind. External tracer can be used to monitor change 
in concentration of tracer and CH4. By taking measurements of the concentration 
of background methane combined with downwind measurements of methane alone, 
methane emissions can also be calculated using inverse dispersion modeling. Recent 
advancement in technology includes aircraft-based measurements using sensors, and 
the use of infrared thermography as an indicator for heat and methane production 
in dairy cattle. Due to its higher accuracy and predictability in CH4 measurements, 
the respiration chamber technique is still regarded as the gold standard method [6]. 
The International Panel on Climate Change has established a method for estimating 
GHGs emitted by landfills that have been widely used by researchers. In this study 
of Madhya Pradesh, the first biogas plant’s biogas is collected from the anaerobic 
decomposition of wet waste which is generated on a daily basis from adjoining 
vegetable markets or mandi, and this is used to generate electricity to power street-
lights in the vicinity as shown in a process flow diagram. The IPCC pointers describe 
two main strategies: 

(A) The default IPCC methodology that’s supported the theoretical gas yield (a 
mass balance equation). 

(B) Theoretical first-order kinetic methodologies, through the IPCC pointers, 
introduce the “First-Order Decay Model” (FOD). 

The main distinction between the above-mentioned methods is that method A 
describes the exponential decrease of a substance over time whereas decay involves 
tracking the inflow and outflow rates of a substance to determine its decay in method 
B [7]. Provided that the yearly amounts associated with the nursing composition of 
waste disposed of likewise as disposal practices are nearly constant for long periods, 
the tactic A can turn out fairly sensible estimates of the yearly emissions. Increasing 
amounts of waste disposed of will cause an overestimation, and decreasing amounts 
correspondingly an underestimation, of yearly emissions. Methodology B provides a 
more correct estimate of the yearly emissions. Several countries may, however, have 
issues obtaining the mandatory knowledge and data (historical data on point disposal, 
rate constant for the decay) to determine the right basis for emission inventories with 
acceptable accuracy [8]. 

1.2 Methods 

1.2.1 Deciding Project Boundary 

The project boundary defines the region inside which emission reductions arise. 
Emission reductions need to arise at the project or end result from the assignment. 
In this study, the project boundary includes biogas plants including a digestor and 
a biogas-based electricity generator. The project boundary shall embody all GHG
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emissions below the management of the project contributors which can be vast and 
fair as a result of the CDM project activity. Deciding the project boundary is the 
initial step to studying emissions in a particular region. 

1.2.2 Baseline Emission Estimation 

The baseline is the situation that represents the GHG emissions that may occur 
within the absence of the projected CDM project activity. The project participants 
will either use the approved methodologies or propose a replacement methodology 
for determinative baseline scenario. In this study, baseline emission is considered 
as per IPCC methodology. The default method is based on the equation [3, 8] (see 
Fig. 1.1): 

Methane emissions in biomethanation process (T/year) 

= (MSWT ∗ MSWF ∗ MCF ∗ DOC ∗ DOCF ∗ F ∗ 16/12 − R) ∗ (1 − OX) 

where 

MSWT: total MSW generated (T/year) 

MSWF: fraction of MSW disposed to solid waste disposal sites

Fig. 1.1 Process flow diagram of plant 
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MCF: methane correction factor (fraction) 

DOC: degradable organic carbon (fraction) (kg C/kg SW) 

DOCF: fraction DOC dissimilated 

F: fraction of CH4 in landfill gas (IPCC default is 0.5) 

16/12: conversion of C to CH4 

R: recovered CH4 (T/year) 

OX: oxidation factor (IPCC default is 0). 

1.2.3 Project Emission 

The project emissions are the one which consist of emission caused by project activ-
ities such as diesel or other fossil fuel-based energy consumption in operations of 
machines and plant; they are further based on electricity consumption, flaring, and 
methane for digestor; most of the values are taken as standard assumptions of IPCC 
guidelines based on the scenario [9] (see Fig. 1.2). 

Fig. 1.2 Shredder and Collection by operator. Photograph taken by Authors on 19-10-2021 at 
biogas plant Bhopal. Released to ICRABR 2022
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1.2.4 Leakage Emission 

Leakage refers to any GHG emissions that occur outside the project boundary, as a 
result of the project. 

LEAD,y = Leakage emissions associated with the anaerobic digester in year y(tCO2e). 

LEstorage,y = Leakage emissions associated with storage of digestate in year y(tCO2e). 

LECOMP,y = Leakage emissions associated with composting digestate in year 
y(tCO2e). 

In the project’s case, LEStorage,y is considered zero as the storage is not un-aerated. 

1.3 Results 

Project activity supports mainly three out of 17 Sustainable Development Goals. 
SDG 8 Decent work and Economic growth is represented by employing 2 waste 
collectors and 1 plant manager creating organized sector job, SDGs 7 affordable 
and clean energy is represented by quantity of biogas captured and used to generate 
energy and SDG 13 Climate action which is analyzed in this study. Analysis of total 
GHG emission are quantified based on GHGs emission reduction methodologies of 
IPCC and total baseline emission is found to be 408.3 tCO2e/year, excluding project 
emission due to lack of data availability of project emission during the survey. While 
the net GHG emission reduction due to project activity and leakage emission is taken 
to be zero. Any emission from wastewater and flaring gas is not considered in this 
study and is taken to be zero as per methodologies. The daily waste input capacity 
of the plant is 5 tons per day, however, the annual average amount of waste input is 
2 tons per day. As per the design of the plant, biogas must be capable of producing 
100–250 units of electricity per day excluding electricity for operational use. One ton 
of waste can generate 65–80 m3 biogas and a one-meter cube of biogas can produce 
1.2–1.3 units of electricity using a single 48 kW or 62.5 KVA natural gas generating 
model generator. The plant has a digestor of capacity 360 cubic meters with 2 raw 
biogas collection balloons of 80 cubic meters each, but the plant is operating at very 
low input due to the effect of the recent pandemic (see Fig. 1.3).

1.4 Conclusion 

In this study, it can be concluded that similar plants using anaerobic decomposition 
of biodegradable byproducts can be developed to mitigate CH4 emissions. However 
significant challenges in quantifying CH4 emission reduction are the monitoring 
parameters such as feedstock, its quality, and contamination. Based on field visits,
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Fig. 1.3 Biogas generation per unit waste

it was found the capacity of biogas plants gets reduced due to the accumulation 
of sand and other inert material on the biodigester bed, therefore increasing the 
cost of maintenance and operations. This biogas plant was operational at a 60% 
lower functional capacity (5TPD). Since the waste source is only from an adjacent 
vegetable market, it affected the consumption behavior of the consumers during 
COVID restrictions. 

A significant challenge is the availability of good quality feedstock for which waste 
transfer stations should work in coordination to provide the required waste within 
the city. A sustainable circular economy can be created through biomass utilization 
by recycling organic residues including nutrients in order to bring them back to 
society as energy and fuel. The uncertainties in the estimates of CH4 emissions from 
waste are large, no matter the method used. The information on the composition 
and quantity of waste disposed of at landfills remains usually supported by rough 
estimates. Statistics on municipal and industrial waste management are presently 
growing in several countries, and future emissions are based on more reliable data. 
Due to difference in waste characteristics, SWDS practices involve collecting and 
selecting emission factors based on the composition of waste, taking into account 
national circumstances, to ensure clear and comparable coverage of emissions. 
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Chapter 2 
Review of Anaerobic Digestion of Landfill 
Leachate and its Co-digestion Potential 

Devnita Polley and Sudhir Jain 

Abstract A landfill is a cost-effective solution to dispose of municipal solid waste; 
leachate is its secondary pollutant. Around 60–70% of the municipal solid waste 
generated in India each day is organic, resulting in a large volume of leachate, which 
includes a significant quantity of organic matter; anaerobic digestion is a compara-
tively good treatment option. Landfill leachate characteristics are influenced by the 
type of trash produced, climatic circumstances, temperature, and other factors and 
because of the heterogeneous mixture adding co-substrates is a cost-effective option 
for uniform biogas generation from anaerobic digestion. This paper deals with the 
various landfill leachate characteristics with anaerobic digestion treatment of mono 
leachate and its co-digestion potential. Monodigestion of leachate yields 24 L/kgVS 
of CH4 consumed with 37% of removal efficiency of VS, whereas co-digestion gave a 
higher CH4 output of 317 L/kg VS consumed with an 80% VS elimination efficiency. 

Keywords Municipal solid waste · Anaerobic digestion · Landfill leachate ·
Co-digestion 

2.1 Introduction 

95% of municipal solid waste collected around the world is disposed of in land-
fills [1]. According to the Central Pollution Control Board (CPCB), India produced 
152,076.7 tonnes of municipal solid waste (MSW) per day (TPD) in 2018–2019, with 
an average waste of 0.11 kg per capita per day, in which only 149,748.6 TPD (80%) 
was collected, 55,759 TPD (22%) was handled or processed, and roughly 50,161.33 
TDP (60–70% organic component) was landfilled [2]. As the organic content is 
around 60–70% in MSW reported in India, it produces a high amount of leachate 
consisting of rich organic properties which has the potential to create a considerable 
quantity of biogas through anaerobic digestion. The biogas generated can be utilised
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for power generation. Biogas generates 2.14 kWh of power per m3 of feed [3]. Not 
only energy generation, anaerobic digestion has the potential to remediate pollutants 
such as COD, BOD, TKN, pH, and others [4]. Studies found anaerobic digestion 
can remove 90% of organic matter and fulfil the conditions set out in the “Municipal 
Solid Wastes (Management and Handling) Rules, 2016” for the disposal of treated 
landfill leachates. Monodigestion of leachate yields 350–480 ml/g VS under conven-
tional experimental conditions [5]. By combining landfill leachate with agricultural 
waste or any other easily biodegradable material, the biomethanation process will 
be accelerated, resulting in increased methane generation. Co-digestion of landfill 
leachate with various materials like pineapple peel [5], sugarcane bagasse fly ash 
[6], and crude residual glycerin [3] has shown good results for biogas production, 
whereas agricultural waste is abundantly available in India. 

Leachate pollutes groundwater as it seeps through the soil. For example, the 
leachate produced at the Ariyamangalam dumpsite in Tiruchirappalli, Tamil Nadu, 
India, has significantly affected the groundwater nearby [7]. TDS found in the 
groundwater is quite higher, and the Cl content is in the higher range. The authors 
also reported toxic heavy metals in leachate-polluted groundwater, including Pb, Zn, 
Cu, Mn, and Cd. Therefore, leachate treatment is a significant area of research [7]. 

Leachate is divided into 3 groups according to its age: young, medium, and old 
or stabilised leachate [4]. Young leachate is defined as below one year old; medium 
leachate is defined as one to five years old; and stabilised leachate is defined as over 
five years old [8]. Stabilised leachate seems to be the hardest to treat out of the 
three since it breaks slowly, whereas young and medium leachates respond well to 
biological treatment [9, 10]. In contrast, it is discovered that stabilised leachate can 
be effectively treated using physicochemical wastewater treatment technologies [7]. 
However, disposing of the sludge or concentrate left over after leachate treatment 
is a significant additional challenge. In this paper, the various properties of landfill 
leachate are presented along with anaerobic digestion potential and co-digestion 
ability in summarised form. 

2.2 Landfill Systems 

An engineering facility for disposing of MSW that is built and operated with public 
health and environmental issues in mind is referred to as a sanitary landfill [11]. 
Monofills are landfills that only accept one type of trash, such as ash, asbestos, and 
other similar pollutants [12]. Landfills that are utilised to dispose of hazardous mate-
rials known as secure landfills. Uncontrolled land disposal sites, sometimes known 
as waste dumps, are areas where trash is dumped in an unstructured manner on or 
into the ground [4]. Due to financial restrictions, open dumps are the most common 
form of MSW disposal in developing nations. Waste is thrown into wetlands for 
land development in Kolkata, Mumbai, Chennai, and Colombo. Ocean dumping is 
illegal by legislation in African nations [5]. However, the practice continues to be 
outlawed in several African coastal cities [4]. Other sophisticated waste disposal
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methods such as anaerobic digestion, composting, and incineration can be selected 
based on the kind of waste in Northern European nations such as Germany, where the 
waste sorting system is quite efficient [4]. Since the previous few decades, there has 
been an enormous increase in trash production that is correlated with trends in urban-
isation and population growth. Management of municipal solid waste (MSW) has 
become more difficult in India’s developing cities. Due to the COVID-19 pandemic 
in India, there has been a dramatic increase in the production of biomedical waste 
in recent years, along with exponential population expansion, high urban popula-
tion density, diversified culture, changing eating habits, and lifestyle changes ‘[13, 
14]. The dynamics of waste creation have evolved over time in “transformed cities,” 
which have experienced fast industrial expansion and population growth over the 
last. Research has been done in India and across the world to evaluate the severity of 
soil and groundwater pollution inside and around MSW dumpsites in metropolitan 
cities to comprehend their detrimental effects on human health [14]. The results of 
these study activities indisputably show that harmful trace elements, such as As, Cr, 
Pb, Cu, Ni, Zn, and Hg, are present in both the soil and the groundwater. Heavy 
metal contamination has already been a significant issue in metropolitan areas [14]. 

Because of its massive population and growing use of information and commu-
nication technologies across all industries, India has an alarmingly high quantity of 
e-waste. Not only that, but due to urbanisation in rural regions, the number of other 
electronic devices (such as refrigerators, microwave ovens, air conditioners, colour 
televisions, DVD players, and MP3 players) are also rising quickly [15]. According 
to [16], Mumbai leads all other cities in the generation of e-waste. Delhi, Banga-
lore, Chennai, Kolkata, Ahmedabad, Hyderabad, Pune, Surat, and Nagpur are next 
in line. About 17 lakh tonnes of e-waste were produced in 2014, according to esti-
mates from the Manufacturer’s Association for Information Technology Industry 
(MAIT) performance annual review [15]. The hazardous waste rule of 1989 states 
that e-waste should not be considered hazardous until it is established that it has a 
higher concentration of specific dangerous compounds. Although electronic waste 
involving PCBs and CRTs invariably exceeds these limits, there are a few grey areas 
that require attention. India also lacks a suitable, standardised method for disposing 
of e-waste. Due to this circumstance, the majority of e-waste is dumped in landfills, 
which causes one of India’s fastest-growing environmental problems [16]. The issues 
are exacerbated by foreign as well as domestic e-waste. Even though the Ministry of 
Environment and Forest has to give particular approval before importing e-waste, it 
is getting imported illegally. 

Integrated solid waste management (ISWM), 2016, provided a framework to guide 
the selection of the most appropriate treatment technologies for MSW management. 
ISWM factories frequently use pre-processing facilities to separate organics from 
recyclables and other high-calorie waste. A study conducted by CPCB NEERI is 
presented in Fig. 2.1; from the chart, the fractions of solid waste are seen, and the 
organic fraction is found to be 47.4%, which is favourable for the MSW to produce a 
high amount of leachate. Organic waste is degraded aerobically to produce manure or 
anaerobically to generate power. Ministry of New Renewable Energy, 2021, reported 
the energy potential of Urban solid waste to be 1247 MW and urban liquid waste
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Fig. 2.1 Typical MSW generation fractions in India. Source [18] 

to be 375 MW [17]. Separated recyclables are sent to wholesalers for shipment to 
recycling facilities. High-calorie wastes are baled or processed so that they may be 
used as fuel or co-processed in cement plants [2]. 

2.3 Landfill Leachate Characteristics 

2.3.1 Leachate Formation 

The composition of landfill leachate varies greatly depending on the stage of waste 
development, i.e., aerobic, anaerobic acid, methanogenic, and stabilisation phases 
[4, 19, 20]. The synthesis of CO2 results from the rapid depletion of O2 during the 
initial aerobic stage, which occurs in newly dumped waste. The waste’s temperature 
tends to rise in this stage, according to a lot of research [19, 20]. Owing to moisture 
loss during the compaction and precipitation, a huge volume of leachate is produced 
during this stage [21]. Once oxygen supplies are reduced enough for fermentation 
to occur, waste enters the anaerobic phase, also known as the second stage [19, 20]. 
This stage is dominated by hydrolytic, fermentative, and acetogenic bacteria, which 
causes a buildup of carboxylic acid and a decrease in pH. This phase is also called 
acid phase and BOD/COD in this stage is reported to be 0.4–0.7 [19, 20]. The third 
phase is the methanogenic phase. At the start of this stage, pH of the waste reaches 
a neutralised level which promotes the development of methanogenic bacteria. 

During this stage, bacteria that produce methane convert acids created during the 
acidic stage into CH4 and CO2, increasing the rate at which methane is produced. 
During the stable methanogenic phase or stabilisation phase, the rate of methane
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Fig. 2.2 Leachate formation process in Landfills. Source [20] 

generation peaks when carboxylic acids decrease, and it starts to slow down. The 
hydrolysis of cellulose and hemicellulose during the acid phase is proportional to 
the rate of CH4 production. As pH levels rise, they eventually stabilise at a few 
milligrammes per litre in a steady state. The BOD: COD ratio frequently falls to as 
low as 0.1 because carboxylic acid is digested as rapidly as it is produced [19–21]. 
The leachate formation steps are summarised in Fig. 2.2. 

The anaerobic biological conditions are again divided into four phases. The first 
phase in anaerobic degradation is acid fermentation, which is followed by hydrolysis, 
acidogenesis, and acetogenesis [12]. Researchers denoted waste age, waste type and 
content, site hydrogeology, seasonal weather variation, dilution by rainfall, precipita-
tion, and the degree of decomposition within the landfill are all variables that impact 
the parameters of municipal landfill leachate [4]. 

2.3.2 Leachate Properties 

Around 200 toxic chemicals have previously been detected in landfill leachate in 
previous investigations [22]. Landfill leachate is one of the most complicated wastew-
aters, containing inorganic salts, heavy metals, a large number of biodegradable 
organics, and refractory components such as humic compounds, among other things 
[23]. 

Leachate contaminants are divided into four categories by Luo et al. [4]: (1) 
Organic compounds, e.g., BOD, COD; (2) macro inorganic components such 
as ammonia (NH4 

+–N), sodium (Na+), potassium (K+), calcium (Ca2+), magne-
sium (Mg2+), manganese (Mn2+), iron (Fe2+), chloride (Cl−), sulphate (SO4 

2−), 
and hydrogen carbonate (HCO3

−); (3) heavy metals such as chromium (Cr3+),
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nickel (Ni2+), copper (Cu) (4), Xenobiotic compounds, e.g., aromatic hydrocar-
bons, phenols, chlorinated aliphatics, pesticides, and plasticisers [12, 19]. Landfill 
leachate is divided into 3 groups depending on age: young (<5 years), intermediate 
(5–10 years), and old (>10 years). Leachate from young landfills (still in the acid 
stage), according to [24], is classified by a lower pH, a higher proportion of volatile 
acid, and degraded organic material [8]. Methane output and pH are both high in 
mature landfills (methanogenesis stage), and the majority of biodegradable compo-
nents are present in humic and fulvic sections, although there is a difference in some 
other research due to waste characteristics that rely on various external factors [8, 
25]. The key drivers of leachate quality are the content and solubility of solid waste 
components. The quality of the leachate will alter as the content of the waste changes 
over time, such as due to weathering or biodegradation [26]. 

2.4 Anaerobic Digestion of Landfill Leachate 

Due to its reliability, simplicity, and high cost-effectiveness, biological treatment is 
commonly used for the removal of the bulk of leachate containing high concentrations 
of BOD. Anaerobic digestion reduces the amount of organic waste discharged in land-
fills in industrialised nations, is ecologically friendly, and produces valuable byprod-
ucts [27]. Ghani and Idris [28] built laboratory-scale digesters to investigate the 
impact of leachate chemical oxygen demand strength on biogas (methane) produc-
tion. The results reveal biochemical oxygen demand in the effluent was reduced by up 
to 80%; the performance of other parameters such as chemical oxygen demand, total 
suspended solids, and volatile suspended solids, which contribute 33–46%, 21–37%, 
and 20–35%, respectively, was slightly reduced [28]. 

Biogas and sludge can be utilised as by-products to replace fossil fuels and chem-
ical fertilisers [4]. Anaerobic digestion not only resulted in renewable biogas produc-
tion but also improved effluent quality. Mohamed et al. [29], investigated batch anaer-
obic digestion of municipal solid waste at room temperature for 60 days using two 
distinct inoculums (cow dung and sewage sludge) at varied inoculum concentrations 
of 10%, 20%, and 30%. The biogas yields from the reactors using cow dung as 
inoculums were 337.365 ml/gVS, 481.95 ml/gVS, and 567 ml/gVS, respectively; 
similarly, sewage sludge as inoculums yielded 214.775 ml/gVS, 321.198 ml/gVS, 
and 383.52 ml/gVS. 65.45%, 80.06%, 86.655%, 60.25%, 65.89%, and 72.78% [29]. 

As landfill leachate is a heterogeneous mixture and its properties depend on 
various external factors, pretreatment of landfill leachate is useful for consistent 
biogas production as well as the treatment of the leachate. Yarimtepe and Oz [30] 
investigated the use of an ultrasonic method for leachate as a pretreatment before 
anaerobic batch reactors in order to boost the hydrolysis rate and biogas output. 
When compared to raw leachate at 400 W/L, the ratio of sCOD/tCOD was raised by 
32% after 45 min of sonication. These findings revealed that ultrasonic pretreatment 
has a considerable impact on the conversion of particles to soluble organic matter. 
Biogas generation and methane concentration rise by 33% and 15% in pretreated



2 Review of Anaerobic Digestion of Landfill Leachate and its … 17

and raw leachate, respectively, during anaerobic batch experiments [30]. Anaerobic 
biological processes provide a number of benefits over aerobic biological processes, 
including (1) much-reduced sludge creation, (2) lower organics stabilisation, and (3) 
energy production owing to methane recovery [31]. (1) Anaerobic digestion (AD); (2) 
anaerobic filter (AF); (3) up-flow anaerobic sludge blanket (UASB); and (4) anaer-
obic ammonium oxidation are examples of anaerobic treatment of landfill leachate 
[4]. 

2.4.1 Co-digestion 

For constant biogas production, co-digestion materials are added in the anaerobic 
digestion process along with leachate. The effects of pH and initial organic loading 
rate on volatile fatty acid (VFA) and biogas generation must be evaluated during 
landfill leachate treatment by single and two-stage anaerobic digestion processes 
[12]. The yields of methane and VFA are 0.21–0.34 L CH4/(g COD removed) and 
0.26–0.36 g VFA/(g COD removed), respectively (g COD removed). There has been 
a 21% increase in COD elimination overall [19]. de Castro et al. [3], used the modi-
fied Gompertz model to assess the performance of anaerobic co-digestion of different 
concentrations of industrial landfill leachate associated with crude residual glycerin 
in terms of methanogenic potential, COD removal, accumulated methane produc-
tion, and the effects of the factors (food/microorganism ratio and percentage of glyc-
erin added to the leachate) and their interactions on kinetic parameters of methane. 
The results showed a significant influence on the response variables: methanogenic 
potential, COD elimination, cumulative CH4 production, and maximum predicted 
CH4 production, with a 95% confidence interval [3]. 

Sudibyo et al. [6] investigated the use of natural zeolite and sugarcane bagasse 
fly ash (BFA) as immobilisation media to improve the digestion rate of landfill 
leachate in an anaerobic packed bed reactor. On the basis of the experiment data, 
the Contois and Haldane growth kinetic models were evaluated. For both acido-
genic and methanogenic phases, Contois provided the greatest fit. According to a 
statistical examination of Contois kinetic parameters using the Pearson correlation 
coefficient, zeolite, as an immobilisation media, had a stronger beneficial effect on 
the performance of anaerobic digestion of a leachate than BFA [6]. 

The landfill leachate is already in anaerobic condition so it needs less time for 
methane formation, compared to cow dung. An experiment was done using hydraulic 
retention durations of 23 and 12 h to conduct an interventional investigation with a 
wide range of organic loading rates of 0.93–25 g L−1 day−1 [32]. It was reported 
Chemical Oxygen Demand (COD) was 1.85–25 g L−1 at the start. Depending on the 
loading rates used, the organic matter removal efficiency ranged from 76 to 81%. 
At a loading rate of 19.65 g L−1 day−1, the highest volumetric methane production 
rate of 5.7 l CH4 L−1 day−1 was reached. During biodegradation, almost 85% of the 
organic matter was transformed into methane.
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For the treatment of landfill leachate and acid mine drainage, the authors [8, 33] 
built a laboratory-scale up-flow anaerobic sludge blanket (UASB) reactor (AMD). 
Chemical oxygen demand (COD), sulphate, and metal ions were all investigated. 
During the UASB’s start-up phase, the highest COD and sulphate removal efficiency 
was 75% and 69%, respectively. At a 20-h HRT, the greatest removal efficiency 
for COD and sulphate was 83% and 78%, respectively. In the UASB, the methane 
generation process was interrupted against the sulphate reduction process. 

2.5 Biogas Yield 

The correct assessment of the volume of producible biogas and its methane content 
is one of the most important components of an anaerobic digester design. According 
to Karthikeyan and Visvanathan [34], by creating the right external conditions, 
depending on the organic substrate properties and pretreatment stages, the yield can 
be maximised. Under conventional experimental circumstances, leachate monodi-
gestion yields up to 350–480 ml/g VS of methane [5]. Another study indicates that 
the UASB reactor’s intake chemical oxygen demand load is 1.08 kg m3 day−1 at 10-
day HRT, with a 30% chemical oxygen demand elimination rate and a 40% sulphate 
elimination rate. The amount of biogas produced overall was 875 mL/day, while the 
amount of CH4 produced was approximately 578 mL/day [33]. 

The quantity of COD in the leachate has a significant influence on the amount 
of biogas produced and the amount of methane produced. Other studies revealed 
that for every tonne of COD added to leachate during AD treatment, more than 387 
m3 biogas was produced, with a methane concentration of around 65% and COD 
removal of 70% at an OLR of 17 kg m−3 day−1 [19]. In addition, AD is combined 
with other technologies to improve the efficacy of landfill leachate treatment in terms 
of pollutant removal and biogas production [35]. 

Biogas production rates in the mesophilic temperature range of 25–35 °C are 
connected to the volatile solid content of the feed because methane is created by the 
breakdown of VSS [28]. The authors [36] reported that the anaerobic digestion of 
grass silage produced biogas outputs of 178 mL, 157 mL, 208.6 mL, and 134 mL 
at 35 °C, 40 °C, 45 °C, and finally 50 °C, respectively. The peak temperature for 
methane generation within the thermophilic range was observed at 47.5–57.5 °C, 
with decreased methane found up to 67.5 °C [37]. The authors also discovered that, 
despite the fact that microbial populations did not adapt above 67.5 °C, methanogenic 
activity restarted when the trash pile cooled [37]. Anaerobic digestion of leachate 
with a temperature range of 35–45 °C for 1.0 days results in a biogas output of 
0.057–2.372 mol CH4/g COD, according to Kahar et al. [38].
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2.6 Future Gap and Challenges 

The anaerobic biomethanation process has evolved quickly in recent years and is 
notably well adapted to wastewater with high organic content. However, it has a long 
retention time, limited pollutant removal, and is more susceptible to temperature 
changes. Leachate treatment using an anaerobic biological process is superior, but it 
is more expensive to build, operate, and manage, and since water treatment facilities 
will eventually be abandoned when landfills close, it is important to make a wise 
choice. Leachate biotechnology, however, may advance in maturity and have several 
opportunities in terms of growth and applicability as technology and society [39]. 
Biological treatment alone may be not feasible because of the heterogeneous and 
unstable properties of landfill leachate. Along with the biological treatment, explo-
ration of technically and economically workable procedures, process combinations, 
and patterns in the different procedures and project complexity with research. 

2.7 Conclusion 

Because of its high organic content, anaerobic digestion is excellent for both landfill 
leachate treatment and biogas generation. The manufacturing and processing sectors 
around the globe have been growing over time, contributing to the enormous solid 
waste output. Waste output is expected to sharply increase over the next 20 years, 
which will lead to a rise in leachate infiltration. Concerns have been raised about 
the employment of biological treatment, membrane technology, or other integrated 
technologies as a tool to mitigate environmental pollution in light of the growing 
disparity and limited success of remediation in field applications. Although a number 
of issues and difficulties have been found and explained, widespread advancement 
in this field is anticipated in the future. 
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Chapter 3 
Nanobiotechnological Routes 
in Lignocellulosic Waste Pre-treatment 
for Bio-renewables Production 

Madan L. Verma, Prateek Kumar, and Heena Chandel 

Abstract Reservoirs of fossil fuel are depleting rapidly to meet increasing energy 
demands which necessitate the intense need for alternative sources of energy. The 
utilization of non-renewable energy immensely affects the ecological balance by 
releasing the hazardous pollutants responsible for global warming. Thus, there is 
a huge demand for renewable sources of energy. The lignocellulose biomass is a 
promising base of renewable sources of energy. Various conventional pre-treatment 
methods were routinely utilized for the disintegration of lignocellulosic biomass used 
for biofuel production. But certain disadvantages have been associated with these 
methods such as expensive mechanical equipment, toxic chemicals, and the release 
of a high number of inhibitory compounds causing environmental pollution. To over-
come all these drawbacks, the interventions of nanotechnology pace the production of 
biorefinery. Reutilization of nanomaterials offers a cost-effective and economically 
feasible methodology. Nanomaterial immobilized various enzymes such as saccha-
rolytic and lignolytic enzymes for the pre-treatment of lignocellulose biomass via 
hydrolyzation which enhances the production of biofuel and various by-products. The 
significant techniques of nanobiotechnology provide a cost-efficient hyperproduc-
tion of biofuel by utilizing lignocellulose biomass. The present paper discusses the 
various conventional and modern nanotechnological-based pre-treatment methods 
employed for the production of renewable energy. 
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3.1 Introduction 

Fossil fuel involves coal, peat, petrol, diesel, gas, and coke synthesized by normal 
cycles, such as anaerobic degradation of buried dead creatures, containing energy 
emerging in primitive photosynthesis, which requires a long period of time for the 
formation [1]. About 70% of worldwide carbon emission gases are discharged as 
carbon dioxide gas because of the excessive combustion of fossil fuels. The current 
status of fossil fuels is at risk all over the world. It is evident from the survey of current 
conditions and excessive composition of fossil fuels that the reserves of fossil fuels 
may deplete soon. Hence, there is an urgent need to foster a sustainable source of 
energy. If this trend of depletion of fossil fuels continues, then soon it may lead 
to a state where there are no fossil fuels in the future. Biofuel production is one 
of the viable choices for the production of sustainable bioenergy [2, 3]. Presently, 
only a minimal percentage of biofuels are utilized in the transport industries. But it 
is predicted that more than 30% of the fuel demand will be fulfilled by biofuels in 
2050 [4]. Researchers examined that the residuals derived primarily from farming 
(66%) followed by timberland (34%) constitute a sum of 12,693 petajoule LB. All 
these studies revealed that agricultural waste and forest waste are the best sources 
of biofuel production [5]. Among the various forms of biomass, forest waste is an 
effective biomass feedstock for biofuel and biochemical production. Forest waste 
is classified as ‘modern biomass’ that substitutes conventional fuel sources [6]. So, 
their waste resources require innovative bioprocessing for the production of biofuels. 

The lignocellulose biomass (LB) has significant advantages as they are utilized 
as a fossil fuel alternative, enhancing the production of biofuels [7]. Lignocellu-
lose biomass consists of three main components—cellulose, hemicellulose, and 
lignin (Fig. 3.1). Lignocellulose biomass is the most important raw material for 
the production of renewable energy. Annually, around 200 billion tons of ligno-
cellulose biomassare utilized for the production of biofuel. It shows significant 
advantages such as being environmentally benign, cost-effective, easily accessible, 
and containing high levels of sugars which convert into biofuel [8]. The recalci-
trant LB is a major challenge for the production of bioenergy. Various conven-
tional pre-treatment methods were utilized such as physicochemical, biological, and 
combined pre-treatment methods. But all these methods have certain disadvantages 
like complexity in the pre-treatment process, costly chemical substances, and the 
release of hazardous compounds causing pollution in the environment [9].

Presently, nanobiotechnology and microbial technology significantly improve the 
production of biofuel. In the microalgal technique, various microbes were used such 
as cyanobacteria, microalgae, kelp, and other microbial groups for biofuel produc-
tion. Biofuel production by utilizing these raw materials was considered as a third 
generation of biofuel [3]. The intervention of nanotechnology immensely improves 
the production of biofuel. Various nanocatalysts based on metal oxides such as 
calcium oxide, magnesium oxide, strontium, and titanium oxide have significantly 
improved the catalytic efficiency utilized during the production of biodiesel [10, 11]. 
Different nanoparticles were used for immobilizing the enzyme for hydrolyzing the
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Fig. 3.1 Chemical composition of lignocellulose biomass

Table 3.1 Chemical composition of lignocellulose biomass 

Lignocellulose biomass Cellulose (%) Hemicellulose (%) Lignin (%) References 

Corn stover 30.9 17.4 15.2 [14] 

Sorghum straw 37.7 28.1 21.5 [15] 

Water hyacinth 33 24 9.9 [16] 

Sugarcane straw 36.9 19.7 13.5 [17] 

Rice straw 37 24 14 [18] 

LB. Magnetic nanoparticles play a major role in immobilization of enzymes. It also 
improves the chemistry of LB at a molecular level. The high potential of recyclability 
and reusability of magnetic nanoparticles by applying a magnetic field enhance their 
utilization in the pre-treatment of biomass. Nanotechnology-based pre-treatment 
methods have significant advantages such as high reusability and costefficiency and 
limit the use of harmful chemicals causing the environmental pollution [12, 13]. 

The main purpose of this paper is to provide an updated overview of alternative 
sources of renewable energy. Nanobiotechnology is a technique which can boost 
the sustainable production of biofuels/biochemicals. Here, we discussed various 
lignocellulosic biomass materials and their potential applications to improve biofuel 
production through nanobiotechnological intervention (see Table 3.1). 

3.2 Conventional Pre-treatment Methods 
for Lignocellulose Biomass 

LB is regarded as a potential substrate for bioenergy production because of its 
natural abundance. LB mainly consists of cellulose, hemicellulose, and lignin. Lignin 
connects with cellulose and hemicellulose by linking with ether and ester bonds. The 
structure of LB material is highly complex. So, to expose the cellulosic material from
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Fig. 3.2 Different pre-treatment methods applied to the lignocellulosic biomass processing

the lignocellulosic matrix, a highly efficient pre-treatment method is required. The 
main motive of pre-treatment methods is to enhance the digestibility of recalci-
trant biomass. Pre-treatments also offer other advantageous features in the biopro-
cess such as minimal loss of polymers, and limited use/release of harsh chemicals/ 
inhibitory compounds [18, 19]. A wide range of most commonly employed pre-
treatment methods such as physicochemical, biological, and combined methods were 
used for the disintegration of LB for the production of biofuel (Fig. 3.2). All these 
pre-treatment methods with their pros and cons are summarized in Table 3.2. 

All these pre-treatment methods have certain drawbacks such as incomplete 
digestibility of LB, utilization of toxic chemical substances, production of inhibitory 
compounds, time-consuming process, the high load of organic catalyst and costly 
equipment. All these limitations limit biofuel production. Thus, the intervention 
of nanobiotechnology is required to boost the sustainable production of renewable 
energy by their significant properties. 

3.3 Role of Nanotechnology in the Pre-treatment of LB 
for the Production of Renewable Energy 

Presently, nanotechnology-based pre-treatment methods are not explored at a large 
scale. A wide range of nanomaterials such as nanoparticles, magnetic nanocatalysts, 
carbon nanotubes, polymers, and nano-shear hybrid alkaline procedures were utilized 
for the pre-treatment of LB. Nanomaterials have high penetrating power which helps 
to penetrate the LB material and expose the matrix content for further enzymatic
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Table 3.2 Various pre-treatment methods for LB with their pros and cons 

Pre-treatment methods Advantage Disadvantage References 

Physical pre-treatment 

Grinding Decreases the size of LB 
and also reduces the 
cellulose crystallinity 

Expensive method [20] 

Mechanical Extrusion Converts the LB into 
simpler form and also does 
not release the inhibitory 
substances which resist the 
treatment process 

Needs high amount of 
energy 

[21] 

Microwave Disintegrates the LB in a 
very short time span and 
also limits the production 
of inhibitory compounds 

Expensive method [22] 

Ultrasound Maximal frequency of 
ultrasound waves 
disintegrates the LB which 
reduces the cellulose 
crystallinity and enhances 
the pore size volume 

Costly method [23] 

Pulsed electric field Needs limited amount of 
energy to disintegrate the 
LB and this exposure 
increases the permeability 

More research is required 
for this method 

[24] 

Freezing Uses limited amount of 
harmful chemicals which 
decreases the pollution 
and enhances the 
productiveness 

Costly method [25] 

Pyrolysis A wide range of feedstock 
is used and releases char 
on decomposition of 
cellulose 

Needs high temperature [26] 

Physiochemical pre-treatment 

Steam explosion Recycling is cost-effective, 
needs limited amount of 
energy which reduces the 
environment pollution 

Production of inhibitory 
compounds 

[27] 

Liquid hot water No need of any chemicals 
and the process of 
neutralization. Highly 
cost-efficient 

Release of inhibitory 
compounds directly 
proportional to the 
temperature 

[28] 

Ammonia pre-treatment Limits the production of 
inhibitory compounds 

Costly method [29]

(continued)
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Table 3.2 (continued)

Pre-treatment methods Advantage Disadvantage References

Carbon dioxide explosion Requires a low 
temperature, does not 
release toxins, and low 
cost of carbon dioxide 

Expensive method due to 
the high cost of reactors 

[26] 

Chemical pre-treatment 

Dilute acid Releases xylose from 
hemicellulose 
disintegration 

Costly method and 
releases toxic compounds 

[30] 

Alkaline Improves the surface area 
and removes the lignin 
content 

Downstream processing is 
expensive and also 
requires high amount of 
water 

[31] 

Ozonolysis Limits the release of toxic 
residues 

Expensive process due to 
utilization of ozone 

[32] 

Ionic Liquid Needs minimal amount of 
energy and efficiently 
dissolves the maximal 
amount of cellulose under 
gentle conditions 

Expensive process due to 
high cost of ionic liquids, 
produces inhibitors 

[33] 

Organsolv The bonds are breaks 
present between the 
hemicellulose and 
cellulose 

Elimination of solvent is 
necessary 

[34] 

Deep eutectic solvents Cost-efficient, 
biocompatible, 
eco-friendly, and 
biodegradable process 

Recovery and reutilization 
are necessary 

[35, 36] 

Biological pre-treatment Needs minimal level of 
energy, decomposition of 
cellulose and lignin occurs 

Minimal level of 
biodegradation rate and 
also consumes more time 

[37] 

Combined pre-treatment Highly efficient process 
than others 

Costly process as it is 
requires different 
chemicals 

[25]

hydrolysis of LB for the production of renewable energy such as bioethanol, biohy-
drogen, biogas, and biodiesel [38, 39]. The different nanoparticles/nanocomposites 
used in the bioprocessing of LB were described in Table 3.3.

3.3.1 Nanoparticles in the Pre-treatment of LB 

The use of acid-functionalized magnetic nanoparticles is one of the most promising 
techniques for the pre-treatment of LB. It is a strong acid catalyst which uses an acid
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Table 3.3 Role of nanomaterial in the pre-treatment of Lignocellulose biomass 

Nanomaterial Substrate Properties References 

Magnetic nanoparticles Corn stover Around 41% of delignification 
rate 

[40] 

Magnetite nanoparticles Sugarcane bagasse Around 68 g/L of reducing sugar 
was observed 

[41] 

Calcium alginate beads Sugarcane bagasse About 30% of cellulose 
digestibility was observed 

[42] 

Magnetic nanoparticles Hemp hurd High rate of disintegration, i.e., 
around 80% 

[38] 

Carbon nanoparticles Pomelo peel Biohydrogen (402 ml) was 
achieved after 84 h of anaerobic 
fermentation 

[43]

in the decomposition of LB material. They alter the structure of LB at a molecular 
level. Their magnetic nature plays a significant role in recovery and reusability which 
makes this process cost-effective. Various examples of magnetic nanoparticles are 
silica-protected cobalt-bearing spinel ferrite nanoparticles, alkyl-sulfonic acid func-
tionalized nanoparticles, and silica-propyl sulphonic functionalized nanoparticles 
that fully hydrolyzed the LB and converts into the simple sugar form which further 
converts into biofuel [44, 45]. 

Nanoparticles are used in the immobilization of enzymes which function in enzy-
matic hydrolysis [46]. The hydrolyzing process of cellulase immobilized on magnetic 
nanoparticles is described in Fig. 3.3. 

Various nanomaterials are used in immobilizing the lignolytic and saccharolytic 
enzymes for the disintegration of LB. Their reusability, release of minimal levels of

Fig. 3.3 Hydrolysis lignocellulosic biomass using cellulase immobilized on magnetic nanoparti-
cles 
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Table 3.4 Immobilization of enzymes on nanoparticles used in pre-treatment of LB 

Nano-support Enzyme Method for 
immobilization 

Activity References 

Magnetic iron 
oxide nanoparticle 

Cellulase Co-precipitation 65.55% of binding 
efficiency and 50.34% of 
reusability after 4 cycles 

[49] 

Magnetic gold 
mesoporous silica 
nanoparticles 

Cellulase Co-precipitation 50% of binding efficiency 
and 28% of reusability 
after 5 cycles 

[50] 

Copper ferrite 
magnetic 
nanoparticles 

Laccase Co-precipitation 43.28% of delignification 
rate and around 70% of 
residual activity up to 6  
cycles 

[51] 

Chitosan-coated 
magnetic 
nanoparticles 

Cellulase Covalent binding Maximal yield of sugar 
was about 20 g/L 

[52] 

Chitosan-coated 
magnetic 
nanoparticles 

Laccase Cross-linking Around 84% of 
delignification rate 

[53] 

inhibitory compounds, and use of eco-friendly compounds enhance the production 
of biofuel [47, 48]. The various nanoparticles used in the immobilization of enzymes 
in the pre-treatment of LB are described in Table 3.4. 

3.3.2 Nanoscale Shear Hybrid Alkaline Method 

Various factors are utilized in this technique like a volatile solvent, a chemical catalyst 
like acid, and maximal speed of shear force for the disintegration of lignocellulose 
biomass [54]. This method efficiently removes the lignin content. Researchers used 
this technique for the decomposition of corn stover biomass for the production of 
biofuel. The shear force and alkali solution in equimolar ratio were employed for 
biomass processing for a very short duration at 25 °C. A maximum degree of cellulose 
was hydrolyzed that will improve the yield of biofuel production considerably [55]. 

3.3.3 Carbon Nanotubes in the Pre-treatment of LB 

Carbon nanotubes are recently employed in biofuel research because of their highly 
innovative design, and their significant properties such as high tensile strength, high 
durability, and thermal and electrical stability. Multi-walled carbon nanotubes are 
significantly used in immobilizing enzymes. Carbon nanotubes bound enzymes show 
dynamic and consistent nature at high temperature, and their value of recovery and
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reusability is also very high [48]. Various researchers immobilized the cellulase on 
multi-walled carbon nanotubes for the pre-treatment of LB. About 85% of enzymatic 
activity was maintained after multiple usage for hydrolyzing the cellulose. 

3.4 Conclusion 

The population in the world is expected to multiply in the years to come eventually 
increasing the demand for the utilization of fossil fuels in various societal appli-
cations. Recently, the utilization of magnetic nanoparticles has increased the effec-
tiveness of pre-treatment methods, which help in the development of cost-effective 
renewable sugars production. These sugars are the building block of biofuels and 
biochemical production through biotechnological and chemical transformation. To 
sum up, the use of nanomaterials in the pre-treatment of lignocellulosic biomass for 
economic 2G sugar production followed by their biotransformation into renewable 
fuels and chemicals eventually strengthened the renewable economy. 
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Chapter 4 
Comparative Study of Enriched Biogas 
Bottling Cylinder in the Presence 
of Distinct Filler at Low Pressure 
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Abstract Biogas production is a very retro technology that requires some techno-
logical advancement to compete with the recent fuel demand. Only biogas is not 
sufficient; it has to be enriched before applying to recent applications, i.e., mobile 
and stationary. In stationary applications, mainly household or domestic fuel require-
ment is focused on. Low-pressure high-volume storage of enriched biogas is such 
an advancement in the biogas sector. Enriched biogas can be compressed under high 
pressure (200 bar) to increase the storage capacity or increase energy density. To 
make it fit for domestic usage, the enriched biogas must be bottled at low pressure 
(20 bar). Our work shows a possibility in the same direction, i.e., storing the enriched 
biogas at low pressures. The appropriate experiments were performed on the storage 
cylinder in two ways, one is simple compression, and, in another method, the cylinder 
was filled with adsorbing material (activated carbons produced from biomass). Three 
different materials, i.e., activated biochar derived from coconut shell procured from 
NORIT Americas Inc., pigeon pea stalk biochar, and bamboo biochar developed 
within the lab at 500 °C temperature in an inert environment, were used as filler 
for the bottling cylinder. The desired characterization of raw material and biochar 
was also performed. Permissible results are found during this study showing that 
activated biochar is best suited as filler for bottling cylinders to store the enriched 
biogas. 
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4.1 Introduction 

Biochar is a product produced from the pyrolysis of organic matter with the presence 
of a high amount of carbon that can be used as an adsorbent [1]. Biochar based on 
agricultural/forest residue can be produced to work as an adsorbent. The pigeon pea 
stalk is one such agricultural residue. The pigeon pea (Cajanus cajan L.) is also  
known as Arhar or Toor in the local language of India. Pigeon pea stalk could be 
one such agricultural residue. India accounts for about 90% of the world’s supply 
of pigeon pea. India harvests pigeon pea in an area of 3.6 MHA (million hectares) 
that produces 3.3 million tons of pigeon pea in a year which places India in the 
second position throughout Asia and has a total harvest area of 4.3 MHA [2]. One 
hectare of land under the production of pigeon pea produces 50–60 quintals (q) of 
fuel sticks or agricultural residue [3]. This results in the production of a large quantity 
of feedstock for biochar. Another feedstock for biochar is from forest residue, i.e., 
Bamboo. Bamboo forests spread over 36 MHA globally, which is about 0.92% of 
the world’s forest area. India is the second major bamboo-producing country with 
16 MHA (22.46%) of a total forest area out of a total of 71.2 MHA. Bamboo is a 
cheap, renewable abundant resource that outgrows most plants [4]. Each biomass is 
used to produce biochar. Biochar produced can be used for various applications; one 
such application is the storage of enriched biogas or biomethane through adsorption. 

Physical adsorption is where a molecule known as adsorbate adheres to the surface 
of another atom also known as adsorbent, with weak van der Waals forces [5]. In the 
gas adsorption process, the gas molecule is adsorbed on the surface of the microp-
orous material. When raw biogas is processed through any enrichment process, the 
biogas obtained has more methane percentage than the biogas used as feed known 
as enriched biogas [6]. According to Indian standards when methane percentage in 
enriched biogas reaches up to a minimum of 90%v/v, it is known as biomethane 
[7]. The energy density of enriched biogas is low and in this case, it is found to be 
37.5 kJ/m3 which is nearly nine times and six times less than petrol and LPG, respec-
tively (considering the calorific value of petrol and LPG as 48 MJ/kg and 45 MJ/kg, 
respectively); to increase the energy density of biomethane, it can be either trans-
formed to compressed biogas/compressed biomethane (CBG) or liquefied biogas/ 
liquified biomethane (LBG) [8, 9]. The liquefaction process is cost-effective and high 
compression is not safe. Another way to increase the energy density of biomethane 
at low pressure is by adsorption process, and this type of biomethane is also called 
Adsorbed Biogas/Adsorbed Biomethane (ABG). In an ABG system, biomethane is 
adsorbed on activated charcoal, which is packed in the storage vessel, to achieve 
the desired energy density. ABG has the potential to replace compressed natural gas 
both in mobile and stationary applications. In this, adsorption of enriched biogas was 
studied on biochar produced through bamboo and pigeon pea stalks. Obtained results 
were compared to the ABG system filled with commercially available activated 
coconut biochar [10].
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4.2 Material and Methods 

4.2.1 Sample Preparation 

Pigeon pea was bought from a rural region of Uttar Pradesh, whereas bamboo was 
received from Gramodaya Parisar part of IIT-Delhi. Sample preparation for proximate 
analysis on the as-received basis of each feedstock was done by removing the dirt as 
much as possible and cut down to small pieces and then it was powdered, whereas, 
for a dry basis, the powdered sample was dried for 2–4 h at 105 °C in a hot air oven. 
This powdered sample was also used for carbon hydrogen and @nitrogen (CHN) 
analysis, SEM, thermal gravimetric analysis (TGA), and Fourier-transform infrared 
spectroscopy (FTIR). Small pieces of the sample of pigeon pea stalk and bamboo 
char were prepared by increasing their surface area as much as possible. The sample 
was powdered using a mixer of 750 W. The powdered sample was washed one time 
with distilled water and dried for 12 h at 105 °C [11]. FTIR, iodine number, and 
BET test of biochar sample were also performed. Granular coconut biochar was 
brought from Norit Americas Inc., which was steam-activated. The size of granules 
was between 0.42 and 2 mm. The coconut biochar sample was powered and dried 
for its characterization. 

4.2.2 Biochar Preparation 

A sample for pyrolysis was prepared, first by removing the dirt. Then pieces of 
pigeon pea stalk and bamboo were cut down to approximately 10 cm in length. After 
cutting, these pieces were washed with distilled water and dried for 12 h at 105 °C in 
a hot air oven [11]. Biochar was prepared from the dried sample by slow pyrolysis 
as this process is best for producing good-quality biochar [10]. Nitrogen gas was 
introduced in the furnace 30 min before starting the pyrolysis with the help of a 
nitrogen cylinder connected to the furnace as shown in Fig. 4.1. The  sample  was  
pyrolyzed in the presence of nitrogen gas at an average heating rate of 10 °C/min 
with a peak temperature of 500 °C, and residence time was taken as 2 h [11, 12]. 
Biochar obtained was crushed manually to reduce the size. The maximum percentage 
of biochar has a size of less than 10 mm.

4.2.3 Sample Characterization 

Proximate Analysis of each feedstock was performed on an as-received basis and on 
a dry basis; for ash content, ASTM D1102-84(2013) was preferred, moisture content 
was found with the help of ASTM E871-82(2013), volatile matter follows ASTM 
E872-82(2006) @and proximate analysis of biochar was conducted according to
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Fig. 4.1 Biochar production setup

ASTM D1762-84(2013). Ultimate analysis of the sample was performed with an 
elemental analyzer currently available at Center for Rural Development and Tech-
nology (CRDT)-Indian Institute of Technology Delhi (IIT-D), which determines the 
carbon, hydrogen, nitrogen, and oxygen percentage. Oxygen content was obtained 
by subtracting each element percentage from 100%. Thermal gravimetric analysis 
(TGA) of the sample was performed at CSIR-NIEST Jorhat, Assam. Thermal anal-
ysis is used to measure the mass change of a sample being heated at a constant rate of 
10 °C/min in an inert environment. It helps to understand the nature of the feedstock 
and how samples behave at various temperatures. This will help to understand how 
feedstock will behave under pyrolysis and at what temperature breakdown of various 
components of biomass will occur [13]. 

FTIR analysis of the raw sample and its char was carried out with Thermo-
scientific IS 50NIR at the Central research facility of IIT-Delhi. FTIR produces 
markedly superior spectra and can provide more precise information concerning 
the oxidation of carbons and the formation of carbon–oxygen surface groups. This 
technique can also allow measurements of lower concentrations of surface func-
tional groups [14]. SEM analysis was performed at the Central Research Facility at 
IIT-Delhi. Iodine number and BET, both values define the adsorption capacity of a 
porous material. The iodine number of biochar and activated biochar can be found 
with the help of ASTM D4607-14. This iodine solution is titrated against standardized 
sodium thiosulfate with starch as an indicator before adsorption for standardization 
of iodine. Adsorption of iodine is performed in an acidic environment to remove any 
sulfur within the sample. After the adsorption of iodine, the filtrate is titrated against
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the standardized sodium thiosulfate. The amount of iodine present before and after 
the adsorption in the solution is used to evaluate the iodine number for the sample. 
Brunauer–Emmett–Teller equation or BET analysis of biochar was carried out in 
the Lab of Chemical Engineering at IIT-Delhi on BELSORP-maxII. The experiment 
was carried out in the presence of nitrogen at 77.36 K. 

4.2.4 Adsorption Experiment 

The adsorption experiment was performed at room temperature 25 ± 3 °C with 
enriched biogas produced within the Biogas Laboratory CRDT at IIT-Delhi. Biogas 
was produced using kitchen waste within the IIT-Delhi campus [15]. Biogas was 
enriched with the help of a water-scrubbing column [16]. Enriched biogas was 
analyzed with the help of a biogas analyzer from GEOTECH “BIOGAS 5000”. 
Enriched biogas was stored in a rubber balloon of 6 m3 which was further processed 
for compression with the help of a Coltri compressor (Made in Italy) into a CNG 
cylinder. This cylinder was removed from the compressor and connected to the ABG 
cylinder that was stationed on an electronic balance. ABG cylinder has a capacity 
of 2.831 L which was fitted with a thermocouple and a pressure gauge as shown 
in Fig. 4.2. ABG cylinder was filled with the desired sample as fillers and before 
the start of the experiment, the cylinder was vacuumed for 30 min with the help 
of a vacuum pump [17]. Enriched biogas was introduced to the ABG cylinder in a 
controlled way using the manually operated valve. The fueling time for the cylinder 
was taken around three minutes. The experiment was performed for the 5th cycle for 
each filler. One cycle consists of charging and discharging the cylinder with enriched 
biogas. The residual amount of enriched biogas after the 5th cycle was noted down.

4.3 Result and Discussion 

4.3.1 Proximate and Ultimate Analysis 

Under rudimentary tests, proximate analysis plays an important role as it is comprised 
of moisture content, ash content, volatile matter, and fixed carbon. For biochar, it is 
very crucial to know the element percentage. The ultimate analysis is a very quick 
way to determine the elements within any organic material, mainly carbon plays a 
huge role in an adsorption process. In proximate analysis, ash content increases for 
biochar in comparison to the raw biomass samples as shown in Table 4.1. Also, the 
overall carbon content increases in the biochar of both samples, i.e., pigeon pea and 
bamboo. An increase in carbon content improves the adsorption capacity.
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Fig. 4.2 a Showing setup for compressing enriched biogas into CNG cylinder, b Experimental 
setup for adsorption of enriched biogas

4.3.2 Thermal Gravimetric Analysis (TGA) 

TGA has been applied to extract information about physical phenomena such as 
desorption and chemical phenomena [18]. Differential thermogravimetric (DTG) 
shows the mass loss rate curve at 10 °C/min in the presence of nitrogen for pigeon 
pea stalk and bamboo as shown in Fig. 4.3. Three distinct regions can be observed 
from the DTG curve: region 1 shows the dehydration or removal of moisture which 
is below 200 °C, mass loss occurs between 200 and 350 °C due to the degradation
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of hemicellulose and cellulose, and region 3 corresponds to the decomposition of 
lignin [19]. The region above 200 °C is categorized as active and passive pyrolysis. 
Devolatilization of hemicellulose and cellulose is responsible for active pyrolysis, 
whereas lignin degradation corresponds to passive pyrolysis [20]. On complete degra-
dation, i.e., beyond region 3, ash of the sample remains [21]. Bamboo has a higher 
content of lignin than pigeon pea stalk [11], but the maximum degradation of pigeon 
pea stalk sample takes place around 800 °C whereas for bamboo it is around 650 °C. 
It can be said that a more complex form of lignin is present within the pigeon pea 
stalk than in bamboo. 

Fig. 4.3 Differential thermogravimetric analysis of pigeon pea stalk (a) and bamboo (b)
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4.3.3 Fourier-Transform Infrared Spectroscopy (FTIR) 

FTIR of the sample is performed to find the major functional groups that are present 
in the raw sample and biochar. FTIR of the sample was generated for wavenumber 
in between 400 and 4000 cm−1. A significant change in the functional group was 
identified for pyrolyzed sample. The graph produced between transmittance and 
wavenumber is shown in Fig. 4.4. A peak at a particular wavenumber corresponds 
to a distinct functionality as mentioned in Table 4.2 [22].

When comparing the raw material to its biochar, the reduction of the hydroxyl 
group is around 3500 cm−1, indicating that the sample has been dehydrated, as 
illustrated in Fig. 4.4a and b. The existence of aliphatic hydrocarbons is indicated by 
a peak near 2900 cm−1 in the raw sample, but the absence of this peak in the biochar 
indicates that the component was degraded during pyrolysis. In the raw biomass 
and biochar sample, an extensive stretch of aromatic hydrocarbon was discovered 
between 1500 cm−1 and 1700 cm−1. Coconut biochar does not exhibit a peak in this 
range, which suggests that aromatic hydrocarbons are not present. The presence of 
a phenolic ring can be seen at a peak of 600 cm−1 in raw bamboo, bamboo char, and 
coconut char. 

4.3.4 Scanning Electron Microscope (SEM) 

SEM is used to read the surface morphology of various samples. SEM of the biochar 
is used to see the porous structure created on the surface. There is a drastic change in 
surface morphology on comparing the raw sample to its biochar. The macroporous 
structure had formed in both biochars. In the case of coconut biochar, not much of a 
macroporous structure can be seen as shown in Fig. 4.5.

4.3.5 Iodine Number and Brunauer–Emmett–Teller (BET) 
Test 

Iodine number is the amount of iodine adsorbed by an adsorbent per gram which 
gives an idea of the adsorption capacity of a porous material. The value of the iodine 
number for biochar is low compared to activated biochar as mentioned in Table 4.3. 
The generated graph with the BET method is very helpful for explaining macroporous 
or non-porous surfaces as shown in Fig. 4.6. It not only gives an idea of surface area 
but also tells us about the adsorption characteristics [14]. The adsorption-based gas 
storage system is mainly based on physisorption since the desorption process will take 
place by reducing the pressure or increasing the temperature. Six types of adsorption 
isotherm are available according to IUPAC classification and in the case of biochar, 
it was best described by TYPE IV adsorption isotherm [24]. Before the experiment,
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Fig. 4.4 FTIR analysis of a pigeon pea stalk and its biochar, b bamboo and its biochar, and 
c coconut-activated biochar
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Table 4.2 Different functional groups corresponding to different wavenumbers [22] 

Wavenumber (cm−1) Characteristic vibrations (functionality) 

3500–3200 O–H stretching (water, hydrogen-bonded hydroxyl) 

2935; 2885 C–H stretching (aliphatic CHx; 2935-asymmetric, 2885-symmetric) 

1740–1700 C=O stretching (carboxyl, aldehyde, ketone, ester) 

1653–1645 N–C=O (amide I: carbonyl stretching vibration in peptide bond) 

1600–1595 CC=C, C=O, C=N (aromatic components conjugated ketones and 
quinones, amide, amine) 

1514 C=C, N–H (secondary aromatic amines, pyridine rings) 

1440 C=C stretching; –C–H2 bending (lignin carbohydrate) 

1375 O–H bending (phenolic; ligneous syringyl) 

1110 Symmetric C–O stretching (C–O–C in lignocelluloses) 

1100–950 P–O (asymmetric and symmetric stretching of PO2 and P(OH)2 in 
phosphate) 

1030 Symmetric C–O stretching (cellulose; hemicellulose; methoxy 
groups of lignin) 

885 C–H bending (aromatic CH out-of-plane deformation) 

781 Pyridine (pyridine ring vibration and C–H deformation) 

635 Phenyl ring vibration [23]

Fig. 4.5 a SEM of raw pigeon pea stalk, b SEM of pigeon pea biochar, c SEM of raw bamboo, 
d SEM of bamboo biochar, and e Coconut-activated biochar
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a vacuum pump was utilized to remove the air from the ABG cylinder. The removal 
of air was performed for half an hour. Experiments on ABG cylinder were performed 
in both ways with and without biochar. The maximum amount of gas that was stored 
in the ABG cylinder was 75 g at 20 bar pressure using granular coconut-activated 
biochar as mentioned in Table 4.4. The residual amount of gas that was present at 
the end of the 5th cycle was 0 g for granular coconut-activated biochar as shown in 
Table 4.5. The result clearly shows that the adsorption capacity of activated biochar 
with high surface area shows the maximum storing amount at 20 bar pressure. 

Table 4.3 Iodine number and surface area of different biochar 

Sample Pigeon pea biochar Bamboo biochar Coconut-activated biochar 

Iodine number (mg/g) 106.4 87.14 920.04 

BET surface area (m2/g) 85.67 30.01 957 

Total pore volume (cm3/g) 0.0697 0.0272 0.5427 

Mean pore diameter (nm) 3.2586 3.634 2.2662 

Fig. 4.6 The graph represents adsorption isotherm for a pigeon pea biochar, b bamboo biochar, 
and c coconut-activated biochar from NORIT
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Table 4.4 Amount of enriched biogas gas stored when ABG cylinder was filled with distinct filler 

Distinct filler Maximum storage at 
20 bar pressure 

Gravimetric capacity 
(g/kg) 

Volumetric capacity 
(g/L) 

Without any 
adsorbent 

44 2.05 15.54 

Filled with pigeon 
pea stalk char 

54 2.51 19.07 

Filled with bamboo 
char 

48 2.23 16.96 

Filled with 
coconut-activated 
biochar 

75 3.49 26.49 

Table 4.5 Maximum amount enriched biogas resides within cylinder after 5th cycle with distinct 
filler 

Distinct filler Maximum amount of enriched biogas resides within 
cylinder after 5th cycle (g) 

Without any adsorbent 0 

Filled with pigeon pea stalk char 6 

Filled with bamboo char 4 

Filled with coconut-activated biochar 0 

4.4 Conclusion 

This study indicates the possibility of storing more enriched biogas at low pressure 
with the help of a porous material. Considering the case of biochar and activated 
biochar, activated biochar shows enhanced storing capacity. This is due to its high 
surface area. The cost of the empty cylinder is less than that of a cylinder filled with 
porous material until and unless ABG can store the amount of enriched biogas or 
biomethane at 20 bar pressure same as the amount that is stored at 200 bar pressure. 
On achieving this goal, this technology can be further applied to mobile and stationary 
applications. The rural aspect of this application will be storing biomethane that is 
produced within a rural area. 

This research signifies that the amount of methane that can be stored with the help 
of an adsorbent will be higher than an empty cylinder under similar conditions. Based 
on this study, the author has figured out some research gaps and future research direc-
tion. The quality of biochar can be optimized to improve the adsorption by varying 
the pyrolysis temperature and activation. More closely packed porous material such 
as monolith can be used for the study.
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Chapter 5 
Design and Techno-economic Analysis 
of a Biogas Plant as an Alternative Heat 
Source in the Food Processing Industry 

Raman Kumawat, Lata Gidwani, and Kunj Bihari Rana 

Abstract Biogas has been a vital source of energy for ages. Biogas is the fourth 
largest contributor to renewable energy and contributes around 11% of India’s and 
15% of global renewable energy power generation. Recent advancements in tech-
nology make it viable to use biogas as an alternative heat source for small and 
medium-scale industries. This study focuses on designing a biogas plant to meet 
up the energy requirements of Bikaji Foods International Ltd., a food processing 
industry located in Bikaner, Rajasthan. The highest livestock population increase 
rate (31.85%) in the state makes Bikaner a perfect site for the plant setup. The region 
has a hot desert climate with an average annual temperature of 29 °C. The plant 
design is based on volumetric analysis which incorporates economical as well as 
technical aspects. The currently operating coal-powered (Indonesian coal) setup in 
the industry needs 41,840 MJ of heat energy on a daily basis. This energy require-
ment can be met up by producing 3,032 m3 of biogas daily. Replacing the Indonesian 
coal-powered setup with the biogas one will significantly reduce the plant’s oper-
ating cost and will also improve the ecosystem and respiration rate in the region. 
The study resulted in a capital recovery factor (CRF) of 0.11 and a levelized cost of 
energy (LCOE) of |14.72 m−3, at the 10% discount rate. The maximum net present 
value at a 6% discount rate is |433.68 million, whereas the minimum net present 
value is |219.92 million and |314.59 million at discount rates of 14% and 10%, 
respectively. The digestate obtained after the completion of anaerobic digestion can 
be used as an organic fertilizer.
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Keywords Biogas · Biogas plant design · Levelized cost of energy · Net present 
value · Techno-economic analysis · Renewable energy 

5.1 Introduction 

The burning of fossil fuels for power generation adversely affects the environment 
and damages the ozone layer and imbalances the composition of atmospheric gases. 
Fossil fuels are widely used as a primary heat source in food processing industries. 
It is harmful to the atmosphere and one of the prime contributors to global warming 
issues. This can be avoided by meeting the power demand by using renewable energy 
sources [1]. Food processing industries have fixed energy demand. Thus, biogas-
powered setups can easily replace the existing coal-powered setups. It is feasible in 
a developing nation like India since it already has a large livestock population. It 
can also increase the decarbonization of the food industry by cutting down carbon 
emissions significantly. Biogas can be a useful source of energy for such industries. 
It has enormous benefits such as eco-friendly fuel and generating many types of 
fertilizers with much transcendence as by-products [2]. 

Bikaji Foods International Limited, Bikaner, Rajasthan, was established in the 
year 1986. At present, the industry’s thermal facilities have four coal-fired boilers, 
with an energy output of 12,552 MJ, 12,552 MJ, 8,368 MJ and 8,368 MJ, respectively. 
Currently, the burner and boiler are sufficient for operating the biogas without major 
changes in the system. Ghazi University’s 126 MW energy demand is approximately 
equivalent to 23,923 cubic meters of biogas. The total capacity of 16 boilers is 26265 
KW which has been used for heating purposes [3]. Techno-economic analysis of 
3,101 m3 per day biogas production, and municipal solid waste-based biogas plant 
considering geographical conditions, temperature and climate change [4]. Techno-
economic analysis of 320.76 KWh per day heat generation from 2713 m3 volume 
anaerobic digestion biogas power plant, and payback time of 5.3 years and high NPV 
indicate good economic results [5]. 

Biogas is commonly used for household activities such as cooking and lighting in 
developing countries. On the other hand, developed countries are focusing more on 
the commercial use of biogas such as for industrial purposes, power generation and 
transport [6]. Biogas production by anaerobic digestion is a sophisticated process to 
convert biodegradable matter into biogas in the absence of oxygen. This is a four-
step microbiological process that consists of hydrolysis, acidogenesis, acetogenesis 
and methanogenesis [7]. The general composition of biogas is methane (40–60%), 
CO2 (35–55%), moisture (1–5%), H2S (0.1–3%), N2 (0–5%), O2 (<2%), H2 and 
N2(0–500 ppm) [6]. 

Biogas potential has been dependent on the availability of biomass and livestock 
in a nation. India has a total installed capacity of 10,577.45 MW bio-power. Rajasthan 
has an installed capacity of 125.080 MW bio-power. The total estimated potential 
of a family/small-type biogas plant is 1,025 MW in Rajasthan [8]. According to the 
20th livestock census, in the state of Rajasthan, the total number of cattle (indigenous
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Table 5.1 Number of 
equipment in the industry Fryers Nos 

Bhujia making 50 

Rasgulla making 45 

Total 95 

and exotic) is 13.93 million [9]. The estimated annual available cow dung is 50.844 
Million tonnes in Rajasthan. 

The study aims to analyze the technical and economic performance of the biogas 
plant. Technical performance is based on design features, and economic performance 
is based on the net present value at various discount rates and the payback period of 
the proposed biogas plant [5]. 

5.2 Energy Demand of the Industry 

An interrogation-based detailed survey of the production hall, frying lines and 
roasting lines was carried out to estimate the net daily energy demand of Bikaji 
Foods International Limited, Bikaner. The total number of equipment that uses heat 
energy in this industry is summarized in Table 5.1. The total heat energy needed for 
all the operations is estimated to be 41,840,000 kJ per day (data as received from the 
industry). 

5.3 Energy Equivalence (Replacing Coal with Biogas) 

This industry is currently based on a coal-powered setup. In this study, a coal-powered 
setup is being replaced with a biogas-powered one. It will improve the sustainability 
of the environment and will be economically beneficial to the industry. The heating 
value of biogas is 23,000 kJ m−3 and burner efficiency has been taken as 60% 
(assumed): 

Equivalation biogas energy (E) = Total energy required 

Heating value × Burner efficiency 
= 3031.884−3032 m3 per day 

. (5.1)
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5.4 Designing of Biogas Power Plant 

Three techniques of biogas production are widely accepted in India. These are balloon 
type, fixed dome type and floating drum type. The floating drum technology has been 
selected for designing the large-scale biogas plant. It provides gas at constant pressure 
and is easy to construct and maintain [10, 11]. 

The floating drum-type biogas plant consists of a cylindrical well-type digester 
tank and a moveable gas holder. The moveable gas holder has an external and internal 
guide frame that provides stability. The digester is made of quarry stone and brick 
masonry while the gasholder drum is made of steel. 

The slurry (cow dung and water) is prepared in the mixing tank and is fed into 
the digester through the inlet pipe. This slurry remains unused for about 60 days. 
During this period, anaerobic fermentation converts organic matter into biogas in 
the absence of oxygen. Generated biogas will be collected in the gas holder, and the 
drum will start rising. At a certain limit, pressure applied to the slurry increases. This 
results in the shifting of the digested slurry from the digester to the outlet slurry tank 
through the outlet pipe (Fig. 5.1). 

Fig. 5.1 Floating drum-type biogas plant
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5.4.1 Mathematical Analysis 

5.4.1.1 Designing of Gasholder Drum 

The gas holder drum is made up of steel. The thickness of the steel sheet varies 
between 2–4 mm for the side and 2 mm for the top [12]. Some assumptions are taken 
into consideration to estimate the volume of the gasholder: 

cow dung produced (10 kg per day per cow); collectable cow dung (70%); the 
weight of dry solid mass in cow dung (18%); production of biogas (0.34 m3 kg−1); 
the fraction of gas to be stored in the gas holder (0.6) [13]. 

At an equilibrium state, the production and consumption of biogas must match. 
The number of cows required (N) to fulfill the demand for dung for biogas production: 

0.34 × 0.18 × 0.70 × 10 × N = 3032 
N ∼ 7078 

(5.2) 

Total available cow dung (CWt) and total collectable cow dung (CWc) kg per day 
are 

CWt = 10 × N (5.3) 

CWC = 10 × 0.70 × N (5.4) 

Biogas production(BP) = 10 × 0.70 × 0.18 × 0.34 × N (5.5) 

Volume of biogas holder
(
Vgh

) = 0.6 × BP (5.6) 

where V gh is the volume of biogas holder in m3. 

5.4.1.2 Designing of Digester 

The anaerobic digestion process is completely done in the digester where the microor-
ganisms decompose cow dung into biogas in the absence of oxygen. It should be taken 
care that there is no gas leakage and no damage due to water. The following assump-
tions are used for estimating the volume of the digester: the density of slurry (1090 
kg m−3); fixed retention time (FRT) (50 days); temperature (35 °C); pH value range 
(6.6–8.0); collectable cow dung (70%) [13]. 

For the highest biogas yield, cow dung and water can be mixed in the same ratio 
of 1:1 [14, 15]:
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Daily feeding of slurry
(
m3 day−1

) = 
Dung + Water 

Density of slurry 
(5.7) 

Volume of slurry in the digester (Vsd) = Fixed retention time × daily feeding of slurry 
(5.8) 

where V sd is the volume of slurry in the digester in m3. 
Approximately, 90% volume is occupied by the slurry, then the estimated volume 

of the digester (V d): 

Vd
(
m3

) = 
Vsd 

0.9 
(5.9) 

Total plant volume
(
Vpt

) = Vgh + Vd (5.10) 

The site selected for the biogas plant is in the Karni extension, RICCO industrial 
area Bikaner, Rajasthan. The average annual temperature of the site is 29 °C as 
shown in Table 5.2. The geographical location of the site lies between 28.01762° 
North latitude and 73.31495° East longitude. The total number of cows (exotic and 
indigenous) is 11,94,729 in Bikaner, Rajasthan [9]. The estimated available cow dung 
is 11,947.30 tonnes per day. There are many gaushalas (cow shelters) located near 
this site with enough cows [16] (Fig. 5.2 and Table 5.3). 

The number of exotic (crossbreed) and indigenous cows are exponentially 
increasing in the state of Rajasthan. These numbers are highest in Bikaner. The 
livestock population increase rate in Bikaner from 2012 to 2019 is 31.85%. All the 
gaushalas (cow shelters) are located close to the site selected for the biogas plant.

Table 5.2 Annual weather 
temperature report for 
Bikaner (source: world 
weather online) 

Month Temperature (°C) 

January 17 

February 21 

March 27 

April 32 

May 36 

June 37 

July 31 

August 34 

September 33 

October 31 

November 25 

December 20 

Annual average temperature 29
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Fig. 5.2 Satellite view of Bikaji Foods International Limited 

Table 5.3 List of gaushalas (cow shelters) located near the site 

Gaushalas Allocated code, no. of cows Collectable cow Dung per day 
(kg) 

1. Shri Agrasen Jeev Jantu 
Kalyan Evem Gou Sewa 
Samiti, Kanasar, Bikaner 

GP-08-18, 1666 11,662 

2. Shri Karni Gaushala, 
Deshnok, Bikaner 

GP-08-52, 1642 11,494 

3. Shri Ganga Jubli Panjarapol 
Gaushala, Sheetla Gate, 
Bikaner 

GP-08-27, 2286 16,002 

4. Shri Murli Manohar Goshala, 
Bhinasar, Bikaner 

GP-08-68, 3584 25,088 

Total 9178 64,246

A total of 64,246 kg of cow dung can be obtained from the selected cow shel-
ters per day, but 49,546 kg of cow dung is required per day to meet the energy 
demand. Adequate cow dung is available to meet the energy demand of the industry 
under consideration. It is also a good initiative for the use of cow dung waste and a 
healthy environment. Gaushala owners can use the revenue generated from selling 
cow dung to look after their cows. Two temperature ranges are highly economical 
and feasible compared to intermediary ranges for large-scale biogas production.
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Fig. 5.3 Exotic and indigenous cattle population of Bikaner, Rajasthan 

These are optimal mesophilic (30–37 °C) and optimal thermophilic (50–55 °C) for 
industrial-level biogas production [17, 18] (Fig. 5.3). 

Based on the demand price of energy, the estimated required number of cows is 
7,078, and 70,780 kg of cow dung is produced ona dailyy basis. The estimated total 
collectable dung is 49,546 kg per day, which is 70% of the total dung produced. 
According to this above estimate, the biogas production is 3,032 m3 per day. The 
daily feeding of slurry to the digester through the inlet pipe is 91 m3. The total volume 
of the biogas plant is 6,876 m3. The volume of the biogas holder is 1,820 m3 and 
that of the digester is 5,056 m3 as shown in Table 5.4 [22]. 

The total capital cost of the biogas plant is |60 million. In this research, the 
design of a floating drum-type biogas plant has been prepared. This is manufactured 
by Dreamtech Machineries. In this system, the construction material of the floating 
drum is stainless steel or powder-coated mild steel. This is an automatically operated 
type of plant. The cost of cow dung with transportation is |1.5 kg−1 so the total cost 
of cow dung is |27.13 million. Operation and maintenance cost is an initial 10% of 
total capital cost, then the total O&M cost is |6 million. If the digester solution is 
prepared in the ratio of 1:1 of cow dung and water, the annual water cost for this 
is 0.11 million. Both skilled and unskilled workers are required to operate a biogas

Table 5.4 Biogas plant 
design (volumetric analysis) Parameters Value Unit 

Total available cow dung (CWt) 70,780 kg 

Total collectable cow dung (CWc) 49,546 kg per day 

Biogas production (BP) 3032 m3 per day 

Volume of biogas holder (Vgh) 1820 m3 

Daily feeding of slurry 91 m3 per day 

Volume of slurry in the digester (V sd) 4550 m3 

Volume of the digester (Vd) 5056 m3 

Total plant volume (Vpt) 6876 m3 
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Table 5.5 Cost analysis of 
biogas plant (annual) Items Cost (|) 

Capital cost of biogas planta 60 million 

Cow dung cost (with transportation)b 27.13 million 

Operation and management cost c 6 million 

Labor cost (unskilled) (Rs. 300 per day)d 0.10 million 

Labor cost (skilled) (Rs. 500 per day)d 0.18 million 

Water coste 0.11 million 

Total input cost 93.52 million 

a Ref. [8] 
b Ref. [19] 
c Ref. [21] 
d Based on market survey 
e Ref. [20] 

plant, with a total annual cost of |0.28 million. The total cost of the biogas plant 
based on all the analyses and estimates is |93.52 million as shown in Table 5.5. 
The annual production of biogas is 1,106,680 m3, which is equivalent to 475,872.40 
kg of liquefied petroleum gas (1 cubic meter of biogas is equivalent to 0.43 kg of 
LPG) [23]. This is equal to about 10,018 commercial 47.50 kg cylinders of LPG. 
The price of a 47.50 kg commercial LPG cylinder in Bikaner, Rajasthan, is |5091.50 
in February 2022. Thus, the annual amount of LPG is |52,010,315.94. 

The biogas-digested slurry is the most effective organic fertilizer for the healthy 
growth of crops and increases the fertility of the soil [24]. The average composition 
of biogas digesting solution is 1.5% nitrogen, 1.1% phosphorus and 1% potassium, 
and is also rich in nutrients. An average of 30% slurry is considered digested slurry 
as on average 1 kg of cow dung produces 0.30 kg of slurry [25]. It will generate a 
14,864 kg per day amount of digested slurry and the annual income from the digested 
slurry is |27.13 million, if sold at a rate of |5 kg−1. 

5.5 Economic Analysis 

5.5.1 Capacity Recovery Factor 

The capacity recovery factor is defined in terms of the discount rate and the duration 
of the plant’s life cycle: 

Capacity recovery factor (CRF) = 
i(1 + i)n 

(1 + i)n − 1 
(5.11) 

i = Discount rate; n = Useful life of biogas plant.
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Table 5.6 Capacity recovery factor and levelized cost of energy for the different discount rates and 
different plant lifea 

Discount rate (%) 6 8 10 12 14 

Plant life (years) CRF 

25 0.08 0.09 0.11 0.12 0.14 

20 0.09 0.10 0.11 0.13 0.15 

15 0.10 0.12 0.13 0.14 0.16 

LCOE (|/m3) 

25 12.18 13.02 14.71 15.56 17.25 

20 13.03 14.72 13.87 16.41 18.09 

15 13.87 15.56 16.41 17.25 18.94 

a Ref. [26, 27] 

The capacity recovery factor for a 20 year life of the biogas power plant at a 10% 
discount rate is 0.11 as shown in Table 5.6. 

5.5.2 Levelized Cost of Energy 

Levelized cost of energy (LCOE) = 
(CCp × CRF) + O&M 

EGp 
(5.12) 

CCp = overall cost of biogas plant, CRF = capacity recovery factor, 

O&M = operation & management cost, and EGp = annual energy generated by 
biogas power plant. 

The levelized cost of energy is equal to the average price that consumers must pay 
in order to pay properly with a rate of return equal to the investor discount rate for 
capital, operation and management and fuel costs [28]. The levelized cost of energy 
for this biogas power plant is |14.72 m−3 at a discount rate of 10%. LCOE (|/m3) 
has been evaluated at different capacity recovery factors and different discount rates 
for better economic analysis of the biogas plant as shown in Table 5.7.

5.5.3 Net Present Value (NPV) 

Net present value is the sum of the requisite annual cash flow in the current currency 
[29]: 

NPV = −C0 + 
n∑

k=0 

CFk 

(1 + i)k
(5.13)
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Table 5.7 Economics 
parameters for biogas power 
plant 

Particular Value 

Discount rate (i) 6%, 8%, 10%, 12%, 14% 

Inflation rate ( j) 6% 

Effective discount rate (ie)a 0%, 0.29%, 0.57%, 0.85%, 1.14% 

Plant’s life (years) 20 

Biogas price per m3 (|)b 24 

Total Input cost (|) 93.52 million 

a Effective discount rate(ie) = i−j 
1+j 

b Ref. [30].

CFk = Pk − Vk − LC (5.14) 

C0 = Investment cost, K = Plant’s life, CFk = Annual cash flow, 

Pk = Income from biogas power plant, and V k = Operation & management cost. 

LC = Labor cost. 

5.6 Results and Discussion 

A biogas power plant designed for the Bikaji food industry has been analyzed. This 
type of energy source is not only used to reduce the use of fossil fuels, but it is 
also a big step toward the sustainability of the environment. In this study, an attempt 
to identify the energy needs of the Bikaji foods industry has been done by using a 
biogas-powered plant. All the technical and financial aspects have been analyzed. The 
total estimated energy required for Bikaji Foods International Ltd. for all operations 
is 41,840 MJ per day. The estimated equivalation energy (coal replaced with biogas) 
is 3,032 m3 per day. Cow dung required for a 6,876 m3 volume biogas power plant 
to meet the energy demand and to make digester slurry was 49,546 kg per day. The 
total number of cows that can meet the demand for cow dung is 7,078. 

The capital cost of the biogas power plant is |60 million. The total annual fixed 
and variable input cost was |93.52 million. The total annual income from the biogas 
power plant is |53.69 million which includes income generated from both slurry 
and biogas. The capacity recovery factor is 0.11 and the levelized cost of energy is 
|14.72 m−3 at the discount rate of 10% considering the plant’s life of 20 years. The 
country’s inflation rate is 6%, which is an important factor in the project’s financial 
vitality. The results of the financial analysis of the biogas power plant are shown 
in Table 5.8. The net present value of the biogas plant is |433.68 million at a 6% 
discount rate, the net present value at a 10% discount rate is |314.59 million, and 
the net present value at a 14% discount rate is |219.92 million considering the plant
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Table 5.8 Financial analysis 
of biogas power plant Discount rate (i) Net present value Payback period 

6% 433.68 million 2 years 

8% 388.81 million 

10% 314.59 million 

12% 250.30 million 

14% 219.92 million 

Effective discount rate (ie) 

0.29% 825.37 million 2 years 

0.57% 750.44 million 

0.85% 719.44 million 

1.14% million 

life of 20 years. The payback period of the plant is 2 years. The net present value 
at the 0.29% effective discount rate is |825.37 million, the net present value at the 
0.57% effective discount rate is |750.44 million, and the net present value at the 
1.14% effective discount rate is |698.28 million. The payback period is the same as 
the discount rate. 

5.7 Conclusion 

The food processing industry is one of the emerging sectors in India. The food 
processing sector of India is one of the largest in the world. The share of agriculture 
and allied sectors to the total economy is 20.2%. It provides 11.6% of total employ-
ment. It contributes to 10.4% of India’s exports. This sector is expected to grow 
as big as $535 billion by 2025–26. In anaerobic digestion systems, carbon dioxide 
removed from raw biogas reduces carbon emissions. It contributes to greenhouse gas 
mitigation and is environmentally friendly. 

This plant setup currently uses coal as a fuel for heating purposes. For climate and 
environmental sustainability, we can switch the energy source from conventional to 
non-conventional. This research paper sums up the technical and financial vitality 
of a 6,876 m3 volume biogas power plant which meets the energy demand of Bikaji 
Foods International Limited at 41,840 MJ per day. To meet the energy demand, a 
biogas plant with a total volume of 6,876 m3 has been designed. The volume of the 
floating drum is 1,820 m3 and the digester volume is 5,056 m3. 

A financial analysis of biogas plants with different discount rates and different 
effective discount rates has been done. The most efficient discount rate for the 
proposed plant is 10% and the effective discount rate is 0.57%. The net present value 
at a 10% discount rate is |314.59 million. The country’s inflation rate is currently 
6%. The payback period of the biogas power plant at a discount rate of 10% is 2 
years.
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Chapter 6 
Synthesis of Biolubricant 
by Transesterification of Soybean Oil 
Using Ni–Al Hydrotalcite as a Catalyst 

Sakshi Shrivastava, Pooja Prajapati, Virendra, Priyanka Srivastava, 
Ajay P. S. Lodhi, Deepak Kumar, Varsha Sharma, S. K. Srivastava, 
and D. D. Agarwal 

Abstract Lubricant is a material used to minimize the friction and wear between 
interacting surfaces; research in the formulation of biolubricants from vegetable 
oil has again significant interest due to their good lubricity and eco-friendly prop-
erties. This work aims to production of biolubricant base stock trimethylpropane 
triester (TMPTE) which is derived from soybean oil via a transesterification reac-
tion. A transesterification reaction is completed through two steps. The first step is 
the production of biodiesel (fatty acid methyl ester). The second step is the reaction 
of FAME with trimethylolpropane by using Ni–Al hydrotalcite as a catalyst under 
pressure and at 160 °C temperature. The Ni–Al hydrotalcite was characterized by 
XRD, FT-IR, TGA, and SEM–EDX. The product Biolubricant was characterized by 
1H NMR, FT-IR, and GC. Physiochemical analyses were also done to analyze the 
product. 

Keywords Soybean oil · Transesterification reaction ·Hydrotalcites · Biolubricant 

6.1 Introduction 

Lubricants are the materials which are used to decrease friction, heat, and wear upon 
moving surfaces, in the form of a liquid film which keeps the two opposite surfaces 
separated to improve the efficiency and durability of machinery. Africa makes up 
6% of all global consumption, which reached nearly 36.1 million tonnes in 2017 [1].
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The demand for lubricants is increasing at a speed of 1.6% annually [2]. With an 
increase in the number of automobiles and mechanical industrialization, the usage 
of lubricants will keep rising at a speed of 2% annually [3]. 

Prices for petroleum products are going up because reservoirs are rapidly running 
out. In addition, petroleum-based lubricants are harmful and non-biodegradable, 
causing dangers to human health, water quality, and the environment [4]. Biolu-
bricants are regarded as a suitable alternative to petroleum lubricants due to their 
advantageous and acceptable physical features [4, 5]. Because they are renewable, 
low volatile, have a wide viscosity range, can endure high temperatures, and have 
good viscosity–temperature properties [7–9], bio-based lubricants are preferable to 
mineral lubricants. They are also non-toxic, biodegradable, and do not harm the 
environment when spilled [10, 11]. They use both animal and vegetable oils as their 
raw materials [12]. The other four types of biolubricant base oils are poly alkylene 
glycols, dibasic acid esters, poly alpha olefins, dibasic acid esters, and polyol esters 
[13]. 

Triglycerides called ester are made up of three long chains of different fatty acids 
connected at the hydroxyl group via ester bonds, and they contain glycerol molecules 
[14]. Vegetable oils contain fatty acids with a variety of unsaturation levels and carbon 
chain lengths [15]. The most common and unique fatty acid in most vegetable oils 
is oleic acid (C18:1). Triglycerides from vegetable oils have a stronger attraction 
due to their being more polar than those found in oils derived from petroleum [16]. 
As a result of preventing metal-to-metal contact, the polar carboxyl group of fatty 
acids attaches to the metallic surface and forms a suitable thin lubricating coating 
to minimize friction and wear [17, 18]. Transesterification is a procedure used to 
improve thermal performance and oxidative stability [19, 20] by removing hydrogen 
atoms from the beta-carbon of the oil [21]. The entire reaction took place in just 
two steps. When beta hydrogens are absent, the lubricant becomes more thermally 
stable at high temperatures, preventing the formation of free fatty acids through 
self-polymerization, which is the main benefit of using a polyol in place of glycerol 
[22]. 

Many authors used chemical modifications of seed oils with trimethylolpropane 
via transesterification reaction for the manufacturing of biolubricants by using 
different catalyst concentrations and at various temperatures. Homogeneous and 
heterogeneous base/acid catalysts and enzymes are the most common types of trans-
esterification catalysts for synthesized TFATE [23–26]. Using a lesser corrosive 
heterogeneous catalyst can therefore not only eliminate extra processes such as 
neutralization and minimize washing through solvents but it can also be recycled 
by simple filtration [27]. According to previous reports [28–31], a large variety of 
heterogeneous base catalysts have been successfully discovered for the synthesis of 
biodiesel. 

Their transesterification reaction produces the biolubricant that can be catalyzed 
by homogeneous or heterogeneous catalysts. It is difficult to separate the catalyst from 
the products when using a homogeneous catalyst like p-toluene sulfonic acid, H2SO4, 
or phosphoric acid to accelerate the rate of reaction. These catalysts typically cause 
corrosion in reactors [32]. In contrast, heterogeneous catalysts are non-corrosive,
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simple to remove from the products, and have less difficulty when removed. They 
can be produced to have increased activity, selectivity, and lifetimes for the catalysts 
[33]. 

Hydrotalcite (HT) is a double-layered and porous di-hydroxyl complex metal 
oxide that has been used as a catalyst ion-exchange material, composite material, and 
carrier. However, the use of such a heterogeneous catalyst in biolubricant synthesis, 
as well as its detailed characterization of catalyst and product, optimal preparation 
for reaction, and reusability of catalyst, has hardly ever been investigated. 

The goal of this study is to synthesize a heterogeneous catalyst to make biol-
ubricants from renewable resources (soybean oil-based biodiesel with TMP as a 
tri-alcohol) via a transesterification reaction. 

6.2 Experimental 

6.2.1 Reagents and Chemicals 

All chemicals like nickel nitrate hexahydrate [Ni (NO3)2·6H2O], aluminum nitrate Al 
(NO3)3, sodium carbonate (Na2CO3), and sodium hydroxide (NaOH) from Rankem 
with analytical grade were obtained. The HPLC-quality (99% purity) methanol was 
bought from Merck. Soybean oil was got from the market in Gwalior, Madhya 
Pradesh, India. Trimethylolpropane was ordered from Sigma Aldrich. Deionized 
water of Rankem was used throughout the entire experiment. 

6.2.2 Hydrotalcite Preparation 

The hydrotalcite employed in this study was prepared by using the coprecipitation 
method, which Climent et al. [41] reported earlier. At room temperature, a solution 
containing 3 mol Ni (NO3)2·6H2O and 1 mol Al (NO3)3·9H2O was acquired and 
mixed with a second solution containing 1 mol NaOH and 1 mol Na2CO3, vigorously 
stirring up to gain the pH 9–10; then the combination was kept at 60 °C, for the next 
12 h. The resultant material was filtered and rinsed in distilled water 3 to 4 times 
up to the pH level was neutralized. The catalyst was dried for 24 h. at 70 °C. After 
drying up, it was crushed into a powder and calcined at 550 °C for 6 h. inside the 
muffle furnace. Synthesis of Ni–Al hydrotalcites was characterized by using different 
methods like XRD. Rikaguminiflex 600 diffracts-meter apply CuKα radiation (λ = 
1.5406 Å) and a step size of 0.02°, voltage 45 kV, Fourier transform Infrared on 
Perkin Elmer Equipment, Thermo-gravimetric analysis on TW60 Shimadzu anal. 
Ltd., and SEM on Zeiss Gemini sem.
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6.2.3 Synthesis of the Soybean Oil-Based Biodiesel 

Soybean oil-based biodiesel was prepared via transesterification reaction of soybean 
oil with methanol using 2% w/w calcinated Ni–Al hydrotalcite and placed into a 
500 ml round bottom flask attached with a reflux condenser. Firstly, the calculated 
amounts of catalyst (2%) and the methanol are poured into a flask and then stirred 
at least 10 min to form a homogeneous mix. Then soybean oil was added into a 
flask then heated up to 65 °C for 2 h. After the completion of the reaction, Ni–Al 
hydrotalcite was separated by centrifuging and washed with a mixture of hexane 
and acetone (hexane:acetone = 1:1). The catalyst was dried at 100 zC for 24 h 
for further use. The upper FAME layer was separated from the lower glycerol layer 
using a separating funnel. Gas chromatography-mass spectrometry (Clarus*680 GC, 
Clarus*SQ8C MS) was used to identify the biodiesel. The structural analysis of prod-
ucts was done by nuclear magnetic resonance (NMR; JEOL ECZ500R/S1 (500 MHz) 
spectrometer) and Fourier-transformed infrared spectroscopy (Perkin Elmer FT-IR 
spectrophotometer-105627). Physiochemical analysis was also done. 

6.2.4 Transesterification of Soybean Oil-Based Biodiesel 
with Alcohols 

The calculated amount of TMP and calcinated Ni–Al hydrotalcites was discharged 
into a stainless-steel autoclave reactor, and heated up to 60 °C. Then, biodiesel 
was poured into the liquid paste and heated at 160 °C. After completion of the 
reaction, the catalyst was separated using centrifugation at 2900 rpm for 14 min 
and washed 3 to 4 times with a mixture of hexane and acetone (hexane:acetone 
= 1:1). Then the catalyst was dried in an oven at 90 zC for 1 day. Recovery 
of the by-product (methanol) was done in a vacuum using a rotary evaporator at 
45 °C. The catalyst was reused three times. After completion of the reaction, gas 
chromatography-mass spectrometry (Clarus*680 GC, Clarus*SQ8C MS) was used 
to identify the composition of the biolubricant. The structural analysis of products 
was done by nuclear magnetic resonance (NMR; JEOL ECZ500R/S1 (500 MHz) 
spectrometer) and Fourier-transformed infrared spectroscopy (Perkin Elmer FT-IR 
spectrophotometer-105627). Physiochemical analysis was also done. The friction 
tests according to ASTM D4172 were performed to analyze the frictional property 
using a four-ball tester.
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6.3 Results and Discussion 

6.3.1 Catalyst Characterizations 

According to the Ni–Al hydrotalcite, the XRD pattern is represented in Fig. 6.1. 
Diffraction peaks at 18.2, 23.3, 34.1, 43.4, 47.8, 62, and 66.94 indexed at 003, 
006, 012, 015, 018, 110, 113, and 116 planes in Ni–Al CO3 hydrotalcite with 3:1 
metal ratio show purity and crystallinity. The face-centered cubic (FCC) crystalline 
structure was represented by all of these diffraction peaks (in accordance with the 
standard spectrum—JCPDS, No. 04-0835). Three times the recycled catalyst was 
analyzed in this XRD spectra. All the diffraction peaks of samples reduced and 
move toward to a minor angle, whereas crystal plane diffraction peaks grew longer, 
representing that crystal particle diameter reduced. This could be due to Ni and Al 
dispersion throughout the repeating reactions procedure and because the catalyst 
absorbed FAME, TMPTE, and impurities. 

The FT-IR graph of calcined Ni–Al CO3 hydrotalcite (3:1) was analyzed as shown 
in Fig. 6.2. This demonstrates that the sample has a pure hydrotalcite structure. 
Infrared spectra peak at 3363.26 cm−1 for hydroxyl group (OH) stretching vibration. 
H2O is responsible for the peak recorded at 1738 cm−1. At 1365.91 cm−1 represent 
a strong and sharp band of carbonate anion [34, 35].

Scanning electron microscope results are shown in Fig. 3a, b. The compound has 
high crystallinity and a lamellar structure. A small needle-shaped particle can be seen. 
The hexagonal form of the hydrotalcite particles is observed. An EDX test showed 
that calcined Ni–Al (3:1) catalysts contain nickel and aluminum oxide metals, with 
Ni (61.37%) and Al (38.63%) as shown in Fig. 6.4 (Table 6.1).

Figure 6.5 depicts a TGA graph of calcined Ni–Al CO3 hydrotalcite (3:1). It shows 
a total weight loss of 32%. The weight loss began at 290 °C because of the water 
loss in an inter-layer region. Later, weight loss was seen around 325 °C because of 
the de-hydroxylation of OH and the decomposition of the carbonate anion [36, 37].

Fig. 6.1 XRD Pattern of calcined Ni–Al hydrotalcite (3:1) and Ni–Al hydrotalcite used up to 3 
cycles 
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Fig. 6.2 FT-IR spectroscopy of Ni–Al CO3 hydrotalcite

A B 

Fig. 6.3 The SEM image of calcined Ni–Al CO3 hydrotalcite at low magnification (a) and high 
magnification (b) 

Fig. 6.4 The EDX image of calcined Ni–Al CO3 hydrotalcite
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Table 6.1 Element 
composition Elements Weight % Atomic % 

Ni K 61.37 42.20 

Al K 38.63 57.80 

Total 100

Fig. 6.5 The TGA graph of calcined Ni–Al CO3 hydrotalcite. 

6.3.2 Biodiesel Characterization 

The conversion of soybean oil to soybean oil-based biodiesel (FAME) was confirmed 
by 1H NMR spectroscopy. 

1H NMR spectra of soybean oil showed a peak around 4.0–4.3 ppm for triglyceride 
protons and other hydrocarbon protons in oil (Fig. 6.6), which has totally vanished in 
soybean oil-based biodiesel, and a new distinguished peak at 3.66 ppm for methoxy 
protons appeared (Fig. 6.7), which confirms the formation of biodiesel (FAME). 
While α-CH2 proton showed a triplet peak at 2.31 ppm [38–40]. The biodiesel yield 
was 93%.

Commercially available soybean oil has twelve fatty acids. The fatty acid methyl 
ester obtained from the transesterified soybean oil is depicted in Table 6.2. Gas  
chromatography spectra of biodiesel are shown in Fig. 6.8.

The formation of soybean oil-based biodiesel (FAME) from soybean oil can 
also be confirmed by FT-IR spectroscopy as seen in Fig. 6.9. The band present at 
1744 cm−1 showed characteristics of a peak of C=O stretching vibration because of 
glyceride linkage in fatty acid of oil, which has totally vanished in soybean oil-based 
biodiesel, and a new distinguished peak at 1739 cm−1 appeared because of vibration 
of methyl esters in biodiesel as seen in Fig. 6.9. Strong absorption bands at 2923 and 
2854 cm−1 present in oil and 2924 and 2854 cm−1 present in biodiesel are because
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Fig. 6.6. 1H NMR of soybean oil 

Fig. 6.7. 1H NMR of soybean oil-based biodiesel

of C–H stretching vibrations. The significant bending vibrations of the CH3 band 
are 1463 and 1377 cm−1 present in the oil, whereas it is present at 1456, 1436, and 
1362 cm−1 in biodiesel. The stretching vibrations of C–O present in triglyceride are 
shown at 1160 and 1098 cm−1 in oil and at 1196, and 1170 cm−1 in the biodiesel, 
respectively.
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Table 6.2 Mass % 
composition of Biodiesel 
synthesized from soybean oil 

S. no. Compound Composition (%) 

1 Methyl palmitate C16:0 11.57 

2 Methyl stearate C18:0 3.8 

3 Methyl oleate C18:1 44.2 

4 Methyl linoleate C18:2 30.05 

5 Methyl linolenate C18:3 4.7 

6 Methyl arachidate C20:0’ 0.31 

7 Methyl behenate C22:0’ 0.58 

Fig. 6.8 GC spectra of 
soybean oil-based biodiesel

Fig. 6.9 FT-IR spectra of 
Soybean oil, soybean 
oil-based biodiesel, and its 
biolubricant
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The physiochemical parameters of the soybean oil-based biodiesel (FAME) are 
shown in Table 6.3. 

6.3.3 Biolubricant Characterization 

The best chemical conditions for biolubricant formation were a 5% w/w catalyst 
concentrate of Ni–Al hydrotalcites; a 4:1 FAME/alcohol molar ratio; temperature of 
160 °C; for 2 h. 

The conversion of the biodiesel into a biolubricant was confirmed by the 1H NMR  
spectrum (Fig. 6.10). 1H NMR spectra of TMPTE reveal the presence of peaks in the 
range of 4–4.2 ppm attributed to (–CH2–O–) protons of alcohol [41, 42] which verify 
the replacement of the hydroxyl group of TMP by the fatty acid of the oil. The signal 
near 2.37 ppm corresponds to the acidic proton (CH2C = O). The presence of a signal 
near 3.60 ppm corresponds with H-bonding to unreacted hydroxyls, confirming the 
formation of monosubstituted and disubstituted trimethylolpropane esters. In the 1H 
NMR of biodiesel, a peak near 5.25 ppm is also present in the 1H NMR of biolubricant. 
This peak corresponds to the unsaturation of the fatty acid chain in soybean oil. 

The conversion of the biodiesel into a biolubricant was also confirmed by using FT-
IR spectroscopy, and seen in Fig. 6.9. The band present at 1739 cm−1 showed a char-
acteristic peak of methyl ester vibration in soybean biodiesel, which has completely 
disappeared in soybean oil-based biolubricant, and a newly prominent peak at 
1742.95 cm−1 appears due to the presence of stretching vibrations of carboxylic esters 
(C=O) in the biolubricant [43]. Strong absorption bands at 2924 cm−1 and 2854 cm−1 

in biodiesel and 2923.64 and 2854.02 cm−1 in biolubricant are shown because of 
C–H stretching vibrations. The bending vibrations of CH3 appear at 1456, 1436, 
and 1362 cm−1 in FAME[44*], whereas they are 1463.56 cm−1 in the biolubricant. 
Stretching vibration of the C–O–C group of TMPTE appears near 1162–1008 cm−1. 

The composition of the biolubricant can be confirmed by GC as shown in 
Fig. 6.11. By observing the chromatogram, we concluded that trimethylolpropane 
has completely reacted with soybean oil-based biodiesel and been converted into

Fig. 6.10. 1H NMR of soybean oil-based biolubricant 
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trimethylolpropane trimester. The appearance of four peaks at the end of the chro-
matogram corresponded to TMPTE 36, TMPTE 37, TMPTE 38, and TMPTE 39 
[45]. 

Fig. 6.11 GC spectra of biolubricant 

Figure 6.12 shows the frictional coefficient curves of the biolubricant using a four-
ball friction tester. The average friction coefficient of soybean oil-based TMPTE is 
0.11 within 60 min [46]. The results indicated the wear resistance of biolubricant is 
similar to base oil lubricant present in market [47]. 

The physiochemical properties of the soybean fatty acid-based TMPTE are shown 
in Table 6.3.

Fig. 6.12 Friction 
coefficient biolubricant 
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Table 6.3 The physicochemical properties of soybean oil, soybean oil-based biodiesel, and 
biolubricant 

S. no. Physical properties Standard 
methods 

Soybean oil Soybean oil 
biodiesel 

Soybean oil 
biolubricant 

1 Appearance, and 
color 

‘Visual’ ‘Clear, and 
Pale light 
color’ 

‘Clear and bright 
yellow color’ 

‘Bright, 
golden-brown 
color’ 

2 Density @ 15°C IS-1448 
P-32 

0.92 gm/ 
cm3 

0.88 gm/cm3 0.9 g/ml 

3 Kinematic viscosity 
@ 40°C, mm2/S 

IS1448/ 
P-25 

32.80 cSt 6.5 cSt 103 cSt 

4 Kinematic viscosity 
@ 100°C, mm2/S 

IS1448/ 
P-25 

– – 15.8 cSt 

5 Fire point °C IS1448/ 
P-21 

285 184 – 

6 Flash point °C IS1448/ 
P-21 

254 170 182 

7 Pour point °C IS1448/ 
P-10 

– (–) 2 (–) 1 

8 Viscosity index IS-1448/ 
P-56 

– – 163 

6.4 Conclusion 

High production of soybean oil-based biolubricant was successfully done from the 
catalytic transesterification of FAME and trimethylolpropane, aided by calcined 
solid-base Ni–Al hydrotalcite heterogeneous catalyst synthesized by the coprecipita-
tion method, and characterized by FT-IR, XRD, SEM, and TGA. This catalyst is used 
in the transesterification of soybean oil, and FAME. Characterization of the biolu-
bricant using IH NMR and FT-IR techniques confirmed its structural configuration, 
and a gas chromatogram confirmed the composition necessary for the biolubricant’s 
production. The high yield of the biolubricant was found at 5% w/w loading of cata-
lyst and a 4:1 molar ratio of FAME to TMP. All physicochemical properties agree 
with ISO standards. The average friction coefficient of the biolubricant is 0.11 similar 
to that in the market. 

Abbreviations 

XRD X-ray diffraction 
FT-IR Fourier-transformed infrared spectroscopy 
SEM Scanning electron microscopy 
EDX Energy dispersive X-ray
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TGA Thermogravimetric analysis 
1H NMR  Proton nuclear magnetic resonance spectroscopy 
GC Gas chromatography 
HTs Hydrotalcites 
LDH Layer double hydroxide 
TMP Trimethylolpropane 
TMPTE Trimethylolpropane triester 
TFATE Trimethylolpropane fatty acid triester 
FAME Fatty acid methyl ester 
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Chapter 7 
Pretreatment of Rice Husk with Acid 
and Alkali for Enhancement of Sugar 
Recovery and Techno-Economic Analysis 
of the Process 

Anuradha and Muthu Kumar Sampath 

Abstract The supply of fossil fuels is limited, and their usage is creating havoc on 
the ecosystem. There is a need for renewable energy sources that have a lower envi-
ronmental effect. Biomass is becoming increasingly popular as a renewable energy 
resource for producing bioenergy. Using waste biomass as a fuel can be a viable 
option. Crop residues are generated in large amounts every year across the world, 
yet they are mostly underused. Waste disposal is becoming increasingly expensive, 
and in many locations, there is even a scarcity of land. As a result, there are several 
advantages to using waste biomass for the production of biobutanol. It can serve as 
a viable alternative fuel and appealing energy storage. The major objective of this 
research is to study different pretreatment approaches on rice husks and track the 
structural changes in the biomass with SEM and FTIR. This study also includes 
the techno-economic analysis of NaOH pretreatment on rice husk to estimate the 
production costs and capital investment for producing fermentable sugars from rice 
husk. Rice husk pretreated with 4% NaOH with 6 h of incubation yielded maximum 
reducing sugar. 

Keywords Biofuels · Biobutanol · Lignocellulose · Rice husk 

7.1 Introduction 

Biobutanol is a possible gasoline substitute that can be mixed in considerable amounts 
with regular fuel according to recent research. Agricultural wastes are a viable candi-
date for butanol production and the leading alternative to petroleum-derived fuels. 
Due to their economic feasibility and environmental friendliness, biomass-derived 
fuels are gaining popularity. Second-generation biofuels do not compromise food
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security and are typically produced from agricultural leftovers that are generated as 
wastes during crop processing. As a result, biofuels generated from lignocellulose 
materials such as bio-alcohols (biobutanol and bioethanol) have emerged as poten-
tial fuel sources due to their environmental benefits and sustainability which might 
help reduce dependency on petroleum reserves [1]. Pre-treatment is a crucial tech-
nique for converting lignocellulose-based biomass for biofuel production [2]. The 
compact structure of LCBs generally breaks down during the pretreatment process 
and is further exposed to the cellulose fiber. As the composition of LCB compo-
nents varies, the most convenient pretreatment process is determined by the type of 
biomass used. An ideal pretreatment process maximizes sugar yield from pretreated 
biomass while consuming the least amount of energy. Therefore, in this study, a 
comparison of alkali and acid pretreatment was performed on rice husks. Further, 
the suitable pretreatment approach that produced high reducing sugar was carried 
forward for enzymatic hydrolysis. SEM and FTIR analysis were also conducted to 
study the morphological and functional alterations of biomass after pretreatment. 

Techno-economic analysis (TEA) is a method of simulating and designing 
processes based on empirical data in order to predict investment costs, operating 
expenditures, energy balances, and mass balances for a commercial-scale biore-
finery. TEA is a useful tool for evaluating potential research objectives, identifying 
cost constraints early in the research process, and generating mass and energy statis-
tics for life-cycle environmental assessments [3]. Recent research has resulted in the 
development of new tools and approaches that allow for faster iteration of prospective 
designs, more rigorous uncertainty analysis, and more accessibility through the use 
of open-source platforms. As a result, this study also contains a techno-economic 
analysis of the NaOH pretreatment of rice husk to calculate the production costs and 
capital investment for sugar production from biomass. In this study acid and alkali 
pretreatments were compared by varying the concentration of acid and alkali as well 
as the residence time. This study also includes the techno-economic analysis of alkali 
pretreatment that will provide a summary of production cost and capital investment 
to produce reducing sugar from biomass. 

7.2 Material and Methods 

7.2.1 Sample Collection 

Sample (Rice husk) were collected from Birsa Agricultural University, Ranchi to the 
laboratory for pretreatment screening.
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7.2.2 Preparation of Standard Glucose Calibration Curve 

The DNS approach was used to create a standard glucose calibration curve. 0-1000ul 
of standard 1 mg/mL glucose solution was pipetted into a series of test tubes, and the 
volume was adjusted to 1 mL with water. Then 1 mL of DNS was added to all of the 
tubes, which were then immersed in boiled water for 10 min. As the test tubes cool 
down 9 mL of DW was added to dilute the color. The optical density was compared 
to that of a blank at 540 nm. A standard graph of optical density at 540 nm against 
the concentration of glucose was plotted. This was used to determine the reduced 
sugar produced by agro-waste. 

7.2.3 Pretreatment Screening 

Acid Pretreatment 

15 g of rice husk was pretreated with sulfuric acid (H2SO4) at concentrations of 2, 4, 
and 6%. The samples were heated using a water bath at 80 °C for different retention 
times (1, 3, 6, and 24 h). 

Alkaline Pretreatment 

15 g of rice husk was pretreated with sodium hydroxide (NaOH) at concentrations 
of 2, 4, and 6%. The samples were heated using a water bath at 80 °C for different 
retention times (1, 3, 6, and 24 h). 

Analysis of Reducing Sugar 

The total reduced sugar was calculated using the DNS method. In the test tube, the 
sample (1 mL) was combined with 2 mL 3,5-dinitrosalicylic acid (DNS) reagent and 
submerged in a boiling water bath for 5 minutes. After cooling the sample to room 
temperature, the absorbance at 540 nm was measured. 

7.2.4 Enzymatic Hydrolysis of Pretreated Rice Husk 

3 g of NaOH pretreatment rice husk was dissolved in 100 mL of sodium acetate buffer 
and then 24 mg of cellulase from Trichoderma reesei was added to the lignocellulose 
biomass for hydrolysis. Further, the sample was incubated in a shaking incubator for 
24 h.
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7.2.5 SEM and FTIR Analysis 

SEM was used to examine the changes in the morphological structure of rice husks 
before and after pretreatment. FT-IR spectroscopy was also used to detect the various 
functional groups present in raw and processed biomass. The spectra of the samples 
were taken in the 4000–500 cm−1 range. 

7.2.6 Evaluation of Conversion Using SuperPro 

The process model was developed using Super Pro Designer (Intelligen, Inc., Scotch 
Plains, NJ). The software generated a process flow sheet for the pretreatment and 
enzymatic hydrolysis of the rice husk. 

7.3 Result and Discussion 

7.3.1 Analysis of Reducing Sugar 

In the study, rice husk samples were pretreated with alkali and acid i.e. NaOH & 
H2SO4 by varying two different parameters which were concentration of acid & 
alkali, and retention time of pretreatment. The total reduced sugar yield from each of 
the parameters is shown in Fig. 7.1a, b. The highest sugar yield was with 4% NaOH at 
a retention time of 6 h, which was 1.906 mg/ ml. Further retention time after 6 h at the 
same concentration gave no meaningful increase in sugar yield. Similarly, the effect 
of sulfuric acid (H2SO4) with different concentrations and retention time is shown 
in Fig. 7.1b. The highest sugar yield was obtained with 2% H2SO4 at a retention 
time of 3 h, which was 0.369 mg/ ml. Further, 4% NaOH pretreated biomass was 
carried forward for the enzymatic hydrolysis, and an increase in the reducing sugar 
was observed i.e. 3.916 mg/mL.

7.3.2 Morphological Analysis 

Pretreatment of biomass changes the structural features of the lignocellulosic biomass 
[5] by breaking the cellulose-hemicellulose-lignin complex and converting the carbo-
hydrate (cellulose) into fermentable sugar [6]. Scanning electron microscopy was 
done to observe the morphological alteration of rice husks. The morphological char-
acteristics of untreated and pretreated rice husks with NaOH and H2SO4 that were 
studied can be seen in Fig. 7.2a–c. Figure 7.2a shows the well-organized and intact 
surface of untreated rice husks. Figure 7.2b shows biomass surface characteristics
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under treatment with 2% H2SO4. The surface coating of the biomass is removed 
and the fiber bundles which were tightly packed in the untreated biomass started to 
dismantle under the action of acid pretreatment. These changes can be attributed to 
some lignin removal [7], whereas, 4% NaOH pretreated sample exhibited rupture of 
rigid structure. The intrinsic fiber structure of the biomass was more exposed to NaOH 
pretreatment compared to H2SO4 pretreatment. The confirmation of lignocellulosic 
breakdown into its components was further analyzed with FTIR spectra.

 (A) (B) (C) 

Fig. 7.2 SEM images of a raw biomass b 4% H2SO4 pretreated c NaOH pretreated
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Fig. 7.3 FTIR spectroscopy of raw and pretreated biomass 

7.3.3 FTIR Analysis 

FTIR spectroscopy was used to determine the changed structure of lignocellulosic 
biomass. Figure 7.3 depicts the results. The FTIR spectra of raw, NaOH pretreatment, 
and H2SO4 pretreatment are shown in Fig. 7.3. Hydrogen bonded (O–H) stretching 
absorption is represented by a peak of 3329.89 cm−1. The peaks at 2133.27 cm−1 and 
2897.08 cm−1 show the alterations in the cellulose chain due to the chemical treat-
ment [8]. Stretching at this specific location reveals the cellulose structure. The IR 
spectra at 1729.74 cm−1 were attributed to the C = O acetyl group of hemicelluloses 
lignin or ester [9]. Pretreatment with H2SO4 results in a small change in lignin and 
hemicellulose content, but pretreatment with alkali (4% NaOH) for 6 h results in the 
removal of lignin. The absorption at 1512 cm−1 corresponds to aromatic stretching 
(C=C) from lignin [10]. Results show loss of aromatic functional group for NaOH 
pretreatment. No significant loss was observed with H2SO4 pretreatment. Removal 
of the C-O- C functional group of aryl alkyl ether in lignin also was observed in 
NaOH and H2SO4 pretreatment at an intensity of 1243 cm−1. Therefore, chemical 
alteration in the composition of rice husk was studied with FTIR spectroscopy, and 
found that NaOH pretreatment is more effective than H2SO4 pretreatment for the 
delignification of rice husk. 

7.3.4 Techno-Economic Analysis Using SUPERPRO 
Designer 

The flowsheet generated by SuperPro Designer in Fig. 7.4 depicts the overall process 
of sugar recovery from rice husk. The biomass is held in the solid storage chamber 
(B/Storage), and then it is submitted to the pre-treatment section (P-2/R-101) via 
the S-103 stream, and water is supplied to the reactor via the S-104 stream (R-101).
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Fig. 7.4 A flow sheet for sugar recovery from rice husk using SuperPro Designer 

Stream S-105 transports the processed biomass with 4% NaOH to the enzymatic 
hydrolysis chamber (P-1/R-102). Enzymatic hydrolysis takes place in the presence 
of cellulase enzyme. At the end of the process, the final recovered sugar is collected. 

In the flowsheet, the component flow rates (kg/Batch), at the output destination 
and the overall balance of the components are represented in Fig. 7.5 where we can 
see that after pretreatment with NaOH the cellulose and hemicellulose content will 
be converted into hexose and pentose. An ideal pretreatment maximizes the sugar 
yield from the biomass that will be fermented and further processed for biofuel 
production. The entire cost analysis was performed in order to perform the design 
and economic analysis of the fermentable sugar manufacturing process from rice 
husk. The economic evaluation was also studied and a fixed capital estimate was 
generated which could help to calculate and evaluate the cost of construction and 
operation of a biobutanol plant [11]. In Table 7.1. We can see the total plant direct cost 
of different materials consist of equipment purchase cost, installation cost, process 
piping, instrumentation, insulation, etc. which is essential for a biobutanol plant. 
Therefore, this economic evaluation will help to evaluate the capital investment for 
the biobutanol plant. 

Fig. 7.5 Overall component balance (kg/batch) for the recovery of sugar from rice husk using 
SuperPro Designer
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Table 7.1 Fixed capital 
estimate summary S. no. Materials Cost ($) 

1 Equipment purchase cost 1,319,000 

2 Installation 426,000 

3 Process piping 462,000 

4 Instrumentation 528,000 

5 Insulation 40,000 

6 Electrica 132,000 

7 Buildings 593,000 

8 Yard improvement 198,000 

9 Auxiliary facilities 528,000 

Total plant direct cost (TPDC) 4,224,000 

7.4 Conclusions 

In this investigation, acid and alkali pretreatment was used to study the most effective 
pretreatment for rice husks. The results showed that 4% NaOH effectively disin-
tegrates the lignocellulosic biomasses with 6 h of incubation. Further SEM and 
FTIR also revealed that alkali pretreatment effectively eliminated the lignin from 
the biomass. Therefore, fermentable sugars produced by the lignocellulosic biomass 
waste such as rice husk can be employed as a suitable feedstock to produce biofuels. 
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Chapter 8 
Investigation of Tribological Behavior 
of a Single Cylinder Diesel Engine 
Operated with Water-Added Palm 
Biodiesel–Diesel Fuel Blend 

Sonu Kumar Patidar , Hifjur Raheman, and Neeraj Kumar 

Abstract Recently, biodiesel has gained more attention as it is a promising substitute 
for non-renewable fossil fuels as well as it eases the current environmental challenges 
of higher vehicular emissions. However, a few studies have been reported higher NOX 

emissions from biodiesel–diesel fuel blend-operated diesel engines as compared to 
conventional diesel. Various after and pre-treatment methods such as lean nitrous 
oxide trap, selective catalytic reduction, and exhaust gas recirculation can control 
the NOX emissions but are expensive and affordable only in heavy-duty engines. 
Whereas, incorporation of water in the fuel could control the NOX emissions in 
a cost-effective manner. However, such fuels need to be tested in the engine for 
a prolonged period to ensure their sustainable future and long-term adaptability. 
Therefore, the present study was aimed to investigate the tribological behavior of a 
10-kW water-cooled, 4-stroke DI diesel engine operated with a water-added palm 
biodiesel–diesel blend (WB20) and pure diesel. For this, soot deposition formation 
and crankcase oil defilement characteristics have been investigated by running the 
engine for 100 h with each fuel. WB20 fuel showed 1.14% higher average BTE, 
whereas 7.04 and 13.9% lesser average NOX and HC emissions respectively, as 
compared to diesel. Similarly, WB20 fuel showed 16.94 and 14.45% lesser amount 
of soot deposition over the cylinder head and piston top respectively, as compared to 
the diesel–operated engine after 100-h long run. Similarly, WB20 operated engine 
showed 0.48–28.57% lesser concentration of various engine wear metals (i.e., Cu, 
Zn, Fe, Mg, and Mn) in the lubricating oil during 100 h long run test as compared to 
the diesel-operated engine. 
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8.1 Introduction 

Presently, India ranks 3rd in primary energy consumption with a global share of 
5.8% of total consumption. More than 90% of this share is mainly oriented from 
the requirement of fossil fuels such as coal, gasoline, and natural gas [1]. Petroleum 
fuels are facing serious challenges such as strict emission norms, non-renewable 
nature, and fluctuating prices. Diesel engines are used as a potential energy supplier 
for transportation, construction, and agriculture sectors such as irrigation and elec-
tricity generation. Diesel fuel consumption is ever-increasing as the number of 
diesel engines is increasing year by year. To address such issues, well-organized 
and compact research solutions need to be promoted, invented, and imposed by the 
policy formers related to the harmful air pollutants raised from fossil fuel burning. 

Biodiesel and its derivatives are such set of promising alternative fuels and have 
the potential to replace diesel partially or completely from the existing diesel engines 
[2]. Biodiesel has similar physicochemical properties as diesel and provides enhanced 
brake power and decreased harmful exhaust emission as compared to diesel except 
NOX emissions [3, 4]. The NOX emissions are mainly depending on the higher 
in-cylinder temperature and the oxygen content of the fuel. 

Various Pre and after-treatment strategies have been adopted to lower the NOX 

emissions from biofuel-operated diesel engines. After-treatment strategies such as 
selective catalytic reduction (SCR) and lean NOX trap offer more than 90% conver-
sion efficiency but these are cost-ineffective devices which makes them suitable for 
heavy-duty vehicular engines [5]. On the other hand, fuel pre-treatment methods 
are simple to employ and do not require major engine modifications to address the 
higher NOX problem from biodiesel-fueled engines. The addition of water in the 
biodiesel–diesel blend could lower the in-cylinder temperature during combustion 
which results in lower NOX emission [6–8]. Additionally, the subsidiary atomiza-
tion of water droplets present in the fuel could improve air–fuel mixing and helps 
in improving the energy efficiency of the engine [9]. However, these conclusions 
are based on short-duration engine testing and require to be derived based on long-
run engine tests. The higher viscosity of water-emulsified biodiesel as compared to 
diesel could lead to indigent atomization, and coking of fuel spraying needle and 
filter. Moreover, the low volatility of biodiesel blends may lead to the dilution of 
crankcase oil. 

A few attempts have been made in the recent past to ensure the adaptability of 
the biodiesel–diesel blends in the diesel engine based on long-run engine testing 
varying from 100 to 512 h. Raheman et al. [10] conducted a 100-h long-run test 
using Mahua and Simarouba oil mixture biodiesel–diesel blend (B10) in a diesel 
engine and reported average of 21% lesser soot deposits over the cylinder head, 
piston top, and injector tip with B10 operated engine compared to diesel engine due 
to better oxidation ability of the B10 blend. In addition, they reported 11–50% lesser 
heavy metal concentration (Al, Cu, Zn, Mg, Pb, and Fe) in the lubricating oil with 
B10 blend over diesel. Similarly, Chourasia et al. [11] conducted a 512-h long engine 
endurance test and reported 63% and 52.7% greater wear of the internal surface of
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the combustion cylinder and piston outer surface respectively, operated with B20A4 
(biodiesel, di-ethyl ether, and diesel in 20:4:76 v/v respectively) as compared to 
diesel. 

The presence of H2O molecules in the fuel may lead to the corrosion of engine 
components in the fuel-burning chamber and abrasive metal debris may contaminate 
and reduce lube oil service life and could lead to the ultimate failure of an engine. 
No such attempt has been made in the past to conduct a long-run endurance test to 
ensure the adaptability of water-emulsified biodiesel–diesel fuel blend in the diesel 
engine by measuring the carbon deposits over engine components and heavy wear 
metal addition in lube oil for quality analysis. Therefore, in the present study, the 
comprehensive behavior of a diesel engine was investigated in terms of combustion, 
performance, emission as well as soot deposition formation and lube oil analysis 
based on a 100-h long run test when operated with a water-emulsified biodiesel–diesel 
fuel blend and compared with those of diesel. 

8.2 Material and Methods 

8.2.1 Preparation of Stable Fuel Blends 

Preparation of biodiesel 

In the present investigation, raw palm oil (RPO) having free fatty acid (FFA) content 
of 0.80% was procured from the local market of Kharagpur, India to produce 
biodiesel. As the raw oil had lesser FFA content, a base transesterification reac-
tion was performed with the raw palm oil to produce biodiesel (B100). The process 
parameters for the reaction were 25% methanol/RPO (v/v), KOH (initial acid value 
(%) + 3.5) gram per liter of RPO, and 60 °C reaction temperature with a 30 min 
reaction process [12]. 

8.2.2 Preparation of Stable Water–Biodiesel Emulsion 

After the production of biodiesel (B100), a biodiesel–diesel fuel blend (B20) was 
prepared by mixing 20% v/v of the B100 blend and 80% v/v of diesel. To produce 
a stable water-emulsified blend, two commercially available surfactants (i.e., Tween 
80 and Span 80) were used as suggested by several past studies. In the present investi-
gation, the water-emulsified biodiesel (WB20) was prepared with 1% v/v surfactants 
maintaining HLB value as 5 (0.93% v/v Span 80 + 0.7% v/v Tween 80), 10% v/v 
water and 89% v/v B20 blend using a homogenizer rotating at speed of 2500 rpm for 
15 min. After the preparation, the prepared fuel sample was kept under observation 
to investigate any separation of the water layer and it was found that there was no
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Fig. 8.1 Prepared fuel blends 

water and creamy layer separation in the WB20 fuel sample up to 48 h. The prepared 
fuel blends, i.e., WB20, B20, B100, and diesel are shown in Fig. 8.1. 

8.2.3 Measurement of Fuel Properties of Prepared Fuel 
Blend 

Various fuel processing parameters such as air–fuel mixing, spray formation patterns, 
burning behavior, performance, and exhaust emissions characteristics are mainly 
depends on the fuel properties. Also, any developed or modified fuel should have 
undergone the measurement of fuel properties to ensure its adaptability. Hence, in the 
present investigation, various fuel properties such as calorific value, density, flash 
point, acid value, and kinematic viscosity were measured by following the latest 
ASTM standards. 

8.2.4 Investigation of Combustion, Performance, 
and Exhaust Emission Characteristics 

The experimental investigation of combustion, performance, and exhaust emissions 
was performed in a 10-kW single-cylinder, water-cooled, constant speed, DI diesel 
engine. For this reason, preliminary tests were performed in the engine. The test 
engine setup specifications are given in Table 8.1, and a schematic view of the 
experimental setup is shown in Fig. 8.2. The maximum engine brake power using 
diesel as a reference fuel was obtained at a load of 68 N −m and observed as 9.80 kW 
at 1400 ± 100 engine rpm. Therefore, the rated load or 100% load was taken as 68 N 
− m and accordingly, the intermediate loads (25, 50, and 75%) were computed. Both 
the fuels (WB20 and diesel) were tested separately at different loads by operating the
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Table 8.1 Engine 
specifications Particulars Details 

Engine Make Chetak, India 

Model SDM-14 

Number of cylinders 1 

Bore × stroke (mm) 114.3 × 116 
Stokes 4-stroke 

Highest power (kW) 10 

Engine rated speed (rpm) 1400 

Compression ratio 17.5:1 

Fuel injection time 24° before top dead center 

engine for 2.5 h with each fuel. The various measurement instruments/sensors were 
installed on the engine test rig such as piezoelectric pressure transducer for pressure 
measurement, eddy current dynamometer for load application, rotary encoder for 
crank angle measurement, and proximity sensor for measuring the engine rpm etc. 
The operational signals from these sensors were received and processed in the data 
acquisition system to find out ignition delay, brake power and brake-specific fuel 
consumption. Whereas an Indus flue gas analyzer was used to investigate the NOX 

and hydrocarbon emissions at the exhaust tailpipe. Later on, these parameters were 
compared for both the fuels (i.e., test fuel (WB20) and ref. fuel (diesel). 

Fig. 8.2 Schematic view of engine test setup. 1. Piezoelectric pressure transducer, 2. Proximity 
sensor, 3. Rotary encoder, 4. Exhaust gas analyzer, 5. Load indicator, 6. Engine rpm indicator, 7. 
Exhaust pipe, 8. Brake power indicator
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Table 8.2 Loading pattern 
for 100-h test Load (% of rated load) Running time (min) 

100 93.75 (11.72 min warm-up) 

50 93.75 

100 23.45 

No-load 11.72 

100 70.31 

50 82 

Total 375 min or 6.25 h 

8.2.5 Investigation of Tribological Behavior of the Engine 

Investigation of soot deposition formation 

The assessment of soot deposition was performed by running the engine for a 
prolonged period of 100 h with each of the fuels (WB20 and Diesel). Initially, the 
engine was dismantled, and the engine components (piston top and cylinder head) 
were cleaned before the long run. The 100-h run was completed in 16 test cycles 
with 6.25 h each. The loading pattern for each test cycle was decided as per IS: 
10000-Part: 9 [13] as given in Table 8.2. After the completion of the 100-h test with 
each fuel, the images of the piston top and cylinder head were captured for quality 
analysis. Similarly, deposited soot particles were carefully scraped using a wooden 
scraper from the engine components and weighed for quantitative assessment. 

8.2.6 Lubrication Oil Defilement Analysis 

The quality of lubrication oil was analyzed by obtaining the concentration of wear 
metal addition in the lubrication oil during and after the 100-h run with each fuel. 
The higher concentration of heavy wear metal in lube oil could lead to increased 
viscosity of lubrication oil which further reduce the quality of lubrication and service 
life of lube oil. The lubrication oil sample was collected from the engine sump at 
25-h intervals during the 100-h test. After completion of the long run with each test 
fuel, the lubricating oil was drained out and fresh lube oil was filled in the engine 
sump. The concentration of various heavy metals (i.e., Fe, Pb, Mn, Mg, and Zn) was 
obtained using atomic absorption spectroscopy (AAS) by performing the dry ash 
technique [10, 14]. The lube oil sample was collected in a 100-ml glass container 
and thoroughly mixed at 50 °C for 1 h using a water bath shaker. Approximately 10 g 
of mixed lube oil sample was then transferred to a dried silica crucible. The lube oil 
sample was then dried for 1 h at 120 °C using a hot plate. Thereafter, the sample was 
placed in a muffle furnace at a temperature of 450 and 650 °C for a time period of 4 
and 2 h, respectively. The persisting ash in crucibles was then dissolved in 1.5 ml of
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Table 8.3 Fuel properties of different test fuels used in the present investigation 

Fuel type Density (kg/ 
m3) 

Viscosity 
(cSt) 

Acid value 
(mg KOH/g) 

Calorific value 
(MJ/kg) 

Flash point 
(°C) 

WB20 850 3.9 0.33 38.90 75 

Diesel 824 2.55 0.13 42.63 58 

IS 15607:2016 
for biodiesel 
B100 

860–900 3.5–5.0 <0.5 – > 101 

IS 1460:2017 
for diesel 

820–860 2.0–5.0 <0.2 – < 66  

ASTM 
methods 

D 4052-22 D 446-12 D 5555-14 D 240-19 D 93–20 

HCl. Thereafter, 100 ml of deionized water was added to the solution and subjected 
to metal detection using AAS. 

8.3 Results and Discussion 

8.3.1 Fuel Properties 

Fuel properties of WB20 and diesel were measured and compared as mentioned 
in Sect. 2.2. The various fuel properties are mentioned in Table 8.3. All the fuel 
properties for both WB20 and diesel fuel were found within the limits prescribed by 
the updated Indian standards for diesel and biodiesel. 

8.3.2 Combustion, Performance, and Exhaust Emission 
Characteristics 

Ignition delay (ID) 

In diesel engines, investigation of chemical delay has a great impact as it displays the 
rate of fuel burning and ability of the fuel to form NOX emissions during combustion. 
The variation of ID with engine load and fuel type is portrayed in Fig. 3a.

Effect of load on ID 

From the figure, it can be concluded as the engine load increased, ID was reduced 
for both the test fuels. At greater loads, the elevated cylinder temperature favors the 
vaporization of the fuel and causes a decrement in ignition delay.
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Fig. 8.3 Variation of ID and BTE with engine load and fuel type

Effect of fuel type on ID 

The water-emulsified biodiesel WB20 showed higher chemical delay as compared 
to diesel at all the tested loads. The WB20 fuel absorbed a fraction of heat to 
vaporize its fuel-borne H2O during the burning process, hence fending the initiation 
of combustion favoring to higher ignition delay. 

8.3.3 Brake Thermal Efficiency (BTE) 

Brake thermal efficiency is an indication of the transformation of chemical energy into 
mechanical work. The variation of BTE with engine load and fuel type is portrayed 
in Fig. 3b. 

Effect of load on BTE 

Figure 3b displays that the BTE improved with the engine loading for both the 
tested fuels up to semi highest engine loading (i.e., up to 75% engine load). The 
brake power increased at a higher rate compared to fuel consumption rate leading to 
increased BTE for loading up to 75% load. At full load, the losses of injected fuel 
were dominating factors and subsequently reduced the BTE. 

Effect of fuel type on BTE 

AT the initial loads (up to 50%), diesel showed higher BTE as compared to WB20 as it 
has a higher heating value than the WB20 fuel which ensured lesser fuel consumption 
of diesel as compared to WB20. Beyond 50% load, WB20 showed higher BTE 
as compared to pure diesel. It was due to subsidiary atomization provided by a 
micro-explosion of the H2O droplets at the elevated temperature of the combustion



8 Investigation of Tribological Behavior of a Single Cylinder Diesel … 101

chamber for WB20. The enhanced fuel mixing favored the combustion efficiency of 
WB20 leading to increased BTE as compared to diesel. 

8.3.4 NOX Emissions 

The elevated combustion temperature, presence of reactive O2, and availability of 
reaction time are the main factors for NOX formation in the exhaust emission. The 
behavior of NOX formation with engine loading and fuel type is portrayed in Fig. 4a. 

Effect of load on NOX 

With the increase in load NOX emissions were found to be increased. As the load 
increased, the combustion temperature was increased due to increased fuel consump-
tion at higher loads which liberated more energy in the combustion chamber leading 
to the higher in-cylinder temperature at higher loads. The elevated temperature 
contributed more to the formation of NOX at higher engine loads as compared to 
low engine loads. 

Effect of fuel type on NOX 

Water-emulsified biodiesel (WB20) fuel showed lesser NOX concentration as 
compared to diesel. The energy absorption phenomenon by water droplets decreased 
the in-cylinder temperature in the case of WB20 fuel. The enhanced air–fuel mixing 
in WB20 mended the combustion efficiency and the extra oxygen of WB20 was taken 
for the combustion of fuel resulting in reduced NOX emission formation [15, 16]. 
Both reduced temperature and lesser oxygen availability helped WB20 to produce 
lesser NOX emissions.
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8.3.5 Emissions of Hydrocarbon (HC) 

The hydrocarbons were mainly emitted due to the partial combustion of fuel in the 
combustion chamber. The behavior of HC formation with engine load and fuel type 
is portrayed in Fig. 4b. 

Effect of load on HC 

As the load increased HC emissions were increased for the fuels as the higher amount 
of fuel was injected at a higher load. The higher quantity of fuel requires extra 
oxygen for complete burning and due to this unburnt fuel remained in the combustion 
chamber leading to higher HC at higher loads. 

Effect of fuel type on HC 

The water-emulsified fuel showed lesser HC emissions as compared to diesel owing to 
its higher combustion efficiency as discussed in earlier section of ignition delay. The 
micro-explosion phenomenon and presence of extra oxygen in WB20 fuel contributed 
to more conversion of fuel particles into combustion products resulting in lesser HC 
emissions over diesel. 

8.3.6 Tribological Behavior of the Engine 

The carbon deposits over the cylinder head and piston crown were measured quan-
titatively and qualitatively and shown in Fig. 8.5. The water-emulsified fuel showed 
lesser soot deposits after 100 h long run of the engine as it burnt more effectively in 
the engine as discussed in the section of BTE. The lesser amount of soot deposits with 
WB20 fuel was also supported by the result obtained in the HC emissions section as 
the lesser concentration of HC emissions was observed with WB20 fuel.

The addition of various heavy metals in the lubrication oil was measured by taking 
out samples at every 25 h of engine run and are portrayed in Fig. 8.6. It is clear from 
the figure that all the wear metals were lesser for water-emulsified fuel as compared 
to diesel fuel. The vegetable oil-based WB20 fuel provided additional lubricity to 
the engine components leading to a lesser heavy metal concentration in the lube oil 
as compared to diesel-operated engine.
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Fig. 8.5 Soot deposition formation over cylinder head and piston top

8.4 Conclusions 

Based on the experiments conducted, it can be concluded that water emulsified 
biodiesel showed improved performance and reduced emission level as compared 
to diesel-operated engine. WB20 showed 5.14% higher BTE at 75% engine load, 
whereas 8.77–19.71% lesser HC, 1.71–13.80% lesser NOX emissions as compared 
to diesel. The developed fuel WB20 needs no engine modifications as the engine 
behaved normally during the 100-h long run tests. WB20 showed 16.94 and 14.45% 
lesser carbon deposits over cylinder head and piston top, respectively. Therefore, the 
developed water-added biodiesel–diesel fuel blend (WB20) can be recommended as 
potential replacement of the diesel.
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Chapter 9 
Catalytic Pyrolysis of Mixed Plastic 
Waste Using Synthesized Composite 
Catalyst 

Prathiba Rex 

Abstract Thermocatalytic pyrolysis was used to degrade two types of plastic waste, 
such as polystyrene waste (PSW) and polypropylene waste (PPW) and their mixtures. 
The product yield (in wt%) of oil, gas and residue was obtained, and the oil properties 
were determined. Three types of catalysts were used: kaolin, hydrochloric acid-
treated bentonite and a composite catalyst, Ni:Al:Mg (equal ratio). The composite 
catalyst was prepared by using the precipitation method. For the pyrolysis of single 
and mixed plastic waste, all three catalysts were used. It was found that acid-treated 
bentonite and composite catalysts slightly increased the oil yield of mixed plastic 
waste. The product yield of the synthesized Ni:Al:Mg catalyst was 86.43 wt% of 
oil yield, 13.43 wt% of gas yield and 0.2 wt% of solid residue at a ratio of 10:1 wt/ 
w (polymer:catalyst). It was noted that the addition of catalyst reduced the reaction 
temperature from 482 to 475 °C. The oil properties were compared to the diesel values 
of the Bharat Stage IV standard. It is highlighted that the addition of polypropylene 
waste to polystyrene waste significantly reduced the aromatic content of the oil. 

Keywords Pyrolysis · Polystyrene · Polypropylene · Catalyst · Density ·
Viscosity 

9.1 Introduction 

Plastic has a major role in our daily lives, which has increased the production rate of 
plastics. It is durable, flexible, thermally stable and energy efficient. Plastics’ rapid 
growth leads to an increase in plastic waste in landfills. Almost 300 million tonnes of 
plastic are produced annually and widely used. The majority of plastic waste is buried 
or dumped in the ocean, with very little recycled [1]. Plastics are non-biodegradable 
and take approximately 100 years to degrade, which causes serious degradation to
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the environment [2]. Hence, to mitigate plastic pollution, environmentally sound 
methods should be developed. Nowadays, the recovery of energy from plastic waste 
is an efficient method to reduce the plastic waste load on treatment facilities, and it 
is also economically viable [3]. Thermoplastics are reusable and can be converted 
into liquid form; some examples are polyethylene, polypropylene, polystyrene and 
low-density polyethylene. Thermoset’s plastics have a cross-linked structure and are 
irreversible, e.g. epoxy resin, melamine formaldehyde, polyester and polyurethane. 
Thermoplastics can be used to reuse, recycle and reduce, but thermoset plastics cannot 
be recycled due to their irreversibility. There are different methods to reduce plastic 
waste, such as landfilling, incineration, gasification and hydrogenation. Landfilling 
is suitable for biodegradable waste; plastics are non-biodegradable and cause air 
pollution. They release harmful gases such as CO2 and CH4, leach heavy metals into 
the ground and generate toxic chemicals [4]. Incineration is an exothermic process 
in which the waste materials are burned at very high temperatures to generate heat 
for electricity and release flue gas, CO2 and a stream. Generation of air pollutants 
such as nitrogen (NOx), sulphur dioxide (SO2) and dioxins requires waste disposal 
[5]. Gasification is a partial combustion process that converts waste into syngas (CO 
+ H2), CO2, H2O, CH4 and hydrocarbons. The disadvantage of this process is that it 
produces a lot of tar and generates a lot of H2S and HCl. Hydrogenation is a process 
to convert the feedstock (plastic) to syncrude oil under high pressure (100 bar) in the 
presence of hydrogen, and it produces pollutants like HCl and residues [6]. 

Pyrolysis is a process that decomposes materials at high temperatures in the 
absence of air to convert complex molecules into simpler ones and produce solids, 
liquids and gases. This process depends on the operating conditions such as pyrol-
ysis temperature, catalyst, heating rate, composition of feedstock and residence time. 
It is a promising technique to reduce plastic waste [7]. Low-density polyethylene 
(LDPE) was used for pyrolysis to produce jet fuel and hydrogen. The condensed 
pyrolyzed vapours were passed through magnesium oxide and biomass-derived acti-
vated carbon, and it was noted that the catalyst was more efficient and cost-effective 
[6]. The influence of heating rate and vacuum condition on the composition of the 
fuel product was studied in the pyrolysis of polypropylene waste. From the study, 
it was noted that light and heavy fractions of hydrocarbons were obtained. At 525 
°C, the oil yield was 93 wt% and the heating value was 46 MJ/kg [8]. Sivagami 
K [9] studied the catalytic pyrolysis of various types of polyolefin and multilayer 
plastics such as polyethylene terephthalate (PET), metalized polyethylene tereph-
thalate (MET/PET), biaxially oriented polypropylene (BOPP), metalized biaxially 
oriented polypropylene layers (MET/BOPP) and combined PET and PE with poly-
olefin. 65–70% of the oil yield with a calorific value of 45.24 kJ/g was obtained in 
BOPP. 

Merve Sogancioglu [10] investigated the quantity and energy recovery poten-
tial of waste plastics pyrolysis liquid products. Pyrolysis temperature (300–700 °C), 
oil yield, unwashed, pre-washed and heat value were examined for plastics like 
polyethylene terephthalate (PET), polystyrene, high-density polyethylene (HDPE), 
low-density polyethylene and polypropylene. HDPE has a higher yield and a wide 
range of hydrocarbons from C10 to C40. The heat values of HDPE and PP increased in
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prewashing; no effect was observed in LDPE, PET or PS. Anuar Sharuddin [11] inves-
tigated the energy recovery from plastic waste pyrolysis: A study on non-recycled 
plastics (NRP) as a true measure of plastic waste. With different weight percentages 
of PS, a fixed weight mixture of plastics (HDPE, 26.2%, LDPE, 31.1%), PP, 8.2% 
and PS, 13.0%) is used. The maximum amount of oil was obtained at 100 wt.% of PS; 
it was understood that oil yield increased with an increase in PS in waste mixtures. 

From the literature, it reveals that there are limited studies for the pyrolysis of 
plastic mixtures using composite catalyst hence this study was conducted to experi-
ment the different catalysts that can be used for plastic and its mixtures. The product 
oil was also ascertained to determine its usage as an alternative for fuel production. 

9.2 Experimental Methods 

9.2.1 Materials 

Polystyrene waste is the rulers, and polypropylene waste is the plastic syringes; they 
are shredded, washed, and dried. Kaolin, bentonite and dried magnesium sulphate 
were procured from Sisco Research Laboratories (SRL). Nickel sulphate hexahydrate 
was purchased from Sigma Aldrich. All the chemicals used are of analytical grade, 
and the solution was prepared using distilled water. 

9.2.2 Preparation of Acid Bentonite Catalyst 

100 g of bentonite were mixed with 2 L of 1 M HCl and stirred continuously for 
24 h at room temperature. The mixture was centrifuged and washed with distilled 
water until a neutral pH was reached, and then filtered and dried at 105 °C for 24 h 
[12]. Figure 9.1 shows the bentonite catalysts before acid treatment and after acid 
treatment.

9.2.3 Preparation of Composite Catalyst 

A composite catalyst was prepared by using the precipitation method shown in 
Fig. 9.2. Ni:Al:Mg (1:1:1). The catalyst was made up of equal parts 1 M NiSO4·6H2O, 
Al(SO4)3·18H2O and MgSO4. They were mixed together, and 1 molar of NH4OH 
was added until the pH value reached 8.3. For 12 h, the precipitate was stirred at 
350 rpm at 40 °C. Then, the mixture was cooled to room temperature, washed with 
distilled water and centrifuged to remove unreacted molecules. The mixture was then 
dried at 105 °C for 24 h and calcined at 750 °C for 3 h [13].
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Fig. 9.1 a Bentonite b acid-treated bentonite

Fig. 9.2 a Composite catalyst before calcination b composite catalyst after calcination 

9.2.4 Recyclability Experiments 

Xylene was used to regenerate the catalyst. To remove oil, xylene acts as a clearing 
agent. The catalyst was soaked in 30 ml of xylene for 10 min after use. The catalyst 
was filtered and thoroughly washed with distilled water after 10 min to remove any 
residual xylene. The catalyst was then dried in an oven and calcined at 750 °C before 
being named “RC” (recycled catalyst) [14].
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Fig. 9.3 Pyrolysis experimental setup 

9.2.5 Pyrolysis Experiments 

Figure 9.3 depicts the pyrolysis experiment of plastics. An electrical heater was used 
as a heating source where the reactor is heated at a higher temperature to decompose 
the plastic, and an outlet at the top of the reactor was connected to the condenser 
where the cooling water was circulated, which condensed the volatile compounds. 
The condensed liquid was collected in a pyrolysis oil collector and stored. Residue 
was collected at the bottom of the reactor. 

9.2.6 Characterization of Catalyst 

The surface area properties of the catalyst were analysed using a porosimeter. In 
order to determine the total acidity, catalyst was mixed with 0.1 N of NaOH (1:40 
w/v) and stirred for 3 h. Two drops of phenolphthalein indicator were added to the 
mixture and then titrated with 0.1 N of HCl solution [15]. Equation 9.1 gives the 
total acidity equation, where V1 and N1 are the volume and normality of NaOH, V2 

and N2 are the volume and normality of HCl, and M1 is the mass of catalyst in g. 

Total acidity, (mmol/g) = v1 N1 − v2 N2 

M1 
(9.1)
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9.2.7 Characterization of Product Oil 

Fourier transform infrared spectroscopy (FTIR) was used to determine the functional 
groups of the product oil. The manufacturer of FTIR is Perkin Elmer, which can scan 
a range of 4000–450 cm−1 with a resolution of 1 cm−1. The physical properties 
of oil were determined using Indian standard methods. The viscosity of the oil was 
determined using an Ostwald viscometer, and the standard method was IS:448 [P:25] 
(1976). The aniline point was determined by using IS:1448 [P:3] (2007) and ISO 
2977 (1997). Cloud point and pour point are determined by using apparatus, and 
the method used was IS:1448 [P:10] (1970). The smoke point was determined by 
IS:1448 [P:31] (1968). 

9.3 Result and Discussion 

9.3.1 Thermal Pyrolysis of Plastic Waste 

50 g of samples were used for each pyrolysis process. From Table 9.1, it can be seen 
that the thermal pyrolysis of polystyrene waste produced 85.76 wt% of oil yield. 
The addition of PSW to polypropylene waste increased the oil yield and reduced the 
gas yield. This is due to the reduction of long-chain polymer molecules, which has 
resulted in an increase in oil yield [16]. It was also noted that the production of non-
condensable gases will be higher in the pyrolysis of PPW. The reaction temperature 
of PPW pyrolysis was 496 °C, and in the literature, it was studied that an increase in 
the reaction temperature would promote the production of gases. It is clear that there 
is a cross-interaction between the reaction intermediates and the volatiles in mixed 
plastic of PSW + PPW; additionally, cofeeding of PSW + PPW increases the gas 
yield while decreasing the oil yield [17]. 

Table 9.1 Yield of thermal pyrolysis 

Plastic Wt. (g) Temperature 
(°C) 

Time (min) Oil yield 
(wt%) 

Residue yield 
(wt%) 

Gas yield 
(wt%) 

PSW 100 468 66 85.76 0.77 13.47 

PPW 100 496 74 74.3 0.01 25.69 

PSW + 
PPW 

50geach 482 67 81.3 0.9 17.8
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Table 9.2 Characteristics of catalyst 

Catalyst Surface area (m2/g) Pore size (nm) Total acidity (mmol/g) 

Kaolin 46.8 21.34 0.010 

Acid-treated bentonite 128.13 37.80 0.112 

Ni:Al:Mg 133.76 29.35 0.135 

9.3.2 Catalytic Pyrolysis 

In catalytic pyrolysis, the ratio was maintained at 10:1 (polymer:catalyst) for all the 
experiments. The use of kaolin catalyst has slightly increased the oil yield of PSW 
and its mixtures. A slight reduction in gas yield was also noted with the use of kaolin 
as a catalyst. This enunciates that the addition of kaolin catalyst will enhance the oil 
production since the catalyst has a well-formed porous structure and acid values for 
the degradation reaction to occur, which is shown in Table 9.2 [18]. Product yield 
of catalytic pyrolysis is given in Table 9.3. It should be noted that the composite 
catalyst Ni:Al:Mg showed a good increase in oil yield for plastic mixtures. This 
can be due to a reduction in reaction temperature from 482 to 475 °C, since a lower 
reaction temperature will increase the production of oil. The residue yield of catalytic 
pyrolysis shows a slight increase compared to thermal pyrolysis; the reason will be the 
clogging of pores after multiple reactions take place on the surface of the catalyst. In 
general, all three catalysts have shown a good increase in oil yield and a slight increase 
in residue content. Figure 9.4 shows the pyrolytic oil obtained from different types of 
catalysts. Recyclability experiments were performed to ensure that the catalyst could 
withstand multiple experimental runs. Recyclability experiments were carried out in 
accordance with Sect. 2.4. Kaolin recycled catalyst was able to retain an oil yield of 
87.35, 2.16 wt% of residue and 10.49 wt% of gas yield. It was observed that for the 
first two recyclable runs, the kaolin catalyst retained its oil yield, and thereafter, gas 
yield started to increase. This increase in gas yield can be due to the weakening of 
pores and active sites [14].

9.3.3 FTIR Analysis of Product Oil 

Fourier transform infrared spectroscopy is a technique for determining a sample’s 
chemical composition and physical state. It is used to identify the unknown compo-
nents and also quantify the functional group of the sample using a standard reference. 
Figure 9.5 shows the peak at 3695, 3070, 3075 and 3017 cm−1 that corresponds to 
O–H stretching [19]. The peaks at 2840 and 2912 cm−1 contain C–H stretching 
that implies the presence of an alkane group. Be consistent with N=N=N stretching, 
which contains the azide group, at 2156 cm−1. 1741 and 1729 cm−1 correspond 
to CO stretching. A peak of 1372 cm−1 resembles S–O stretching, which repre-
sents the sulfonate group. The peak at 1202 cm−1 corresponds to C–O stretching,
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Table 9.3 Yield of catalytic pyrolysis 

Plastic Catalyst Ratio Temperature 
oC 

Time 
min 

Oil yield 
(wt) 

Residue 
yield 
(wt%) 

Gas yield 
(wt%) 

PSW Kaolin 10:1 472 69 89.28 1.5 9.22 

PPW 506 78 78.96 0.12 20.92 

PSW + 
PPW 

491 69 82.86 0.26 16.88 

PSW Acid-treated 
bentonite 

10:1 466 71 87.22 0.16 12.62 

PPW 490 77 77.67 0.05 22.28 

PSW + 
PPW 

479 71 86.94 0.19 12.87 

PSW Ni:Al: Mg 10:1 469 72 86.69 1.33 11.98 

PPW 503 80 77.48 0.15 22.37 

PSW + 
PPW 

475 70 86.37 0.2 13.43 

Fig. 9.4 Pyrolytic oil obtained from a PSW + PPW + Kaolin b PSW + PPW + acid treated 
bentonite c PSW + PPW + Ni:Al:Mg

which contains the ester group. 985 cm1 is associated with C–C bending, indi-
cating the presence of an alkene group. 884 cm1 and 770 cm−1 correlate with C–H 
bending. Properties of oil describe the oil quality, ignition quality, aromaticity, igni-
tion delay period, heavy/lighter fraction, engine performance, suitability of oil at 
cold temperatures and flow of oil.



9 Catalytic Pyrolysis of Mixed Plastic Waste Using Synthesized … 115

Fig. 9.5 FTIR analysis of a PSW product oil and b PPW product oil 

9.3.4 Properties of Oil 

Properties of oil describe the oil quality, ignition quality, aromaticity, ignition delay 
period, heavy/lighter fraction, engine performance, suitability of oil at cold temper-
atures and flow of oil. Table 9.4 shows the properties of oil, in which the density 
of PPW pyrolysis oil from both the thermal and catalytic processes have a lower 
value than diesel, which implies the presence of lighter hydrocarbons. Lower kine-
matic viscosity pyrolysis oils than diesel provide better fuel atomization. Aniline 
points greater than 200 are paraffinic, lower than 150 are aromatic, and in between 
these two temperatures are naphthene and olefins, indicating that PSW pyrolysis oil 
has a higher aromatic content than PPW pyrolysis oil [20]. PPW oil has a higher 
API gravity than diesel, whereas PSW oil has a lower API gravity than diesel. The 
diesel index provides the ignition quality of oil; if the diesel index value is high, it 
implies the presence of a higher quantity of paraffin, and a lower value shows a higher 
aromatic content. Diesel with an index greater than 50 burns oil completely and is 
more expensive. The cetane number of PPW is higher than diesel, which implies 
good fuel atomization. The cloud point and pour point for the oils are lower, which 
indicates a lower operating condition. The flash and fire points of pyrolysis oil are 
lower than standards, which gives better ignition quality.
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Table 9.4 Oil properties of mixed plastic waste 

Properties PSW + PPW PSW + PPW 
+ Kaolin 

PSW + PPW 
+ acid treated 
catalyst 

PSW + PPW 
+ Ni:Al:Mg 

Diesel (Bharat 
stage IV 2017) 

Density (g/ml) 0.884 0.862 0.872 0.870 0.815–0.845 

Kinematic 
viscosity (cSt) 
@ 40 °C  

1.102 0.980 1.103 1.064 2–4.5 

Specific 
gravity @ 
15 °C 

0.929 0.847 0.868 0.861 0.84 

Aniline point 
(°F) 

98.6 109.4 113 111.2 >120 

API gravity 20.81 35.52 31.61 32.82 30–40 

Diesel index 20.52 38.85 35.72 36.49 <55 

Cetane 
number 

24.36 37.20 35.0 35.54 51 

Cloud point 
(oC) 

−5 −5 −5 2 – 

Pour point 
(°C) 

<−10 <−10 <−10 −1 3 

Flash point 
(°C) 

30 30 30 30 66 

Fire point (°C) 34 34 34 34 – 

9.4 Conclusion 

Pyrolysis of plastic wastes such as polystyrene (PSW), polypropylene (PPW) and 
mixtures of PSW and PPW was conducted with thermal and catalytic (kaolin, acid-
treated bentonite and Ni:Al:Mg) processes. Three types of catalysts were used, 
including natural clay kaolin and HCl acid-treated bentonite clay. Among these three 
catalysts, kaolin provided a better oil yield with a lower gas yield. The oil yield of 
PSW in both thermal and catalytic pyrolysis was higher than that of PPW and PSW 
+ PPW. The properties of pyrolysis oil were discovered to be slightly similar to 
diesel values. The properties of PSW pyrolysis oils imply a larger aromatic content, 
whereas PPW contains a higher paraffinic content. Thus, this study highlights the 
use of plastic waste to produce oils, which can be used for fuel production.
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Chapter 10 
Utilization of Karanja Seed Shells 
as a Sustainable Heterogeneous Catalyst 
for Biodiesel Production 

Pooja Prajapati, Sakshi Shrivastava, Varsha Sharma, Priyanka Srivastava, 
Virendra Shankhwar, Arun Sharma, S. K. Srivastava, and D. D. Agarwal 

Abstract Development of inexpensive catalysts for biodiesel production has long 
been favored by researchers. In the present study, the ash from burned discarded 
Karanja seed shells (KSS) has been found to be one of the most economically and 
environmentally sustainable materials as a heterogeneous base catalysts for biodiesel 
production. The catalytic activity of Karanja seed shells ash as a heterogeneous 
catalyst in biodiesel production was studied using soybean oil methanolysis. Various 
methods characterized catalysts, such as XRD, WD-XRF, SEM–EDX, FT-IR, BET, 
and TGA. Soybean oil biodiesel was converted under the following experimental 
conditions, as determined by 1H NMR, FT-IR, and GC–MS: a catalyst dose of 2 
wt%, methanol to oil molar ratio of 10:1, a reaction temperature of 65 °C, a reaction 
time of 60 min. The reuse of a catalyst was also evaluated, keeping a high biodiesel 
yield for up to four cycles. 

Keywords Karanja seed shell · Transesterification · Heterogeneous catalyst ·
Soybean oil · Biodiesel 

10.1 Introduction 

Consumption of fossil fuels, which have been depleted due to rapid scientific and 
technological progress particularly industrialization is increasing rapidly, as is the 
energy demand. As a result, researchers are looking for green and clean fuels as 
viable sources of alternative energy because of current environmental concerns.
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Carbon dioxide, sulfide, and nitrogen oxides are among the dangerous gases emitted 
by traditional fossil fuel combustion. These pollutants have a variety of negative 
health and environmental effects. Clean and environmentally friendly fuels are being 
researched as a result of the above issues [1–7]. Biodiesel, being a renewable fuel, 
adapts as a great alternative to fossil fuels because it is environmentally friendly 
[8–10]. Biodiesel provides several benefits due to its high cetane number, high flash 
point, excellent lubricity, low viscosity, non-toxicity, biodegradability, and produces 
low greenhouse gases. Additionally, without requiring any modification, it can be 
used straight in diesel engines [11, 12]. 

Biodiesel, like conventional diesel, is derived chemically from the triglycerides of 
vegetable or animal oils and alcohol. Biodiesel production depends on either homo-
geneous or heterogeneous acidic or basic catalysts [13–16]. The catalyst is essential 
to the production of biodiesel. Typical transesterification methods use homogeneous 
basic catalysts, such as NaOH or KOH, which are poisonous, corrosive, and chemi-
cally manufactured [17]. Furthermore, homogenous catalysts drive production costs, 
produce wastewater, reduce biodiesel yield, and cannot be recycled. While low-cost, 
solid heterogeneous catalysts with high catalytic activity may accelerate the produc-
tion of green biodiesel. In this context, waste utilization improves solid waste disposal 
and pollution reduction while being cost-efficient. The use of heterogeneous catalysts 
derived from biomass waste is becoming increasingly common to produce biodiesel. 

Waste biomass ash catalysts that can be used to produce biodiesel have been 
evaluated in numerous studies, such as the use of banana peel ash, orange peel, 
pineapple leaves ash and sugarcane leaves ash, Brassica nigra plant ash, wheat bran 
ash, coconut husk ash, rice husk ash, palm oil mill boiler ash, biomass bottom ash 
and fly ash, Torrey ash, waste ginger leaves ash, moringa leaves ash, wood ash, 
Tamarindus indica fruit ash, walnut shell ash, hazelnut shell ash and acai seed ash 
among others [18–34]. These catalysts are typically produced by drying and burning 
biomass (at temperatures ranging from 350 to 900 °C). Milling, impregnation of 
active compounds, drying, and calcinations are all part of their preparation. Although 
incorporating the active element into the ash enhances the stability of these catalysts, 
the production process seems to be more difficult and requires the use of solvents. 
As a result, in the current work, simple combustion was used to obtain ash from 
discarded Karanja seed shells. 

Karanja seed shells, environmentally and economically are a suitable choice for 
catalyst development due to their high alkaline (basic) content. Karanja, also known 
as Pongamia Pinnata, can easily grow on the edges of roadways, rivers, and agri-
cultural boundaries with no maintenance. It is a medium-sized tree that develops in 
four to five years and is abundantly available in India. It is resistant to heat, drought, 
salinity, and cold. From the Himalayan foothills to Kanyakumari, it can be found 
in India and many other regions [35]. The Karanja tree plant has a variety of uses 
notably it is used in the production of soap, lamp fuel, finishing and tanning of leather, 
veterinary medication, and other products that are used to cure humans and animals. 
The oil of Karanja seed is utilized as a feedstock in the production of biodiesel. But 
karanja seed shells, which are elliptical, 2–3 cm broad, 3–6 cm long have a thick 
walls and contain a single seed, are discarded [35]. However in this research we used
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discarded Karanja seed shells as catalyst because they are rich in alkaline elements 
and act as a viable, long-lasting precursors to produce biodiesel. Particularly in rural 
India, the Karanja (Pongamia pinnata) tree’s seed shells are a common agricultural 
waste. 

As a consequence, the feasibility of KSS ash as a green heterogeneous catalyst for 
biodiesel production utilizing soybean oil has been investigated in the present work. 
The catalyst was analysed to illustrate how the structure, elemental composition, and 
morphology impacted the production of biodiesel. Investigations were conducted 
into how reaction conditions affected the transesterification reaction. In addition, 
four reuse cycles were performed to assess the catalyst’s reusability. Thus, it has a 
promising possibility for biodiesel production. As far as we are aware, no one has 
discussed KSS ash as a heterogeneous catalyst for the production of biodiesel. 

10.2 Materials and Methods 

10.2.1 Materials 

For the catalyst preparation, Karanja seed shells were collected from the Jiwaji 
University campus in Gwalior, Madhya Pradesh, India. A market in Gwalior, Madhya 
Pradesh, India, was visited to obtain soybean oil to test the proposed catalyst’s 
catalytic performance. The methanol was acquired from Merck and was of HPLC 
quality (purity of 99%). Rankem’s distilled water was used throughout the research. 
All chemicals were utilized without any purification. 

10.2.2 Catalyst Preparation 

The Karanja seed shells were collected and sun-dried for 10 days after being rinsed 
many times with distilled water to remove impurities. The Karanja seed shells were 
crushed and burned in the air to produce an ash catalyst. In a muffle furnace, the 
catalyst was calcined for 4 h at 250–850 °C. To keep the catalyst from coming into 
contact with air, it was placed in a desiccator. 

10.2.3 Catalyst Characterization 

The crystalline phases of the calcined KSS ash catalyst is investigated by an X-ray 
powder diffractometer (XRD) on a 5th-generation Rigaku (Model No. Mini flex 
600). X-ray fluorescence (WD-XRF, PANalytical spectrometer, AxiosMAX, The 
Netherlands) was employed to determine the elemental composition of the catalyst.
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Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) is used 
to measure the surface morphology and elemental distribution of the catalyst on 
the Carl Zeiss Ultra Plus model. A Fourier transform infrared spectrometer (FT-
IR; serial number 105627) from Perkin Elmer was used to record the functional 
groups of the calcined KSS ash catalyst. The BET (Brunauer—Emmett—Teller) 
method was used to determine surface area, porosity, and pore diameter in N2 gas 
using the BELSORP MAX equipment. To ascertain the thermal decomposition of 
the catalyst, a thermogravimetric instrument (Shimadzu TGA50 series), was used. 
And the basicity of the KSS ash catalyst was evaluated by the Hammet indicator 
titration method using benzoic acid [15]. 

10.2.4 Transesterification Procedure 

There were three-necked 250 mL round-bottom flasks with refluxing condensers and 
temperature-regulated magnetic stirrer used for transesterification. At room temper-
ature, the magnetic stirrer was used to swirl the round bottom flask for 10 min to 
ensure that the catalyst and methanol were homogeneously mixed. Then the soybean 
oil was poured into a round-bottom flask. At 65 °C and steady stirring, the transes-
terification reaction takes 60 min. After cooling, the mixture was transported to a 
three-layer separation funnel for further processing. Top to bottom, the layers were 
dominated by FAME (fatty acid methyl ester), followed by glycerin and catalyst. 
The top fraction’s unreacted methanol was evaporated at a lower pressure. Before 
drying, the liquid was properly washed to remove any contaminants and then used 
to make soybean oil methyl esters. 

10.2.5 Biodiesel Analysis 

The produced biodiesel was tested using 1H NMR (Nuclear magnetic resonance spec-
troscopy), GC–MS (Gas chromatography-mass spectrometry), FT-IR, and ASTM 
(American society for testing and materials) standards. In the presence of CDCl3, a  
solvent, a JEOL ECZ500R/S1 (500 MHz) spectrometer recorded 1H NMR spectra 
of the soybean oil and formed biodiesel. To check the conversion of triglycerides 
into Fatty Acid Methyl Esters (FAME), GC–MS (Clarus*680 GC, Clarus*SQ8C 
MS) was used. Functional groups were studied using the Perkin Elmer’s FT-IR 
spectrophotometer (Serial No. 105627).
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10.3 Results and Discussion 

10.3.1 Catalysts Characterization 

Powder XRD Analysis 

X-ray diffraction spectrum of calcined KSS ash is given in Fig. 10.1. Various potas-
sium (KCl, K2O, and K2CO3) and oxide (CaO and SiO2) compounds responsible 
for catalytic activity in the catalyst were found. Potassium was found in the catalyst 
in the forms of KCl, K2CO3, and K2O, and was determined to be a key component. 
According to the XRD pattern, the peaks at 2θ values of 28.298, 40.427, 50.088, 
58.601, 66.297, and 73.594 are attributable to KCl (JCPDS file no 41-1476). This 
discovery was made in a similar experiment by Vadery and colleagues, who found 
that 2θ values for KCl in coconut husk were identical [26]. K2CO3 (JCPDS file no 
87-0730) is attributed to the peaks at 26.278, 29.734, 31.27, and 41.722, whereas 
K2O (JCPDS file no 77–2176) is assigned to the peaks at 27.87, 38.792, 46.78, and 
48.10. The presence of CaO was identified at 2θ = 32.670, 37.109, and 54.05 (JCPDS 
file no 82-1691) and the peaks at 21.283 and 43.296 confirm the existence of SiO2 

in the catalyst (JCPDS file no 81-0069). According to the XRD data, the catalyst 
contains a number of basic oxides and carbonates of K, Ca, and Si. 

WD-XRF Analysis 

The inorganic component of the calcined KSS ash catalyst was assessed using WD-
XRF analysis, and the findings are shown K (51.199%), Ca (12.915%), P (9.686%), Cl 
(9.117%), Mg (4.088%), Na (0.560%), Al (0.324%), S (7.413%), and other elements 
were in abundance in the catalyst. Some transition metal oxides also coexisted with 
these metal oxides in trace amounts. From the XRF results we can conclude that K,

Fig. 10.1 XRD pattern of calcined KSS ash catalyst 
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is the primary basic metal accountable for catalytic activity in the transesterification 
reaction to produce the biodiesel [20], as proven by XRD analysis. 

FT-IR Analysis 

As depicted in the Fig. 10.2, in the calcined KSS catalyst OH groups are attributed to 
3139 cm−1, whereas CO stretching frequencies at 1646 and 1373 cm−1 are ascribed to 
CO stretching frequencies in the form of K2CO3 [40, 41], and CO bending frequency 
in carbonates was evident at 1117 cm−1, which confirmed that K2CO3 was present 
[24, 37, 39]. The signal at 844 cm−1 may likely show the presence of the CO3 

2−group 
[42]. Si–O–Si stretching band of SiO2 is represented by a peak at 1041 cm−1, while 
OH bending vibrations of water molecules adsorbing on the catalyst are represented 
by peaks at 616 cm−1. The 532 cm−1 signal is caused by bond stretching vibrations 
of K–O and CaO, indicating the presence of these components in the catalyst. All of 
the peaks found in the calcined KSS ash catalyst are observed in the calcined ashes 
of banana peel, B. nigra leaves, cocoa pod husk, plantain peel, and C. papaya stem 
[19, 24, 36–38]. When K and Ca oxides were present, their catalytic activity was 
improved, as was demonstrated in this study. 

SEM analysis. Figure 10.3a–c, reveals surface structure and morphology of the 
prepared KSS catalyst. Porous surface morphology and aggregation of large surface 
area particles suggest that the KSS-calcined catalyst has a large surface area. This 
micrograph displays the calcined catalyst’s fibrous structure and spongy texture.

EDX analysis. An EDX test was performed to determine the quantitative element 
composition of the catalyst, which revealed that it includes various alkali and alkaline 
earth metals, including K (65.88%), Ca (25.55%), Si (3.34%), Mg (3.22%), Na 
(4.34%), Al (0.38%), and Ti (0.21%), as shown in Fig. 10.4. According to EDX
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Fig. 10.2 FTIR pattern of calcined KSS ash catalyst 
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c b a 

Fig. 10.3 SEM images (a–c) of calcined KSS ash catalyst

analysis, K is the most prevalent metal, followed by Ca. The outcomes of EDX and 
WD-XRF are indeed very similar. 

TGA analysis. Thermal gravimetric analysis (TGA) was used to investigate the 
weight loss percentage of the calcined KSS ash catalyst. Figure 10.5, depicts the 
relationship between weight loss percentage and temperature as a whole. The weight 
loss of 22% upto 200 °C is due to KSS catalyst decomposition in an N2 environment. 
The carbonaceous material of the calcined KSS ash catalyst undergoes oxidation with 
the generation of CO2, CO, and other gases, resulting in a further drop in catalyst 
mass above 200 °C [20].

BET analysis. Surface area and pore structure had an impact on catalytic activity 
in the transesterification reaction. KSS has a total specific surface area of 4.2454 
m2 g−1, and pore volume of 0.0056302 cm3 g−1. The catalyst’s N2 adsorption– 
desorption isotherm exhibited the Type-IV isotherm (Fig. 10.6), that is particularly 
closely followed by mesoporous material. A mesoporous material can increase the 
rate of reaction by dispersing the reactants throughout its pores. On the other hand,

Fig. 10.4 EDX spectra of calcined KSS ash catalyst 
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Fig. 10.5 TGA thermogram of calcined KSS ash catalyst

microporous materials have a lower reaction rate than mesoporous materials because 
reaction occurs at the pores’ entrances [39, 48]. As a conclusion, this mesoporous 
calcined KSS ash catalyst has the potential to considerably improve reaction rate 
while biodiesel synthesis. 

Basic strength analysis. For the Hammett indicator test to determine basicity, the 
results were based on color variation [43]. Transesterification can be carried out using 
this catalyst due to its high basic strength, as shown by the Hammett indicator test, 
which shows it to be in the 11.5 < H < 15 range in strength. Its basic strength is 
comparable to walnut shell ash, and calcined KSS ash resembles walnut shell ash in 
terms of constituents, with minor differences in element percentages [31]. Increasing 
the basic strength of metal carbonate salts after calcination by heating them to active
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Fig. 10.6 N2 adsorption–desorption isotherm Calcined KSS ash catalyst 
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metal oxide is possible [44]. Metal oxides in groups II and I have a higher basicity in 
terms of transesterification activity [45]. Active methoxy species can be formed when 
protons from MeOH are removed by strong bases [46]. The basicity of a catalyst has 
been shown to boost transesterification activity. 

10.3.2 Catalytic Activity of Catalyst 

Effect of calcinations temperature. Catalytic activity increases when an uncalcined 
catalyst is activated at 650 °C, but it decreases slightly when it is further calcined 
at 850 °C (Fig. 10.7). The catalysts carbonate (CO3 

2–) concentration dropped when 
the calcination temperature was raised to 850 °C; it could be linked to the partial or 
complete breakdown of K2CO3 to K2O at higher temperatures (850 °C). Compared 
to K2O, K2CO3 is more basic because of its weak acid and strong base nature, as 
well as the decrease in carbonate at higher calcinations temperatures [47]. 

Effect of catalyst loading. Transesterification reaction rate and biodiesel yields can 
be affected by catalyst loading. Figure 10.8 shows the results of the catalyst loading 
(0.5, 1, 1.5, 2, 2.5, 3, and 4) in a biodiesel production process using a KSS catalyst 
calcined at 650 °C with a 10:1 methanol to oil ratio at 65 °C. According to the 
findings, the KSS catalyst loading of 2 wt% resulted in the best results, yielding 96% 
biodiesel in a reaction time of 60 min compared to the other catalyst loads. When 
the catalyst loading was increased from 0.5 to 2wt% the reaction time was decreased 
from 180 to 60 min with a marginal rise in biodiesel yield from 55 to 96%. Moreover, 
despite increasing the catalyst loading by 4 wt% while maintaining the same reaction 
conditions, no noticeable improvement/boost in biodiesel yield and reaction time was 
observed. It is also possible that a further increase in catalyst loading may make the 
three-phase solution more viscous, restricting mass transfer between the phases and 
saponification side reactions can be produced, lowering oil conversion for base-
catalyzed reactions. Accordingly, KSS catalyst concentrations of 2 wt% were found

Fig. 10.7 Effect of 
calcination temperature on 
biodiesel yield 
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to be the best experimental conditions for soybean oil transesterification to biodiesel 
[47]. 

Effect of methanol to oil ratio. Methanol to oil ratio effects on biodiesel production 
was also investigated at 65 °C with an optimized reaction time 60 min and catalyst 
dose (2 wt%). Figure 10.9 demonstrates that raising the methanol-to-oil ratio from 
3:1 to 15:1 increases biodiesel output by almost 96%. When the methanol to oil ratio 
is increased to 10:1, it does not reduce the reaction time further without a consid-
erable increase in biodiesel production. This could be because transesterification is 
a reversible process that can be catalyzed both forward and backward by a base; 
however, due to high concentrations of methanol in the reaction mixture, reversible 
reactions occur, formulating monoglycerides and diglycerides, resulting in low oil 
to biodiesel conversion [20]. 

Reusability of the catalyst. Catalyst reusability research is required to establish the 
efficiency of utilizing a catalyst to minimize production costs. The KSS catalyst was 
tested for reusability under ideal conditions, which included a methanol to oil ratio 
of 10:1, 2 wt% catalysts loading, and a reaction time of 60 min at 65 °C temperatures. 
After the transesterification reaction, the product was centrifuged, cleaned, and dried 
overnight in an oven at 100 °C. After 4 h of calcination at 650 °C, the catalyst was

Fig. 10.8 Effect of catalyst 
loading on biodiesel yield 
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Fig. 10.10 Reusability of 
the KSS catalyst 
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reactivated. Then, using fresh reactants, a similar reaction was carried out. The exper-
imental results, shown in Fig. 10.10, demonstrated that the yield dropped to about 
70% after 4th run. As a result, biodiesel yields were found to have decreased signifi-
cantly, possibly due to triglyceride contamination and pores clogged by glycerol and 
triglycerides on the catalyst surface. The catalyst loading was changed after each 
usage to achieve optimal reaction conditions. However, because of leaching during 
the washing phase, there was some catalyst loss in each cycle. This could explain the 
steady decline in yield after each catalytic cycle. Using SEM–EDX analysis of the 
reused catalyst, we discovered a significant decrease in K (59.79%) and Ca (13.89%) 
concentration, which resulted in a low biodiesel yield [20, 48]. 

10.3.3 Biodiesel Characterization 

1H NMR analysis.1H NMR spectroscopy validated the FAME (soybean oil 
biodiesel) conversion, as shown in Fig. 10.11(1) and (2). 

In the 1H NMR spectra of soybean oil biodiesel, the exclusion of glyceridic protons 
and other hydrocarbon protons in the region of 4.0–5.4 ppm, and the inclusion of a 
strong peak at 3.66 ppm (singlet of methoxy proton characteristics) and at 2.31 ppm

Fig. 10.11. 1HNMR of (1) soybean oil and (2) soybean oil biodiesel 
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(a triplet of –CH2 proton characteristics) [20], confirm the synthesis of biodiesel after 
transesterification of soybean oil to fatty acid methyl ester (FAME) by the calcined 
KSS ash catalyst [Fig. 10.11(2)]. 

GC–MS analysis. Analysis of biodiesel’s chemical composition utilizing GC–MS 
testing is depicted in Fig. 10.12. The GC spectra reveals the five different methyl 
esters of fatty acids found in the prepared soybean oil biodiesel were methyl linoleate 
(Rt-21.93 min, C18:2, 43.23%), methyl oleate (Rt-20.38 min, C18:1, 7.57%), methyl 
palmitoleate (Rt-22.03 min, C16:0, 6.05%), methyl stearate (Rt-20.84 min, C18:0, 
5.87%), and methyl nonadecan (Rt-23.18 min C20:0, 3.72%). 

FT-IR analysis. Soybean oil’s C=O stretching vibration at 1744 cm−1 is replaced 
by the methyl esters in the biodiesel’s 1739 cm−1 peak, indicating that the transes-
terification process has gone through an intermediate step (Fig. 10.13). As a result 
of C–H stretching vibrations, soybean oil has peaks at 2923 cm−1 and 2854 cm−1, 
while biodiesel has peaks at 2924 cm−1 and 2854 cm−1. At 1463 and 1377 cm−1, 
the CH3 bending vibrations can be seen in soybean oil; at 1456 and 1436 cm−1 in 
biodiesel. The IR peaks at 1196 cm−1 and 1170 cm−1 for biodiesel and 1160 cm−1 

and 1098 cm−1 for soybean oil demonstrate triglyceride and ester molecule C–O 
stretching bands, respectively. Methyl ester molecules emitted an infrared signal at 
722 cm−1 and 723 cm−1 due to the rocking of fatty acid chains [24].

Physico-chemical properties. Soybean oil biodiesel’s physicochemical qualities 
have been studied using established techniques, as shown in the Table 10.1. The  
properties of the biodiesel fuel made from soybean oil are well within acceptable 
ranges.

Fig. 10.12 GC spectra of soybean oil biodiesel 
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(1) 

(2) 

Fig. 10.13 FTIR spectra of (1) soybean oil (2) soybean oil biodiesel

Table 10.1 Physico-chemical properties of produced soybean oil biodiesel 

S. no Physical properties Standard methods Soybean oil 
biodiesel 

Biodiesel standards 

1 Appearance/color Visual Clear and bright 
yellow 

– 

2 Density @15 °C – 0.8795 gm/cm3 0.86–0.90 g/cm3 

3 Kinematic viscosity 
@40 °C, mm2/S 

IS1448/P-25 6.52 cSt 2.5–6.0 cSt 

4 Flash point °C 
(PMCC) 

IS1448/P-21 170 120 min 

5 Fire point °C 
(PMCC) 

IS1448/P-21 184 – 

6 Cloud point °C IS1448/P-10 (+) 1 – 

7 Pour point °C IS1448/P-10 (−) 2 – 

8 Cetane index D 4737 48.5 51 

9 Oxidation stability 
@110 °C 

EN 14,112 4 h Minimum 3 h 

10.4 Conclusions 

We have emphasized in this work, the Karanja seed shells (KSS) of the Karanja tree, 
which is a widely available as agricultural waste, can be used as a green heterogeneous 
catalyst for the synthesis of biodiesel that is affordable, sustainable, biodegradable, 
and environmentally benign.
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• To provide an efficacy of KSS ash catalyst for soybean oil methanolysis, the 
Karanja seed shell was calcined at 650 °C. According to XRF, EDS, and XRD 
analysis, the catalyst shows the presence of several alkalies and alkaline earth 
metals. K and Ca were the most prevalent elements in the ash’s elemental compo-
sition, which suggests that the prepared catalyst can used as a heterogeneous 
catalyst and increased its catalytic activity to produce biodiesel.

• The KSS ash catalyst demonstrated a yield of 96% production of biodiesel from 
soybean oil in 60 min at 65 °C. The catalyst was reused up to the 4th cycle which 
yielded a drop to 70% after the 4th run. The fuel properties of the produced 
biodiesel also meet biodiesel standards.

• Consequently, utilizing KSS catalyst will result in simple reaction procedures, 
low-cost catalyst preparation, and minimal waste problems for biodiesel synthesis 
on a wide scale. Additionally, this will helps in lowering greenhouse gas emissions 
and waste management for wealth. 
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Chapter 11 
Combined Effect of Preheating 
and Addition of CeO2 Nanoparticles 
in Biodiesel Blend (B20) on Combustion, 
Emission, and Performance of a 10-kW 
Diesel Engine 

Ankush Halba and Hifjur Raheman 

Abstract The objective of the present study was to address several concerns asso-
ciated with biodiesel, such as its higher viscosity and density, while simultaneously 
improving the diesel engine’s efficiency and environmental performance. For this 
purpose, the combined effect of preheating and inclusion of cerium oxide nanoparti-
cles (CeO2) to a biodiesel blend is investigated in a 10-kW diesel engine by analyzing 
its combustion, performance, and emission characteristics. The biodiesel (B100) was 
produced via transesterification of Palm oil in the presence of potassium hydroxide 
and methanol. Subsequently, the fuel blends B20 (80% v/v diesel and 20% v/v 
palm biodiesel) and NB20 (B20 + 60 ppm CeO2 nanoparticles) were prepared for 
conducting experiments. A separate external fuel preheating setup was developed 
for supplying preheated fuel directly to the engine at a specific temperature for the 
fuel blends HB100 (B100 at 70 °C), HB20 (B20 at 55 °C), and NHB20 (NB20 at 
55 °C). The six fuels (B20, HB20, NHB20, B100, HB100, and diesel) were inves-
tigated in a diesel engine at various engine loads (0, 25, 50, 75, and 100%) for the 
present study. The findings of the present investigation revealed that NHB20 showed 
nearly identical performance and emission characteristics to diesel, with the highest 
brake thermal efficiency of 26.98% at 75% engine load compared to diesel (27.17%), 
among the other tested fuels. 
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11.1 Introduction 

Non-polluting alternatives would take decades to replace fossil-based energy carriers 
and combustion engines, such as diesel engines, emphasizing the importance of 
renewable, ecologically friendly energy sources like biodiesel in mitigating the 
vulnerabilities faced during the transition period [1]. However, on the other hand, 
biodiesel has several flaws, such as higher viscosity, fuel economy, density, and lower 
calorific value over diesel fuel, which restricts it from being used in diesel engines 
directly [2]. Injecting preheated biodiesel into the engine cylinder appears to be an 
effective way to deal with the issues of using biodiesel. For instance, Kodate et al. 
[3] wrapped heating cords around the fuel supply line to inject the Karanja biodiesel 
(KB100) at 95 °C preheating temperature in a diesel engine which improved the 
engine’s brake thermal efficiency (BTE) by 9.1% and reduced HC (10.6%) and CO 
(8.1%) emissions compared to non-heated KB100. However, preheating of KB100 
resulted in an increment (5.1%) in NOx emission. Several authors [4, 5] also reported 
similar trends of findings; however, they utilized waste heat of engine exhaust to 
preheat biodiesel and were only able to achieve temperatures of up to 70 °C. In addi-
tion, it was difficult to heat biodiesel uniformly and consistently with waste heat. It 
has been observed that preheating biodiesel alone was unable to address all of the 
biodiesel’s shortcomings. 

Recent research has concentrated more on fuel formulation strategies, such 
as adding metal oxide nanoparticles such as CeO2, MgO, and TiO2 to biodiesel 
blends, which has emerged as a promising new biodiesel ingredient to enhance 
engine efficiency and minimize exhaust emissions [2].  Hoseini et al.  [6] investigated 
diesel engine performance using graphene oxide (GO) nanoparticles in an Ailanthus 
altissima oil biodiesel blend (B10 and B20). They found that GO addition improved 
the performance parameters but hiked the NOx emissions. Kumar et al. [7] studied 
the effect of adding CeO2 nanoparticles to the Mahua biodiesel blend (MB20) on 
a 3-kW diesel engine. Their findings revealed that the CeO2 additive reduced NOx, 
CO, and HC emissions and enhanced engine performance. Nonetheless, increased 
concentrations of nanoparticles in biodiesel blends may increase the risk of knocking 
and instability during operation. Therefore, the quantity and selection of metal oxide 
nanoparticles are critical because each has different physical, chemical, electrical, 
and optical properties. 

To the best of the authors’ knowledge, no research has been found to study the 
combined effect of preheating and adding CeO2 nanoparticles in biodiesel blends on 
a diesel engine’s combustion, performance, and emission characteristics. Moreover, 
it is evident from the literature review that researchers have not focused on devel-
oping an external fuel preheating arrangement to provide consistent and uniform 
heating during diesel engine operation and before the operation. Therefore, in the 
present research, the combined effect of adding the cerium oxide nanoparticles to 
the preheated biodiesel blend on the engine’s combustion, performance, and emis-
sion characteristics was studied. In addition, an external fuel preheating setup was 
developed to facilitate the fuel’s uniform and constant heating.
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11.2 Materials and Methods 

11.2.1 Development of an External Fuel Preheating System 

The fuel preheating system was developed and fabricated at IIT Kharagpur and illus-
trated in Fig. 11.1. This system consists of a fuel tank (capacity: 5.84 L), a heater 
(2 kW) for heating the fuel, a K-type thermocouple sensor for measuring the temper-
ature inside the fuel tank, a stirrer powered by a DC motor (12 V, 200 rpm) to facilitate 
homogeneous heating of fuel inside the fuel tank, and a temperature controller (Make: 
Multispan India, Model: UTC 2131) for controlling the temperature inside the fuel 
tank. 

Fig. 11.1 External fuel preheating system
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11.2.2 Selection of Cerium Nano-Oxide, Biodiesel 
Production, and Preparation of Biodiesel Blends 

Leach et al. [8] reported that cerium oxide (CeO2) acted as a three-way catalyst 
(TWC) for the conversion of hydrocarbons (HCs), carbon monoxide (CO), and 
oxides of Nitrogen (NOx) exhaust emissions into H2O, CO2, and N2 simultaneously. 
According to Kumar and Raheman [9], CeO2 exhibited in both + 3 and + 4 valence 
states, making the conversion of Ce2O3 to CeO2 easier. Kang et al. [10] reported 
that cerium nano-oxide induces high catalytic behavior due to its higher surface-
to-volume ratio, resulting in an enhanced combustion reaction that might improve 
engine performance. Therefore, CeO2 was selected for the present investigation. The 
CeO2 nanoparticles (density: 7.13 gm/ml; surface area: 30 mm2/g (BET); appear-
ance: pale yellow or white powder; size: 30–50 nm (BET) and molecular weight: 
172.11 g/mol) were procured from Sigma Aldrich Corporation for the present study. 

A base transesterification process was performed in a biodiesel processor to 
produce the biodiesel from Palm oil because the free fatty acid of Palm oil was 
found to be 0.8%. The operating conditions were the response time (0.5 h), methanol 
to oil ratio (1:4 w/v), temperature (60 °C), and KOH catalyst (3.5 g + final acid 
value). The average yield (97.6%) of Palm biodiesel was estimated using Eq. (11.1), 
which complied with European Standards (EN: 14,214). 

Biodieselyield = (Weightofbiodiesel) 

(WeightofPalmoil) 
× 100 (11.1) 

The Palm biodiesel was mixed with diesel fuel to prepare the biodiesel blends 
using a mechanical stirrer (speed range: 300 to 8000 rpm; make: Remi, model: RQ-
127A, power AC/DC: 100W) with a shearing type stirring mechanism. Cerium oxide 
nanoparticles added biodiesel blend (NB20) was prepared in the heated fuel tank by 
constantly stirring for 15 min at 2500 rpm as per the recommendation of Kumar and 
Raheman [11] to create uniform suspension using a mechanical stirrer. The stirring 
was also continued during testing by the DC motor-operated stirrer to prevent settling 
or sedimentation in the fuel tank. 

11.2.3 Fuel Properties, Experimental Setup, and Test 
Methods 

The fuel properties flash point (ASTM D93-02), calorific value (ASTM D240-02), 
viscosity (ASTM D446-07), acid value (ASTM D5555-95), and density (ASTM 
D4052-96) were determined following the ASTM standards and given in Table 11.1. 
They were compared with the Indian diesel (IS 1460-2017) and Indian biodiesel (IS 
15607:2016) standards.
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Table 11.1 Standard 
methods followed for 
measuring fuel properties 

Property Unit Method 

Viscosity at 40 °C cSt Cannon Fenske viscometer 

Density at 15 °C Kg/ m3 Relative density bottle 

Calorific value MJ/Kg Bomb calorimeter 

Flash point °C Pensky Martin closed cup 

Acid value mg KOH/g Standard titrimetry 

The schematic of the experimental setup to carry out the experiments is shown 
in Fig. 11.2. The engine testing was conducted on a 10-kW, four-stroke, rated speed 
(1500 rpm), direct injection (DI), single-cylinder, naturally aspirated, water-cooled 
Chetak diesel engine. The 4-way valve was used to connect the developed external 
fuel preheating system to the existing experimental system. The four-way valve can 
direct the fuel supply (either heated or unheated) to the engine through the glass pipe. 

The engine load was varied with the help of the eddy current dynamometer. The 
performance tests of the diesel engine for each test fuel were performed according to 
IS: 10,000 (Part VIII), and fuel consumption was measured according to IS: 10,000 
(Part IV). The engine was operated for 30 min to achieve thermal stabilization after 
applying each load for each fuel; after that, different readings were taken at 5 min 
intervals, and all the experiments were replicated thrice. The engine speed and crank 
angle were measured using the rotary encoder (Model E50S8). A piezoelectric pres-
sure transducer (Make: Kistler, Model-SN14) was used to measure in-cylinder pres-
sure. Cylinder gas pressure, engine rpm, and crankshaft position were used to evaluate 
the combustion parameters, such as heat release rate (HRR) and ignition delay (ID). 
Fuel consumption, engine rpm, and engine torque were used to evaluate performance 
parameters such as brake thermal efficiency (BTE) and brake specific fuel consump-
tion (BSFC). Oxides of nitrogen (NOx), hydrocarbon (HC), and carbon monoxide

Fig. 11.2 Schematic diagram of the experimental setup 
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Table 11.2 Measured fuel properties 

Property Diesel B100 B20 NB20 HB100 
(70 °C) 

HB20 
(55 °C) 

NHB20 
(55 °C) 

IS1460: 
2017 for 
diesel 

IS15607: 
2016 for 
biodiesel 

Viscosity 
(cSt) 

2.46 4.18 3.11 3.14 2.40 2.38 2.41 2.0–5.0 3.5–5.0 

Density 
(kg/m3) 

824.40 872.00 837.60 837.80 841.50 825.80 826.10 820–860 860–900 

Calorific 
value 
(MJ/kg) 

42.63 37.32 41.22 41.26 37.36 41.24 41.28 – – 

Flash 
point (°C) 

59.00 148.00 72.00 70.00 127.00 64.00 62.00 >66 >101 

Acid 
value 
(mgKOH/ 
g) 

0.15 0.36 0.24 0.25 0.38 0.25 0.26 <0.2 <0.5 

(CO) emissions were measured using a flue gas analyzer (Make: Indus Scientific Pvt. 
Ltd., Model-FGA53X). 

11.3 Results and Discussion 

11.3.1 Fuel Properties 

The fuel properties of B100, B20, NB20, HB100, HB20, and NHB20 were deter-
mined following the ASTM standards and are summarized in Table 11.2. The fuel 
properties were compared with diesel and found within the range specified by Indian 
Standards for biodiesel. 

11.3.2 Combustion Analysis [Ignition Delay (ID) and Heat 
Release Rate (HRR)] 

The ID and HRR were measured in degree crank angle (°CA) and joule energy 
per degree crank angle (J/°CA), respectively. The ID for diesel (20.86–15.90°CA), 
B20 (20.67–15.45°CA), HB20 (20.10–15.11°CA), NHB20 (20.02–14.87°CA), B100 
(19.11–13.39°CA), and HB100 (18.98–12.38°CA) was obtained at varying engine 
load (0–100%) and presented Fig. 11.3. The ignition delay for all test fuels was 
reduced with the rise in engine load. Compared to diesel, the peak HRR for B20,
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Fig. 11.4 Variation of HRR with the crank angle for test fuels at 75% engine load 

HB20, NHB20, B100, and HB100 was found to be lowered by 11.35–16.28%, 3.81– 
7.71%, 6.23–11.80%, 18.51–36.90%, and 14.55–29.02% for all tested loads for B20, 
HB20, NHB20, B100, and HB100, respectively. The peak HRR was discovered for 
all six tested fuels at 75% engine load and is shown in Fig. 11.4. 

11.3.3 Performance Analysis [Brake Thermal Efficiency 
(BTE) and Brake Specific Fuel Consumption (BSFC)] 

Engine load and fuel type impacted the BTE and BSFC of the engine, as shown 
in Figs. 11.5 and 11.6. BTE obtained at 75% engine load was found to be 27.17%, 
26.43%, 26.74%, 26.98%, 25.47%, and 25.74%, respectively, for diesel, B20, HB20,
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Fig. 11.6 Variation of BSFC of test fuels at different engine loads 

NHB20, B100, and HB100. The BSFC was found to be minimum at 75% of engine 
load for all test fuels and was 315.78, 356.12, 340.64, 329.22, 381.90, and 358.26 g/ 
kWh for diesel, B20, HB20, NHB20, B100, and HB100, respectively. 

11.3.4 Exhaust Emissions 

The formation of CO and HC emission significantly hiked at maximum engine load 
(100%), as shown in Figs. 11.7 and 11.8. The CO emission at full load was 2.218 g/ 
kWh, 2.179 g/kWh, 2.107 g/kWh, 1.984 g/kWh, 1.836 g/kWh, and 1.674 g/kWh 
for diesel, B20, HB20, NHB20, B100, and HB100, respectively. The maximum HC 
emission for diesel, B20, HB20, NHB20, B100, and HB100 was obtained at 0.344 g/ 
kWh, 0.320 g/kWh, 0.294 g/kWh, 0.278 g/kWh, 0.272 g/kWh, and 0.252 g/kWh, 
respectively at full engine load as compared to 0.060 g/kWh, 0.046 g/kWh, 0.036 g/ 
kWh, 0.030 g/kWh, 0.028 g/kWh, and 0.024 g/kWh at no-load condition. Both engine 
load and fuel type affected the NOx emissions, as evident from Fig. 11.9. The  NOx
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emission for diesel, B20, HB20, NHB20, B100, and HB100 were measured in the 
range of 3.82–9.20 g/kWh, 4.30–9.38 g/kWh, 4.74–9.72 g/kWh, 4.56–9.46 g/kWh, 
4.80–9.77 g/kWh, and 5.38–9.91 g/kWh, respectively from zero to maximum load 
(100%). 

0 

0.1 

0.2 

0.3 

0.4 

0 25  50  75  100  

HC
 (g

/ k
W

h)
 

ENGINE LOAD (%) 

Diesel 
B20 
HB20 
NHB20 
B100 
HB100 

Fig. 11.8 Variation of HC emission of test fuels at different engine loads 

0 

2 

4 

6 

8 

10 

12 

0 25  50  75  100  

N
O

x 
(g

/ k
W

h)
 

ENGINE LOAD (%) 

Diesel 

B20 

HB20 

NHB20 

B100 

HB100 

Fig. 11.9 Variation of NOx emission of test fuels at different engine loads



146 A. Halba and H. Raheman

11.3.5 Discussion 

The BTE and BSFC were improved by up to 75% of the maximum load for all 
tested fuels because the brake power rate increased quickly compared to the fuel 
consumption rate and reduction in friction losses. At maximum load, BTE and BSFC 
showed a different pattern for all tested fuels due to the higher fuel consumption rate 
corresponding to the increased rate of brake power. Up to 75% engine load, the 
formation of CO emission did not vary much due to sufficient oxygen availability 
in the cylinder. However, CO emissions were initially slightly reduced with engine 
load due to better oxidation of hydrocarbons at higher cylinder temperatures. The 
maximum CO emission was obtained at full engine load conditions. An extra amount 
of fuel was injected at higher loads, making the mixture rich and supporting incom-
plete combustion. Due to this, the abrupt increment of CO emission was observed at 
maximum load. The HC emissions for engine loadings up to 25% were found to be 
minimum due to ample oxygen and elevated cylinder temperature, leading to better 
oxidation of hydrocarbons. HC emissions have risen significantly with an increase in 
load above 25% due to a larger quantity of fuel injected, resulting in a lower air–fuel 
ratio (rich mixture) at higher loads. Oxygen insufficiency at higher loads contributed 
to incomplete combustion and thus hiked the concentration of HC emission. The 
NOx emissions concentration was found to be hiked with the rise in engine load, 
which was due to the larger amount of fuel pumped into the combustion chamber, 
with the rise in the load of the engine leading to an increased proportion of heat 
energy released and the temperature of the cylinder wall. The temperature rises of 
the combustion chamber at higher loads led to more NOx emissions. 

The preheating of biodiesel and biodiesel blends reduced the viscosity and density, 
which might be improved the spray characteristics and atomization of fuel particles 
at a higher fuel inlet temperature. Due to this, better evaporation occurred, and a 
homogenous mixture was produced, which helped enhance the combustion reaction, 
resulting in better performance, better fuel combustion, and reduced emission except 
for NOx compared to non-unheated biodiesel blends. The addition of cerium oxide 
nanoparticles in the HB20 blend improved the efficiency and environmental perfor-
mance, including the NOx, compared to HB20 due to the high catalytic behavior and 
the higher surface-to-volume ratio of CeO2 nanoparticles that promoted the better 
combustion of fuel, resulting in better engine performance. Moreover, the CeO2 

nanoparticles’ specific capability of continuously absorbing and liberation oxygen 
acted as a three-way catalyst to simultaneously reduce CO, HC, and NOx emissions. 

11.4 Conclusions and Future Recommendations 

The present study aimed to reveal the combined effect of preheating and adding 
cerium oxide nanoparticles to the biodiesel blend B20 on the combustion, emission, 
and performance characteristics of a 10-kW stationary diesel engine. Additionally,
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the present investigation provided a comparative analysis of six tested fuels and 
compared all biodiesel blends to the reference fuel (diesel). Compared to diesel, the 
BTE of B20, HB20, NHB20, B100, and HB100 decreased by 2.72–7.93%, 1.58– 
4.15%, 0.69–3.07%, 5.99–11.56%, and 5.20–9.26%, respectively, while the BSFC 
increased by 1.81–14.73%, 0.67–9.26%, 0.22–6.74%, 14.44–21.82%, and 12.00– 
19.39%. CO emissions for B20, HB20, NHB20, B100, and HB100 were found to 
be reduced by 1.76–12.17%, 5.02–14.78%, 10.57–19.13%, 8.24–22.60%, and 9.27– 
30.43%, respectively, compared to diesel, whereas HC emissions of these fuels were 
reduced by 6.97%, 14.53%, 19.18%, 20.93%, and 26.74%, respectively at full load 
condition. NOx emissions were found to be raised by 1.62–2.69%, 3.55–24.34%, 
2.95–19.47%, 4.44–25.73%, and 7.79–41.04% for B20, HB20, NHB20, B100, and 
HB100 over diesel at varying loads. 

It may be possible that using the various types of biodiesel and nanoparticles could 
perform better than diesel fuel. Future research on life cycle analysis and techno-
economic analysis would be beneficial in commercializing NHB20. A study based 
on durability analysis and non-regulated emissions is also advised to see the multi-
faceted effects of NHB20 on diesel engines. The study to improve the storage ability 
of the nanoparticles added biodiesel blend should also be carried out to increase 
their feasibility in a diesel engine. Furthermore, SEM and TEM analysis research 
should be performed to learn more about nanoparticles’ structural and chemical 
characterization. 
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Chapter 12 
Techno–Economic Analysis of Protease 
Enzyme Production and its Biofuel 
Application 

Aparupa Das, Anuradha, and Muthu Kumar Sampath 

Abstract The urge for sustainable production of biofuel is presently an active enor-
mous concern in research and discussion so to protect future energy needs. Due to 
extensive growth in world population and so are the worldwide energy demands 
with exhausting non-renewable energy source. Hence, in such framework there is a 
requirement for sustainable development by generating renewable energy sources at 
convenient cost along with the least drawback. Enzymes play a crucial role in biofuel 
production because it aids to minimize the utilization of synthetic process, and they 
may show a positive influence on environment with better biofuel condition. Utiliza-
tion of protease enzyme in biofuel industry as they act as nitrogen supplier in the yeast 
fermentation and also permits for rapid kinetics. Protease enzyme helps to hydrolyze 
the protein content which is present in the lignocellulosic biomass which exhibit the 
maximal activity in several climatic states. In the biofuel industries, distinct types 
of protease are initiated which remove the distinct proteolysis step as well as lower 
the production cost, expand the performance of biofuel production. Utilization of 
protease under optimum condition will enhance biofuel output. In this work, Techno– 
Economic analysis (TEA) is performed for one similar method generating protease 
production from sugar through industrial scale to acquire economic viability. The 
change of leading machinery to commercialization product is thought to be highly 
cost effective, time consumption, hazardous attempt. Therefore, balance on advance 
process and study should be formulated on Techno–Economic analysis. Because of 
absence of materials on the required process design, limitation, and relevant theories 
in the initial phase of process advancement, TEA is bounded to contributing a rough 
evaluation of the funding for a theoretical biofuel production. 

Keywords Biofuel · Non–renewable energy · Renewable energy · Enzyme ·
Protease · Nitrogen supplier · Techno- economic analysis (TEA)
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12.1 Introduction 

In laboratory, revolution at a small segment by a way of enzyme introduction have 
immense impact when turned out in industrial methods, which is displayed in the 
current scenario for commercial biofuel production. With continuous discovery, 
enzymes such as lipase, protease, and cellulase have often established itself to be the 
most crucial component in the biofuel production [1]. Biofuel which are acquired 
from renewable organic matter are termed as advanced biofuel where protease is used 
to contribute free amino acid to yeast, increases fermentation as well as decrease the 
by-products (glycerol) discharged into the environment since glycerol possess high 
oxygen content which causes fuel degradation. Another advantage of protease in 
fermentation by breaking the complex of starch-glucose molecules, thus assembling 
the starch more convenient for hydrolysis through amylase [2]. Protease are also 
utilized for hydrolyzing the oleosins which is a protein found in the corn seed feed-
stock. Large-scale research has been done to exhibit that particular protease hydrol-
yses oleosin and ensuing in the release of more oil. Lately, extracting oil from the 
dried-crushed ethanol plant has started generating a high-valued secondary product 
for utilization in biodiesel production along with animal feed [3]. 

Low carbon biofuel is crucial to the quick decarbonization of shipping especially 
aviation [4]. The protease enzyme also possesses the ability to utilize crude feedstock 
in the absence of segregation of fatty acids which are generally found in crude 
feedstock. Conventionally, protease aid in the conversion of biomass into biofuel 
[5]. The various microbial strain reported for high protease productions are Bacillus 
cereus KM05, Bacillus clausii, and Micrococcus sp [6]. 

Techno–economic analysis (TEA) is a method for performing process design, 
along with simulation, evaluating capital expenditures, mass and energy balances, 
operating cost for commercial biofuel production [7]. TEA, as simulation point of 
view, is extremely dependent on model theory that could generate error and notable 
mistake [8]. It is functional to conduct and organize R&D stage by utilizing lab-scale 
data to outline and examine a conceptual scaled-up process. The latest research has 
directed the barrier of biofuel and its product TEA in the complication along with 
innovation of the structure to be modeled, the access for evaluating and describing 
uncertainty, along with the advancement of facilitated model [9]. 

There are several enzymes such as protease, amylase, esterase, and many other 
alcohol dehydrogenases have been used in biofuel production. But the cost of devel-
oping the process with the enzymes is normally high [10]. The aim of the paper is 
to simulate the industrial scale production of alkaline protease enzyme for biofuel 
application as well as to evaluate its economic performance. This will surely help to 
understand whether the developed lab scale microbial-based process is feasible and 
economical at the industrial scale.
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12.2 Process Description 

SuperPro Designer v9.5 was selected to enhance model and simulate the biofuel 
production and diversity of this process with reference to technical and economic 
framework. The process flow diagram of simulation modeling with respect to evalu-
ation mechanism executed. For this study, Bacillus clausii has been used and through 
the process simulation protein estimation is analyzed. The process flow diagram of 
the biofuel production was separated into three vital parts: Fermentation section, 
Primary Recovery section, and Downstream segment. 

12.2.1 Fermentation Section 

Initially, fermentation media is prepared in a stainless-steel tank (V-101) and steril-
ized in a continuous sterilizer (ST-101). A compressor (G-101) and an absolute air 
filter (AF-101) provide sterile air to the fermenter (FR-101). The operation requires 
three vital medium mixtures: Glucose, ammonium hydroxide along with salts which 
constitute a mixture of mineral with other elements required for microbial growth. 

Other elements above the ones defined as component of mixtures are Yeast extract, 
Biomass. However, all these three compounds Glucose, NH4OH, and salt are mixed 
with water in a distinct blending tank as to acquire suitable stock solution. 

12.2.2 Primary Recovery Section 

First step in this section is cell harvesting to decrease the proportion of the broth 
along with discharge extracellular impurities, and it is executed by membrane micro-
filter (MF-101) in which the broth is concentrated into two-folds. Further step is 
cell disruption accomplished in a homogenizer (HG-101) under a high pressure. 
Following homogenization, a disk-stack centrifuge (DS-101) is utilized to eliminate 
mostly all the cell waste particles, later with the dead-end polishing filter (DE-101) 
that discharge leftover cell waste particle. Lastly, the resultant protein solution is 
concentrated into two-fold through an ultrafilter. 

12.2.3 Downstream Segment 

The primary step is the removal of microbial cell out of the extracellular solution 
carrying the enzyme of interest, be usually attained by centrifugation or cloth filtra-
tion. Two filters are generally utilized, namely, microfilter and ultrafilter for the purifi-
cation and concentration of the biofuel product. The microfilter serves as polishing
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filter releasing residual cells along with remaining cell debris which are not eliminated 
through the dead-end filtration. 

Finally, the ion exchange chromatography (C-101) is used to purify the product 
stream. 

12.3 Process Scheduling 

The designing of ultimate product is thoroughly based on biofuel characteristics and 
its studied application. Through the equipment occupancy option, process schedule is 
visualized and will create Equipment Occupancy Chart (EOC). EOC is an analytical 
tool for considering scheduling border along with conducting appropriate adjustment 
so as to minimize the cycle time based on method and increase in product. 

The next section of process schedule is introduced by the Operation Gantt Chart, 
and it exhibits full scheduling feature for either/or one multiple batches. 

12.4 Results and Discussion 

The process needs a main fermenter and around the equivalent quantity of cell broth is 
introduced in the direction of the termination of the microbial culture. The cell stock 
is agitated in the storage tank also then disintegrates in a pressure homogenizer. 
Following, the cell waste produced is separated by working with six dish -stack 
throughput along with the residual debris is separated by microfiltration. Lastly, 
the enzyme blend is concentrated and preserved in a specific buffer practicing with 
diafiltration network so that the concentrated enzyme blend is generated per cycle as 
shown in Fig. 12.1.

Additionally, the other factors to be held into consideration at the time of batch 
process is the recognition of prolonged process as this process enhances the limiting 
step which regulates the entire time of the batch process [11]. Examining the restric-
tive in the size of the accessible reactors, it was essential to utilize hydrolysis process 
in alignment to establish the processing of the entire input stream penetrating the 
steps of the process. 

12.4.1 Material Balance 

The outcome of protease concentration at the termination of the fermentation section 
along with the result of the protease production are shown in Table 12.1. The use of 
glucose in an entire process was 6,143.000 kg/batch on a 100 m3. The equipment 
occupancy chart for the process was as shown in Fig. 12.2. The bulk materials (kg/ 
batch) utilized in protease production were as shown in Fig. 12.3.
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Fig. 12.1 Flowsheet diagram of alkaline protease production Material Balance

Table 12.1 Final component balance of an entire batch process (kg/batch) 

Component Input Output Component Input Output 

Biomass 0.000 12.744 Process 
water 

73,398.119 76,500.092 

CO2 0.000 4,238.806 Protease 0.000 120.543 

Debris 0.000 723.255 Proteins 0.000 1,084.883 

Glucose 6,143.000 122.860 Salts 1,026.000 230.136 

Nitrogen 36,989.523 37,176.948 Sodium 
chloride 

2,246.941 2,246.941 

Nucleic acids 0.000 482.170 Sodium 
hydroxide 

282.107 282.107 

Oxygen 11,229.302 8,337.219 Water 14,111.112 14,111.112 

Phosphoric acid 422.915 422.915 WFI 792,235.481 792,235.481 

Total 938,084.500 938,328.213

12.4.2 Economic Evaluation 

Direct fixed capital cost 

The direct fixed capital cost of the plant is derived from the equipment purchase 
cost (EPC) with subsequent recognized engineered procedure. With the help of the 
simulation tool, an equipment was evaluated based upon the M&E balances. The
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Fig. 12.2 Equipment occupancy chart 

Fig. 12.3 Bulk materials (kg/batch) utilized in protease production

EPC was evaluated based upon data from retailer, literature reviews along with the 
SuperPro Designer equipment cost database unit [12]. The analysis of the direct 
fixed capital cost and with their distinct factors utilized for its evaluation is shown in 
Table 12.2.
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Table 12.2 Summary of 
direct fixed capital cost Total plant direct cost (TPDC) (prices in USD) 

Equipment purchase cost 409,416,000 

Installation 60,267,000 

Process piping 143,295,000 

Instrumentation 163,766,000 

Insulation 12,282,000 

Electrical 40,942,000 

Buildings 409,416,000 

Yard improvement 61,412,000 

Auxiliary facilities 163,766,000 

TPDC 1,464,562,000 

Total plant indirect cost (TPIC) 

Engineering 366,141,000 

Construction 512,597,000 

TPIC 878,737,000 

Total plant cost (TPC = TPDC + TPIC) 
TPC 2,343,299,000 

Contractor’s fee & contingency (CFC) 

Contractor’s fee 117,165,000 

Contingency 234,330,000 

CFC 351,495,000 

Direct fixed capital cost (DFC = TPC + CFC) 
DFC 2,694,794,000 

12.5 Conclusion 

Techno–economic analysis was accomplished for a creation of biotechnological route 
to produce alkaline protease from glucose through batch fermentation. The discrete 
methods used in techno–economic analysis include process design, equipment size, 
also economic estimation. The use of this analysis will surely make the cost-effective 
manufacturing of enzymes for biofuel applications. 
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Thermochemical Conversion



Chapter 13 
Biomass Briquetting for Gasification: 
Waste to Wealth 

Anjali Kumari, Kritika Guleria, L. C. Meher, Madhulika Pathak, 
and Madhu Bala 

Abstract World is progressing toward renewable and clean energy. The main driving 
forces are dependency on fossil fuel, limited sources, increasing demand, and envi-
ronmental concerns. There is a requirement of shifting from petroleum-based fuel 
to renewable energy sources, and biomass is a potential source of renewable energy. 
Gasification provides a solution for renewable and clean energy as well as utilizes 
waste and/or abundant biomass in a better way, where partial combustion in limited 
supply of oxygen takes place to produce combustible gases called producer gas. The 
producer gas can directly be burnt to produce heat or can be purified to syn gas for 
production of electricity or liquid fuel. Biomass are mostly industrial waste, forest 
residue, farm produce, etc., having low bulk density and are largely varying in phys-
ical and chemical properties. Bulk density of biomass ranges from 40 kg/m3 for loose 
straw to 250 kg/m3 for wood residue which is unmanageable for handling, storage, 
or transportation. Densification increases bulk density by 2–10 folds and can be done 
with high, low, or medium compaction. Low compaction of biomass always requires 
binder. Screw press, piston press, hydraulic piston press technologies are in practice 
for compaction of biomass. Selection of any one of these technologies depends upon 
the feedstock availability, physical and chemical properties as well as characteristics 
of the product. Densification necessitates prior evaluation of the physicochemical 
properties of biomass like moisture, ash, lignin, calorific value, volatile matter, etc. 
Briquettes properties like low moisture content, good water resistance, high calorific 
value, good compressive strength, low ash content, etc., are the desirable properties 
for their acceptance by the users. 

Keywords Lignocellulosic biomass · Energy density · Densification · Briquetting 
technologies · Gasification

A. Kumari (B) · K. Guleria · L. C. Meher · M. Bala 
Defence Institute of Bio-Energy Research, DRDO, Haldwani, Uttarakhand, India 
e-mail: anjali.diber@gov.in 

M. Pathak 
Government Degree College, Bagheshwar, Uttarakhand, India 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
N. Gakkhar et al. (eds.), Recent Advances in Bio-Energy Research, Springer 
Proceedings in Energy, https://doi.org/10.1007/978-981-99-5758-3_13 

159

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-5758-3_13&domain=pdf
mailto:anjali.diber@gov.in
https://doi.org/10.1007/978-981-99-5758-3_13


160 A. Kumari et al.

13.1 Introduction 

13.1.1 Renewable Energy 

Crude oil is the world’s main source of energy generating gasoline, diesel, jet fuel, 
asphalt, and lubricant oil, used mainly for power production, transportation, and heat 
generation. The oil reserves were 1732 billion barrels at the end of year 2020, two 
billion down to the figure of 2019. Demand of world’s crude oil in first quarter of 
2021 was 93.30 million barrel per day and is expected to increase as per IEA World 
Oil Supply and Demand Forecast. Road transportation took a major share of the oil in 
OECD (Organization for Economic Co-Operation and Development) member states. 
Motor vehicle usage was 35.23 percent of total oil consumption in 2019. Global 
purchase of imported crude oil in 2020 was US$ 683.1 billion reflecting demand 
from 115 countries, territories, and islands. Top four countries namely China, United 
States, India, and South Korea accounted 53.7% of the overall value of imported 
crude oil in 2020 [1]. India imported crude oil costing US$ 64.6 billion during 2020. 
Iraq, Saudi Arabia, and UAE were the top 3 suppliers of crude oil generating one-half 
(54.4%) of total Indian import of crude petroleum [1]. 

Petroleum products from crude oil are neither sustainable nor renewable and 
posing environmental threat because of their obnoxious exhaust products [2–8]. Earth 
climate is rapidly changing and one of the contributors is excessive greenhouse 
gases in the earth atmosphere. Atmosphere’s share of carbon dioxide, one of the 
greenhouse gases, has increased by 46% since pre-industrial times. Most of the 
greenhouse gases caused by human activities come from burning of fossil fuel for 
electricity, transportation, and heating. World total carbon dioxide emissions in 2018 
were 35.92 billion metric tons. India ranked third in carbon dioxide emissions with a 
figure of 2.65 billion metric tons (7%) after China (28%) and United States (15%) [9]. 
As per the World Resources Institute Climate Analysis Indicators Tool (WRI CAIT), 
India’s 2014 GHG profile was dominated by emissions from the energy sector and 
accounted for 68.7% of total emissions. Further, extraction and transportation of oil 
poses environmental and safety risk. Deepwater Horizon disaster of 2010 released 
three million barrels of oil into the Gulf of Mexico leaving impact on ecosystem for 
decades. 

Besides the concern of environmental impact, fossil fuels are having geopolitical 
impact too. These are typically found in specific parts of the world, hence making 
them plentiful for some nations only. World top ten oil producers share 72% of 
total oil production in the year 2020 as per International Energy Statistics 2021. 
This imparts monopoly of fossil fuel-rich countries which controls the oil prices 
as well as having concern of national security which import the oil from fossil 
fuel-rich countries. Fluctuating prices of crude oil, rapidly changing world political 
scenario, and adverse environmental impact are always being a big concern for India. 
Increasing energy demand, depleting resources, and notorious exhaust products of 
fossil fuel justify renewable, economic, and ecofriendly energy source [10–12].
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Renewable energies are those which come from natural sources or processes 
that are constantly replenished. These are also termed as clean energy. Renewable 
energy sources are Solar energy, Wind energy, Hydro energy, Geothermal energy, 
and Biomass energy. Global renewable energy capacity in 2020 was 2.8 million MW 
[13]. India had 96.96 GW of renewable energy capacity as on July 2021, which is 
25.2% of overall installed power capacity. India ranked fourth in wind power, fifth in 
solar, and fourth in renewable power installed capacity in 2020. Government of India 
is encouraging Industries/Academia/Organizations to work in the field of renewable 
energy via policies, subsidies, and other incentives. According to the analytics firm 
British Business Energy, India ranked 3rd globally in terms of its renewable energy 
investments and plans in 2020. The Ministry of New and Renewable Energy (MNRE) 
has set an ambitious target to set up renewable energy capacities to the tune of 227 
GW by 2022, of which about 114 GW is planned for solar, 67 GW for wind, and 
other for hydro and bio among others. 

Among all the renewable energy sources, the largest contribution, especially in 
the short to medium terms is expected from lignocellulosic biomass. According 
to IREDA “Biomass is capable of supplementing the coal to the tune of about 260 
million tons,” “saving of about Rs. 250 billion, every year.” Biomass energy potential 
in India is 16,000 MW from biomass energy and 3,500 MW from bagasse cogenera-
tion. In India approx. 19% of the electricity was produced through renewable energy 
sources and out of which the contribution of biomass energy was 0.62% for the year 
2018–19 [14]. Biogas production in 2014–15 was 5% of the total LPG consump-
tion in the country. As per the latest report, the biogas energy capacity in India was 
approximately 14 MW in 2021 [15]. The current ethanol production capacity in India 
is 4260 million liters from sugarcane-based distilleries and 2580 million liters from 
grain-based distilleries [16]. 

India implemented biomass power and cogeneration program with the main objec-
tive of promoting technologies for optimum use of country’s biomass resources for 
grid power generation. Biomass materials used for power generation include bagasse, 
rice husk, straw, cotton stalk, coconut shells, soya husk, de-oiled cakes, coffee waste, 
jute wastes, groundnut shells, saw dust, etc. The Study indicated estimated surplus 
biomass availability at about 230 million metric tons per annum covering agricul-
tural residues corresponding to a potential of about 28 GW. Over 800 biomass power 
and bagasse/non-bagasse cogeneration projects aggregating to 10,170 MW capacity 
have been installed in the country for feeding power to the grid. 

13.1.2 Lignocellulosic Biomass and Conversion Technologies 

The term biomass (Greek bio meaning life + maza meaning mass) refers to any 
material of biological origin excluding those that have been embedded in geolog-
ical formations undergoing a process of mineralization. The term lignocellulosic 
biomass is used for biomass, particular of plant origin like agricultural waste (straw 
and husk from paddy and other, vegetable residue, fruit waste, etc.), forest residue
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(palm leaves, pine needles, oak leaves, etc.), industrial waste (corn cobs, oilseed 
cake, coconut shell, groundnut shell, etc.) [17, 18]. It is mainly composed of cellu-
lose, hemicellulose, and lignin, including a few organic components like lipid and 
extractives [18–21]. Cellulose consists of long chains of β-glucose monomers which 
are arranged in highly ordered manner, whereas hemicelluloses consist of pentoses 
and hexoses sugar monomer units and are amorphous in nature. The third major 
constituent of lignocellulose biomass, i.e., lignins are phenolic compounds which are 
formed by polymerization of three types of monomers, i.e., p-coumaryl, coniferyl 
and synapyl alcohols [18]. The lignocellulosic nature makes biomass rich in energy 
content [22–24]. 

The ISO 17225-1: classified biomass feedstock resources into four groups, namely 
woody, herbaceous, fruit, and aquatic biomass [25]. In developing countries large 
amount of biomass residues are generated annually as by product of the commercial 
forestry, agriculture, and industrial sector [26, 27]. The supply of biomass from 
various sources around the globe is approximately 220 billion ton/year [28]. In USA, 
more than a billion tons of biomass are available which can replace about 30% of 
its petroleum consumption [29]. Annual potential of biomass in world is expected in 
between 200 and 500 EJ/year excluding aquatic biomass by 2050 [30]. In India, 750 
million metric tons of biomass is produced every year as per the recent study report 
sponsored by MNRE. Agricultural residues annually amount to a total of 98 million 
tons of which 41 million tons can be used as energy source [31]. 

Biomass can be converted to fuel via biological or thermo-chemical processes 
[32–36]. Biological conversion includes fermentation to ethanol, biomethanation to 
methane, etc., whereas thermo-chemical conversion includes combustion to generate 
heat, pyrolysis to solid and liquid fuel, gasification to combustible gas or liquid fuel 
via Fischer–Tropsch reaction, etc. 

Combustion of biomass for energy is being practiced since discovery of fire, 
however, this poses environmental threat like global warming because of their exhaust 
products like CO2, CO, NOx, etc. [37–39]. Further, these biomass neither burn 
completely nor harness the total energy of the biomass. Gasification is the emerging 
and promising technology for harnessing biomass energy in the form of gaseous fuel 
[40]. 

13.1.3 Gasification 

Gasification is a thermo-chemical process where carbonaceous materials are 
converted to combustible gases in presence of reagent, typically air, steam, hydrogen, 
oxygen, or a combination of these at high temperature (>700 °C). Unlike combus-
tion, which takes place in presence of oxygen to give CO2 and H2O, gasification 
takes place in limited supply of oxygen to give combustible gases along with char 
and tar [10, 12, 41]. The crude combustible gaseous product is called Producer gas 
which consists of CO2, CO,  H2O, CH4, NOx, N2, etc., and can be burned as a fuel 
such as in a boiler for heat or in an internal combustion gas engine for electricity
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generation or combined heat and power (CHP). This gas can further be purified to 
Syn gas which is mainly consists of CO and H2. The Syn gas can be used as a fuel 
for electricity generation or heating and warming appliances or can be converted to 
liquid fuel via Fischer–Tropsch process, biomethanol, or biohydrogen. 

Gasifiers are being used for biomass gasification to combustible gases. These are 
broadly classified into two types, i.e., fixed bed and fluidized bed gasifiers. Fixed 
types of gasifiers are updraft and downdraft types. In both type of gasifier material 
is loaded from the top of the gasifier and reactive agent is passed from the bottom 
of the gasifier. However, in the first type of gasifier, the combustible gases exit 
from the top and in the second type it exits from the bottom side. Each gasifier is 
having its own advantages and disadvantages, however, for small-scale gasification 
downdraft gasifiers (Fig. 13.1.) are mostly being used because of less complexity, 
less tar formation, and better performance [42]. 

Like any technology, gasification is having its own challenges. One of such chal-
lenge is feedstock material which is mainly low bulk density lignocellulosic biomass 
with varying shapes, sizes, and characteristics. Low bulk density of biomass poses 
difficulty in transportation, storage, and handling as well as affects feeding of biomass 
to gasifier especially in fixed bed gasifier. Because of low density, less material is

Fig. 13.1 Downdraft gasifier 
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loaded in the limited space of gasifier. For improving feeding characteristics, densi-
fication of biomass is the prime requirement which improves the energy density of 
biomass, subsequently enhancing the performance of gasifier. 

13.2 Briquetting 

Briquetting is densification of low-density biomass to get intact solid fuel with 
improved energy density. Biomass bulk density ranges from 40 kg/m3 for loose straw 
to 250 kg/m3 for wood residue [43]. Voluminous biomass possesses many problems 
in handling, transportation, and storage [44–53] and decreases transportation and 
storage efficiency. Densification in form of briquettes minimizes the handling, trans-
portation, and storage problems [51, 52]. Besides this, briquetting also improves 
physical and mechanical properties of loose biomass [50, 51]. Based on physical and 
mechanical characteristics, briquettes have been presented to significantly reduce 
costs of storage and transportation [54–56]. Further, to improve feeding charac-
teristics of these biomass to combustor/gasifier, densification is the prime require-
ment. Densification improves bulk density 2–10 times [57, 58] with enhanced energy 
density of the biomass, ultimately enhancing the performance of gasifier [59–63]. In 
addition, densification improves storage life of biomass as well as more convertibility 
into liquid fuels as compared to raw biomass [64–67]. 

Briquette can be classified based on biomass used, shape of briquette as well as 
size of briquette (Fig. 13.2). Based on the biomass used for briquetting there are rice 
husk briquette, coal briquette, coconut shell briquette, etc. These briquettes can be 
prepared in oval, round, cylindrical, hollow, or brick shape with variable sizes as per 
the requirement. 

Fig. 13.2 Briquettes of different shapes and sizes
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13.2.1 Potential Biomass and Their Characteristics 

Availability. The biomass must be abundant and easy to collect for further processing 
like rice husk, ground nut shell, corn cobs, coconut shell, oilseed cake, etc. Sufficient 
suitable biomass must be available in the proximity of the biomass processing unit 
as well as to the biomass to bio-energy conversion facility to make the whole process 
sustainable and economic. 

Moisture content. Moisture content for densification should not be >10% as high 
moisture content results in poor quality briquettes [68, 69]. However, the presence 
of moisture in optimal quantity helps in lowering the Tg of binder (lignin) and 
promotes solid bridge formation and increases the inter-particle contact via Van der 
Walls forces [60, 69]. 

Volatile Matter. It is a mixture of combustible and non-combustible gases consisting 
of short and long chain hydrocarbons which strongly affect the combustion behavior 
of briquettes [70]. High amount of volatile matter has positive influence on the 
sustainability of combustion, and it makes biomass a highly reactive fuel [70]. 

Ash content. Low Ash content is desirable in view of fuel properties of biomass 
as it is an indicator of slagging behavior of biomass [69]. In general, biomasses are 
having low ash content (<5%) but there are some exceptions like tobacco dust (19%) 
rice husk (22%), etc. 

Particle size. Particle size and shape of biomass effects densification. Small particle 
results in smooth finishing without clogging and jamming of the machine. Very fine 
particles (<1 mm) are not suitable for screw extruder because of their cohesiveness 
and non-free flowing properties. The presence of different size particles improves 
the packing dynamics and contributes to high static strength [43–54]. 

Lignin content. Lignin shows glassy and brittle behavior below its glass transition 
temperature (Tg) (65–70 ºC), becomes viscous, and spreads above this temperature 
and upon cooling it re-solidified. Lignin imparts binding properties and helps in 
densification [29, 51, 60]. 

Calorific value. High calorific value of biomass is desirable in briquetting for end 
application. Calorific value of biomass ranges from 3000 to 4700 cal/g for agricultural 
and forest residue from 5000 to 6000 cal/g for oilseed cake. 

13.2.2 Biomass Processing to Briquette and Challenges 

Suitability of biomass for briquetting depends on their physical and chemical prop-
erties [71–73]. These lignocellulosic biomasses are heterogeneous in nature with 
varying shapes and sizes. Moisture content and density also varies widely. Hence, 
prior to densification these biomass must undergo several stages like collection,
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storage, cleaning, drying, and size reduction. Biomass may be small, medium, or 
large. Medium and large size particles like pine needle, wheat straw, grasses, etc., 
are shredded to smaller size of 20–30 mm prior to pulverization. However, smaller 
particles like rice husk, camelina husk, leaves, etc., are directly pulverized to powder. 
Pulverizer selection depends upon the shape, size, and density of biomass. As mois-
ture affect the densification process, hence, it must be reduced to acceptable value 
prior to compaction. Air drying does not add any cost but takes more time and is 
environment dependent. Low-temperature oven drier or solar drier can be used for 
reduction of biomass moisture in reduced time frame. 

13.2.3 Fundamental Aspect of Briquetting 

There are three fundamental aspects of briquetting [69]. 

Pressure compaction: There are high pressure compaction (100 MPa), medium 
pressure compaction (5–100 MPa), and low pressure compaction with binder. Under 
high pressure compaction, some of the components like lignin get activated as binder. 

Binding mechanism: Binding mechanism under high pressure are (a) Adhesion 
and cohesion forces, (b) Attractive forces between solid particles, and (c) Interlocking 
bonds (Fig. 13.3). 

Adhesion forces at the solid–liquid interface and cohesion forces within the solid 
are used for binding. Viscous binder such as tar form bonds very similar to solid 
bridges. Finally divided particles attract free atoms or molecules from the surrounding

Fig. 13.3 Various binding mechanism: a Hardening binder, b Van der walls forces, c interlocking, 
d electrostatic forces 
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atmosphere. The thin layer formed is not freely movable and to some extent penetrates 
each other. 

Upon applying external pressure, it further increases the contact area. This 
increases the molecular forces to transmit high enough and increases the bond 
strength between the adhering partners. Another important binding mechanism is 
Van der Walls forces which are very prominent between the adhesion partners sepa-
rated by short distances. This type of adhesion possibility is much higher for powders. 
Interlocking or closed bonds are prominent in case of Fibrous and bulky particles. 

Mechanism of Compaction. In case of screw extruder compaction occurs by the 
following mechanism: 

(a) reaching the compression zone the biomass gets partially compressed. This 
leads to closer packing and increased density. 

(b) At the compression zone, the biomass becomes relatively soft because of high 
temperature (200–250 °C). Loss of elasticity resulting in the biomass pressed 
into voids and the area of inter-particle contact increases. When the particles 
come together, they form local bridges which selectively support and dissipate 
the applied pressure. Interlocking of the particles may also take place depending 
upon the particle shape and size. 

(c) The biomass gets further compressed in the tapering die (~280 °C) to form the 
briquette. The removal of steam and compaction takes place simultaneously 
during this step. Here, the pressure exerted transmits throughout the material 
giving uniform pressure and thus uniform density. 

Different Briquetting technologies. Various types of briquetting technologies are 
in use [69, 74, 75]. Three widely used briquetting technology are discussed below: 

Screw Press. Biomass in powder form or in recommended size is fed continuously 
into a screw which forces the material into a cylindrical die. Pressure is applied with 
augur continuously by passing the material through a screw with diminishing volume 
with or without heating system. Internal temperature often reaches 250–300 °C. At 
this temperature lignin of biomass liquifies and acts as binder excluding the external 
binder requirement. Briquettes form are of high density and good quality but the 
power requirement per ton is also high when compared with other technologies. 

Piston Press. In this technology, material in powder form is fed into a cylinder 
which is then compressed by a piston mechanically into a slightly tapering die. It 
uses rotary power to generate a pressing force to shape the material in the form of 
briquette. Unlike Screw Press, pressure is applied discontinuously. Briquettes form 
are of good quality but with less density as compared to those produced from Screw 
Press. Binder may or may not require depending on the type of biomass. 

Hydraulic Piston Press. This is similar to Piston Press with only difference that 
energy to the piston is transmitted from an electric motor via a high-pressure hydraulic 
oil system. Pressure is applied discontinuously by the action of a piston on material 
packed into a cylinder.
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The briquette processing technology is being selected depending upon the feed-
stock availability, physical and chemical properties as well as characteristics of the 
product. 

13.2.4 Physical and Chemical Parameters of Briquettes 

Moisture content (%). Presence of moisture in briquette has adverse effect on shelf 
life and will lead to chemical and physical degradation. It has been reported that the 
moisture should be between 6 and 10% by weight [31]. One of the researchers 
reported that maximum durability rating of biomass pellets was obtained with 
moisture content 8.6% [58]. 

Apparent and bulk Density (kg/m3). The apparent density of a briquette from 
almost all types of biomass ranges from 1200 to 1400 kg/m3. The apparent density 
of briquette is always higher than that of the bulk density of the briquette and usual 
reduction is approximately 600 to 700 kg/m3 or sometimes less. Unit and bulk densi-
ties of briquettes depend upon material moisture, particle size, process temperature, 
and pressure [76, 77]. One researcher reported that bulk density of ground switch-
grass was 165.5 kg/m3 whereas, density of its pellets at 6.3% to 17% (wet basis) 
moisture content varies between 536 and 708 kg/m3 [58]. Further, the density of 
blended biomass pellet also increases significantly than the individual agricultural 
biomass pellets [53]. Higher density leads to higher energy per unit volume and 
longer burning time. 

Compressive strength (MPa). It shows the strength of briquette against compres-
sion. It should be more than 0.38 MPa for Industrial application [78]. 

Durability Index (%). Its significance is response of briquette during transporta-
tion. It is determined by tumbling test [80]. High durability index is desirable for 
commercial application of briquette. 

Impact Strength Index (%). This signifies the strength and hardness of briquette. 
This is determined by dropping the sample three times from a height of 2 m into a 
metal floor. Impact Strength Index was calculated in percentage and it should be at 
least 90% [79]. 

Ash content (%). Ash content normally causes an increase in the combustion 
remnant, thereby lowering the heating effect [80–87]. Briquettes produced from 
high ash content biomass have high ash content as reported in case of corn cob and 
groundnut shell briquettes. In contrary mixture of wood residue of lower ash content 
to the agro wastes considerably reduced their ash content. Lower ash content is an 
indication of good-quality briquettes. 

Volatile matter (%). Lower volatile matter is an indication that the briquettes might 
not be easily ignited, but once ignited they will burn smoothly, whereas high volatile
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matter results in high combustibility with low ash content [85]. As per one of 
the researchers, briquettes with higher volatile matter had higher specific heat of 
combustion [86]. 

Water resistance (Min). It shows the resistance of briquette to water and becomes 
significant during storage or transportation of briquettes. High water resistance is a 
desirable property to keep the material intact. It is determined by standard methods 
ASTM (1993), D870-09 [88]. 

Mass burning rate (g/sec). It is the time required to completely burn the unit mass of 
material. It signifies that how long a briquette will burn. It gets influenced by density 
due to reduced porosity which tends to hamper the rate of infiltration of oxidant and 
outflow of thermo-combustion products [53]. 

Calorific value (MJ/kg). It is the amount of energy released when unit mass of 
a substance burns completely in the presence of sufficient amount of oxygen. For 
commercial application, it should be more than 17.5 MJ/kg [63]. 

13.3 Conclusion 

Gasification of biomass is an emerging and promising technology for renewable and 
sustainable energy source. Low bulk density of feedstock materials with varying 
shapes and sizes is a challenge for biomass gasification. It poses difficulty in trans-
portation, storage, and handling as well as affects the feeding of biomass to gasifier. 
For improving feeding characteristics, densification of biomass is the prime require-
ment. Loose biomass bulk density ranges from 40 kg/m3 for loose straw to 250 kg/ 
m3 for wood residue. Two to ten times gain in bulk density can be achieved through 
briquetting. Briquetting not only eases handling, transportation, and storage but also 
improves energy density. Briquettes can be prepared with high, low, or medium 
compaction in various shapes and sizes. Low pressure compaction of biomass always 
requires binder for densification in the form of briquette and is suitable for produc-
tion of briquettes at smaller scale with lower investment. On the other hand, medium 
and high-pressure compaction can be achieved with or without binder, however, 
energy and infrastructure requirement make these processes more cost intensive. 
Such processes are suitable for large-scale industrial production. Different types 
of briquetting technologies like Screw press, piston press, hydraulic piston press, 
etc., are available in the market. Selection of the briquette processing technology 
depends upon the feedstock availability, physical and chemical properties as well as 
characteristics of the product. Prior to densification it is necessary to evaluate the 
physicochemical properties of biomass like moisture content, ash content, calorific 
value, volatile matter, density, lignin content, and other as these not only affect the 
densification process but also affect the properties of finished product. Further to 
this densification of biomass requires shredding to smaller particles or pulverizing
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to powder depending upon the type of briquetting technologies. Physical and chem-
ical properties of briquettes like less moisture content, good water resistance, high 
calorific value, good compressive strength, low ash content, etc., are the desirable 
properties for their acceptance in the market. Regular supply chain of biomass for 
running large industrial briquetting plant is a critical factor, however, this can be 
addressed by using wide spectrum of available biomass as well as plantation of 
short duration woody crops. Cost of briquette production is another critical factor 
for sustained growth of the technology and need attention. Despite these challenges, 
biomass briquetting is the only solution to handle the voluminous material in a better 
way in terms of storage, transportation, and application. 

References 

1. W. Daniel, Crude oil imports by country. https://www.worldstopexports.com/crude-oil-imp 
orts-by-country. Last accessed 1 Nov 2021 

2. Fossil Fuels, Environmental and Energy Study Institute (EESI). https://www.eesi.org/topics/ 
fossil-fuels/description. Last accessed 10 Sept 2021 

3. N. Christina, https://www.nationalgeographic.com/environment/article/fossil-fuels. Last  
accessed Sept 2021 

4. D. Melissa, Fossil Fuels: The Dirty Facts. Natural Resource Defence Council. https://www. 
nrdc.org/stories/fossil-fuels-dirty-facts. last accessed 10 Sept 2021 

5. Global energy review 2021, Assessing the effects of economic recoveries on global energy 
demand and CO2 Emissions in 2021. International Energy Agency. Last accessed 10 Sept 
2021 

6. United Nation Environment Programme Emissions Gap Report 2021. https://www.unep.org/ 
resources/emissions-gap-report-2021. Last accessed 23 Nov 2021 

7. J.J. James, K. Peter, Solid-fuel household cook stoves: characterization of performance and 
emissions. Biomass Bioenergy 33(2), 294–305 (2009) 

8. N. MacCarty, D. Still, D. Ogle, Fuel use and emissions performance of fifty cooking stoves 
in the laboratory and related benchmarks of performance. Energy Sustain. Develop. 14(3), 
161–171 (2010) 

9. https://www.investopedia.com/articles/investing/092915/5-countries-produce-most-carbon-
dioxide-co2.asp. Last accessed 10 Sept 2021 

10. K.R. Anil, Biomass gasification, in Alternative energy in Agriculture, vol. II,  ed. by D. G. Yogi  
(CRC Press, 2014), pp. 83–102 

11. G. Foley, G. Barnard, Biomass Gasification in Developing Countries, Technical Report No. 1 
(Earthscan, London, 1983), p. 174 

12. S. Shreya, V. Savita, Study of biomass briquettes, factors affecting its performance and tech-
nologies based on briquettes. IOSR J. Environ. Sci. Toxicol. Food Technol. (IOSR-JESTFT) 
9(11), 37–44 (2015) 

13. IRENA, Renewable Energy Statistics 2021. The International Renewable Energy Agency, Abu 
Dhabi (2021). www.irena.org. Last accessed 10 Sept 2021 

14. Summary of All India Provisional Renewable Energy Generation, http://www.cea.nic.in/rep 
orts/monthly/renewable/2019/renewable-03.pdf. Last accessed 10 Sept 2021 

15. M. Jagmohan, Biogas Energy Capacity in India. https://www.statista.com/statistics/1044652/ 
india-biogas-energy-capacity. Last accessed 15 Nov 2022 

16. V.S. Kumar, Central Tuber Crop Research Institute bets on cassava as feedstock for bioethanol 
production Kochi (2021)

https://www.worldstopexports.com/crude-oil-imports-by-country
https://www.worldstopexports.com/crude-oil-imports-by-country
https://www.eesi.org/topics/fossil-fuels/description
https://www.eesi.org/topics/fossil-fuels/description
https://www.nationalgeographic.com/environment/article/fossil-fuels
https://www.nrdc.org/stories/fossil-fuels-dirty-facts
https://www.nrdc.org/stories/fossil-fuels-dirty-facts
https://www.unep.org/resources/emissions-gap-report-2021
https://www.unep.org/resources/emissions-gap-report-2021
https://www.investopedia.com/articles/investing/092915/5-countries-produce-most-carbon-dioxide-co2.asp
https://www.investopedia.com/articles/investing/092915/5-countries-produce-most-carbon-dioxide-co2.asp
http://www.irena.org
http://www.cea.nic.in/reports/monthly/renewable/2019/renewable-03.pdf
http://www.cea.nic.in/reports/monthly/renewable/2019/renewable-03.pdf
https://www.statista.com/statistics/1044652/india-biogas-energy-capacity
https://www.statista.com/statistics/1044652/india-biogas-energy-capacity


13 Biomass Briquetting for Gasification: Waste to Wealth 171

17. Z. Aya, P. Gabriel, Lignocellulosic biomass: understanding recalcitrance and predicting 
hydrolysis. Front. Chem. 7, 874 (2019) 

18. D. Ayhan, Green Energy and Technology, Fuels from Biomass, chapter 2 (Springer, 2009), 
pp. 43–59 

19. T. Antonio, A review on biomass: Importance, chemistry, classification, and conversion. Biofuel 
Res. J. 6(2), 962–979 (2019) 

20. K.R. Navnit, T.R. Tr., S. Renganathan, Production of bioethanol by an innovative biological 
pre-treatment of a novel mixture of surgical waste cotton and waste card board. Energy Sources 
Part A: Recovery, Utilization Environ. Effects 42(8), 942–953 (2020) 

21. K.M. Ranjeet, M. Kaustubha, Characterization of non-edible lignocellulosic biomass in terms 
of their candidacy towards alternative renewable fuels. Biomass Convers. Biorefinery 8, 799– 
812 (2018) 

22. D. Ayhan, Combustion characteristics of different biomass fuels. Progress Energy Combust. 
Sci. 30(2), 219–230 (2004) 

23. D. Idalina, A. Umit, F. José, C.-L. Luisa, S. Ali, S. Sirri, E. Bruno, Calorific power improvement 
of wood by heat treatment and its relation to chemical composition. Energies 13, 5322 (2020) 

24. C. Telmo, J. Lousada, The explained variation by lignin and extractive contents on higher 
heating value of wood. Biomass Bioenerg. 35, 1663–1667 (2011) 

25. ISO 17225-1, Solid Biofuels—Fuel Specifications and Classes—Part. 1: General Requirements 
(ISO: Geneva, Switzerland, 2014) 

26. N. Mary, K. Nancy, P. Gordon, M. John, M. Patrick, G. Kuria, M. Beatrice, Community-
Based Energy Briquette Production from Urban Organic Waste at Kahawa Soweto Informal 
Settlement, Nairobi, Urban Harvest Working Paper Series No. 5 (International Potato Center: 
Lima, Peru, 2009) 

27. P. Sugumaran, S. Seshadri, Biomass Charcoal Briquetting, Technology for Alternative Energy 
Based Income Generation in Rural Areas (Shri AMM Murugappa Chettiar Research Centre: 
Taramani, Chennai, 2010), pp 1–20 

28. K. Anil, K.N. Nitin, B. Prashant, S. Ashish, A review on biomass energy resources, potential, 
conversion, and policy in India. Renew. Sustain. Energy Rev. 45, 530–539 (2015) 

29. S.T. Jaya, Effect of process variables on the density and durability of the pellets made from 
high moisture corn stover. Biosys. Eng. 119, 44–57 (2014) 

30. Strategic insight, World Energy Resources: Bioenergy, World Energy Council, Bioenergy, 
chapter 7, (2013) 

31. M.S. Khardiwar, K.D. Anil, D.M. Mahalle, S. Kumar, Study on Physical and chemical prop-
erties of crop Residues briquettes for gasification. Int. J. Renew. Energy Technol. Res. 2(11), 
237–248 (2013). ISSN: 2325–3924 

32. C.C. Antonio, M. Palumbo, P.M. Pelagagge, F. Scacchia, Economics of biomass energy utiliza-
tion in combustion and gasification plants: effects of logistics variables. Biomass Bioenerg. 
28(1), 35–51 (2005) 

33. Y. Lin, S. Tanaka, Ethanol fermentation from biomass resources: current state and prospects. 
Appl. Microbiol. Biotechnol. 69(6), 627–642 (2006) 

34. T. Yoshioka, S. Hirata, Y. Matsumura, K. Sakanishi, Woody biomass resources and conversion 
in Japan: the current situation and projections to 2010 and 2050. Biomass Bioenergy, 29(5), 
336–346 (2005) 

35. V. Dipti, S. Ashish, L. Banwari, M.S. Priyangshu, Conversion of biomass-generated syngas 
into next-generation liquid transport fuels through microbial intervention: potential and current 
status. Curr. Sci. 110(3), 329–336 (2016) 

36. K. Qian, A. Lise, T. Tianwei, D. Raf, Bioethanol from lignocellulosic biomass: current findings 
determine research priorities. Sci. World J 298153, 13 (2014) 

37. S.J. Gerssen-Gondelach, D. Saygin, B. Wicke, M.K. Patel, A.P.C. Faaij, Competing uses of 
biomass: assessment and comparison of the performance of bio-based heat, power, fuels and 
materials. Renew. Sustain. Energy Rev. 40, 964–998 (2014) 

38. K. Sunde, A. Brekke, B. Solberg, Environmental impacts and costs of woody biomass-to-liquid 
fuel (btl) production and use: a review. Forest Policy Econ. 13(8), 591–602 (2011)



172 A. Kumari et al.

39. R.S. Dhillon, V.W. George, Mitigation of global warming through renewable biomass. Biomass 
Bioenerg. 48, 75–89 (2013) 

40. W. Lijun, L.W. Curtis, D.J. David, A.H. Milford, Contemporary issues in thermal gasification 
of biomass and its application to electricity and fuel production. Biomass Bioenerg. 32(7), 
573–581 (2008) 

41. S. Sammy, Gasification, producer gas and syn gas, agriculture and natural resources. FSA 1051 
(2009) 

42. D. Ayhan, Green energy and technology. Biohydrogen 6, 163–219 (2009) 
43. M. Sudhagar, G.T. Lope, S. Shahab, Effect of compressive force, particle size, and moisture 

content on mechanical properties of biomass pellets from grasses. Biomass Bioenerg. 30, 
648–654 (2006) 

44. S. Shahab, M. Sudhagar, B. Xiaotao, Z. Parisa, T. Lope, Binderless Pelletization of Biomass, 
An ASAE Meeting Presentation, Paper Number: 056061 (2005) 

45. S. Shahab, K. Amit, F.T. Antony, Development and implementation of integrated biomass 
supply analysis and logistics model (IBSAL). Biomass Bioenergy 30(10), 838–847 (2006) 

46. M. Pettersson, T. Nordfjell, Fuel quality changes during seasonal storage of compacted logging 
residues and young trees. Biomass Bioenerg. 31, 782–792 (2007) 

47. T.A. Muhammad, H.B. Alemayehu, S. Shahab, M. Waseem, Storage of comminuted and 
uncomminuted forest biomass and its effect on fuel quality. BioResources 5(1), 55–69 (2010) 

48. E.M. Jan, D.K. Pieter, Influence of particle size and moisture content on tendency to bridge in 
biofuels made from willow shoots. Biomass Bioenerg. 24, 429–435 (2003) 

49. H.V. Pallavi, S. Srikantaswamy, B.M. Kiran, D.R. Vyshnavi, C.A. Ashwin, Briquetting agri-
cultural waste as an energy source. J. Environ. Sci. Comput. Sci. Eng. Technol. 2(1), 160–172 
(2013) 

50. S.T. Jaya, T.W. Christopher, J. H. Richard, L.K. Kevin, A review of biomass densifica-
tion systems to develop uniform feedstock commodities for bioenergy application. Biofuels, 
Bioprod. Biorefining 5, 683–707 (2011) 

51. N. Kaliyan, R.V. Morey, Factors affecting strength and durability of densified biomass products. 
Biomass Bioenerg. 33(3), 337–359 (2009) 

52. Y.K. Sunday, F.Z. Mohamad, A.M. Latifah, M.R. Ahmad, A review of technical and economic 
aspects of biomass briquetting. Sustainability 12, 4609 (2020) 

53. C. Joel, Combustion Characteristics of Biomass Briquettes. Ph.D. Thesis Submitted to 
University Nottingham (2010) 

54. Y.H. Noorfidza, T.A. Mohammad, Effect of particle size on mechanical properties made 
from biomass blends, in 4th International Conference on Process Engineering and Advanced 
materials, Procedia Engineering, vol 148 (2016), pp. 93–99 

55. K.T. Arun, P.V.R. Iyer, C.K. Tara, A techno-economic evaluation of biomass briquetting in 
India. Biomass Bioenergy 14(5/6), 479–488 (1988) 

56. T. Chesta, Producing fuel briquettes from sugarcane waste, in EWB-UK National Research and 
Education Conference (2011), pp. 39–45 

57. P.S. Lam, S. Sokhansanj, X. Lim, C. Bi, L.J. Naimi, M. Hoque, S. Mani, A.R. Womac, X.P. 
Ye, S. Narayan, Bulk density of wet and dry wheat straw and dry particles. Appl. Eng. Agric. 
24(3), 351–358 (2008) 

58. Z. Colley, O.O. Fasina, D. Bransby, Y.Y. Lee, Moisture effect on the physical characteristics 
of switchgrass pellets. Am. Soc. Agric. Biol. Eng. 49(6), 1845–1851 (2006) 

59. S. Reuben, M.M. Daniel, Production of loose biomass briquettes from agricultural and forestry 
residues. Sci. Direct Procedia Manuf. 7, 98–105 (2017) 

60. S.T. Jaya, Effect of pellet die diameter on density and durability of pellets made from high 
moisture woody and herbaceous biomass. Carbon Resourc. Conv. 1, 44–54 (2018) 

61. S. Poddar, M. Kamruzzaman, S.M.A. Sujan, M. Hossain, M.S. Jamal, M.A. Gafur, M. Khanam, 
Effect of compression pressure on lignocellulosic biomass pellet to improve fuel properties: 
higher heating value. Fuel 131, 42–48 (2014) 

62. C. Ndiema, P. Manga, R. Ruttoh, Densification and characteristics of rice straw briquettes. J. 
Inst. Energy 75(502), 11–13 (2002)



13 Biomass Briquetting for Gasification: Waste to Wealth 173

63. K. Ajit, R. Madhuka, K. Krishnendu, Densification of biomass by briquetting: a review. Int. J. 
Recent Sci. Res. 8(10), 20561–20568 (2017) 

64. R. Binod, C. Lgathinathane, K. Bishnu, Y. Manlu, W.P. Scott, Combined effect of pelleting and 
pretreatment on enzymatic hydrolysis of switchgrass. Bioresource Technol. 116, 36–41 (2012) 

65. E.R. Allison, N.H. Amber, N. Nick, C. Xiaowen, L.G. Garold, Effect of pelleting on the 
recalcitrance and bioconversion of dilute-acid pretreated corn stover under low- and high-solids 
conditions. Biofuels 4(3), 271–284 (2013) 

66. J.W. Edward, J.N. Nicholas, M.N. Ryan, J.P. Darren, E.R. Allison, M.S. Daniel, The effect 
of biomass densification on structural sugar release and yield in biofuel feedstock blends. 
Bioenergy Resource 10(2), 478–487 (2017) 

67. K. Linoj, T. Zahara, S. Shahab, N.S. Jack, Does densification influence the steam pretreatment 
and enzymatic hydrolysis of softwoods to sugars? Bioresource Technol. 121, 190–198 (2012) 

68. N. Arzola, A. Gomez, S. Rincon, The effect of moisture content, particle size and binding agent 
content on oil Palm shell pellet quality parameters. Ingenieria E Investigacion 32(1), 24–29 
(2012) 

69. P.D. Grover, S.K. Mishra, Biomass Briquetting: Technology and Practices, Regional Wood 
Energy Development Programme in Asia, GCP/RAS/154/NET, Field Document No. 46, Food 
and Agriculture Organization of The United Nation, Bangkok (1996) 

70. S.V. Loo, J. Koppejan, The Handbook of Biomass Combustion and Cofiring (Earthscan, London, 
2008) 

71. S.T. Jaya, T.W. Christopher, L.K. Kevin, J.H. Richard, A technical review on biomass 
processing: densification, preprocessing, modelling and optimization. ASABE meeting paper, 
Paper No. 1009401 (2010) 

72. J. Jindaporn, L. Charoenporn, Influences of mixing ratios and binder types on properties of 
biomass pellets. Sci. Direct, Energy Procedia 138, 1147–1152 (2017) 

73. S.H. Sengar, A.G. Mohod, Y.P. Khandetod, S.S. Patil, A.D. Chendake, Performance of 
briquetting machine for briquette fuel. Int. J. Energy Eng. 2(1), 28–34 (2012) 

74. R.N. Singh, P.R. Bhoi, S.R. Patel, Modification of commercial briquetting machine to produce 
35 mm diameter briquettes suitable for gasification and combustion. Renew. Energy 32(3), 
474–479 (2007) 

75. S. Eriksson, M. Prior, The briquetting of agricultural wastes for fuel. FAO Environ. Energy 11, 
141 (1990) 

76. S. Mani, L.G. Tabil, S. Sokhansanj, An overview of compaction of biomass grinds. Power 
Handling Process. 15(2), 160–168 (2003) 

77. M. Sudhagar, G.T. Lope, S. Shahab, Specific energy requirement for compacting corn stover. 
Biores. Technol. 97(12), 1420–1426 (2006) 

78. P. Jitthep, M. Akarawit, Properties of solid fuel briquettes produced from rejected material of 
municipal waste composting, in The 3rd International Conference on Sustainable Future for 
Human Security SUSTAIN 2012, Procedia Environmental Sciences, vol. 17 (2013), pp. 603–610 

79. B. Gabriel, S. Witold, W. Katarzyna, Effect of starch binder on charcoal briquette properties. 
Int. Agrophys. 31, 571–574 (2017) 

80. O.A. Sotannde, A.O. Oluyege, G.B. Abah, Physical and combustion properties of charcoal 
briquettes from neem wood residues. Int. Agrophys. 24, 189–194 (2010) 

81. A.C. Adetogun, K.M. Ogunjobi, D.B. Are, Combustion properties of briquettes produced from 
maize cob of different particle sizes. J. Res. For. Wildlife Environ. 6(1), 28–38 (2014) 

82. O.J. Akowuah, F. Kermausuor, J.S. Mitchual, Physicochemical characteristics and market 
potential of sawdust charcoal briquette. Int. J. Energy Environ. Eng. 3, 18–26 (2012) 

83. E.A. Emerhi, Physical and combustion properties of briquettes produced from sawdust of three 
hardwood species and different organic binders. Adv. Appl. Sci. Res. 2(6), 236–246 (2011) 

84. I.I. Ikelle, C. Anyigor, Comparative thermal analysis of the properties of coal and corn cob 
briquettes. IOSR J. Appl. Chem. 7(6), 93–97 (2014) 

85. A.R. Ige, C.M. Elinge, L.G. Hassan, I.A. Adegoke, H. Ogala, Effect of binder on physicochem-
ical properties of fuel briquettes produced from watermelon peels. AASCIT J. Energy 5(2), 
23–27 (2018)



174 A. Kumari et al.

86. C.F. Babjide, I.J. Victoria, L.A. Oluwaseyi, D.N. Ravi, Performance evaluation of the phys-
ical and combustion properties of briquettes produced from agro-wastes and wood residues. 
Recycling 3, 37 (2018) 

87. K. Abia, K. Nicolas, K. Simon, B.K. Hussein, T. Peter, Potential of densification of mango 
waste and effect of binders on produced briquettes. Agric. Eng. Int: CIGR J. 16(4), 146–155 
(2014) 

88. ASTM D 870, ASTM D 2247. https://www.trl.com/accelerated_water. Last accessed 1 Nov 
2021

https://www.trl.com/accelerated_water


Chapter 14 
Status and Future Thrusts of Sugarcane 
Processing Waste to Energy Conversion 
in Sugar Mills of India: Comprehensive 
Review 

Omkar Karpe and P. Subramanian 

Abstract Sugarcane and sugar play an important part in India’s economy since 
sugar is the country’s second-largest agriculture-based industrial sector, next to 
cotton. India is the largest sugar consumer and second-largest producer in the world. 
Sugar derived from sugarcane has a recovery rate of 12% throughout the sugar-
making process. The remaining (other than crushed) sugar is found in molasses. The 
molasses is processed at the distillery unit to generate different grades of alcohol, 
including extra neutral alcohol, rectified spirits, impure alcohol and ethanol. During 
the crushing season, electricity is generated by burning bagasse as a fuel, and during 
the off-season, electricity is generated by cogeneration using conserved bagasse or 
other biomass. Bio earth is made by composting sugar industrial solid waste, and it is 
being used in farming operations as a bio-fertiliser and soil improver. The utilization 
of sugarcane processing waste to extract energy will benefit the industry and farmers 
economically, also it will lower the dependence on conventional and fossil fuels, and 
reduce environmental stress by reducing trash and reuse of waste. 

Keywords Sugar mill · Cogeneration · Bagasse · Agro-industrial waste ·
Distillery · Press mud ·Molasses 

14.1 Introduction 

Sugarcane (Saccharum officinarum) is a commonly produced crop in India, belonging 
to the Gramineae (Poaceae) family. It contributes to employing over a million people 
while also contributing significantly to the national budget [1]. Sugar is the country’s
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second-largest agro-based sector. Over 5 crore farmers and their dependents work to 
grow sugarcane on nearly 50 lakh hectares of land, and together, the sugar industry 
and sugar cane have an influence on their quality of life [2]. India is the world’s 
largest consumer and second-largest producer of sugar [3]. Sugarcane production 
averages roughly 35.5 million metric tonnes a year, with about 3 million tonnes 
of sugar produced [4]. Over 5000 LMT (Lakh Metric Tonnes) of sugarcane were 
harvested in India during the sugar crushing season October–September 2021–22, 
and 3574 LMT were crushed to produce 394 LMT of sugar. 35 LMT of this sugar 
was directly utilized for ethanol production, leaving 359 LMT for sugar industries to 
manufacture, with this India has surpassed all sugar processing countries to become 
the world’s largest producer, user and exporter of sugar. These sugar exports brought 
in roughly Rs. 40,000 crores in foreign money for the nation [5]. 

14.2 Current Status of Sugar Mills Wastes to Energy 
Conversion 

India contributes significantly to the global sugar market by producing about 15% and 
25% of the world’s sugar and sugarcane, respectively [6]. Each year, India produces 
370–400 million tonnes (MT) of cane, 27–30 MT of white sugar, 6–8 MT of jaggery 
and khandsari. 3.2 billion litres of alcohol, 4700 MW of electricity, and other chem-
icals are also produced. Around 3500 MW of power export capacity by the industry 
to the national grid [7]. 

The sugar business consumes a lot of energy. With sugarcane as a raw material, 
steam and power is required to run the mill [8]. Largely the sugar industries have 
co-generation facility for the generation of steam and electricity [9]. As the low-
pressure steam is used for heating, the cogeneration plant’s efficiency is increased 
to 75 and 90%, compared with the traditional plant’s efficiency of 35% [10]. During 
the sugar-making process, cane typically recovers 12% of its sugar content. The 
remaining sugar is present in the process’s by-product, i.e. molasses [11]. 

Different types of spirit which include rectified, extra neutral, impure alcohol and 
ethanol can be produced in distillery [12]. The distillery having made up of several 
stages of fermentation chambers that are distilled in stagged manner with separation 
columns for distillation of different grades of alcohol [13]. Spent wash which is 
by-product of distillation process and has high fructose can be used for the biogas 
plants as feedstock [11]. Compost fertiliser can be produced by using press mud and 
spent wash by addition of microbial culture. Mixing and aeration machine is used to 
reduce the composting time [14]. A flow diagram of sugar mill process is shown in 
Fig. 14.1.
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Fig. 14.1 Flow diagram of 
sugar mill process [15] 

14.2.1 Alcohol Form Molasses 

Molasses is a precious by-product of sugarcane, about 1 tonne of sugarcane produces 
4% by weight of molasses by the sugar processing industry in every single run. 
Molasses is used for making alcohol. Brewer’s yeast (Saccharomyces cerevisiae) 
is used to ferment the molasses, which has sugar and minerals as constituents, and 
can be used to produce beer that contains 6–10% ethanol [16]. Alcohol is used for 
making Extra Neutral Alcohol and Ethyl alcohol [17]. From 1 MT of molasses, 270 
L of alcohol is produced [18]. A flow diagram of production of ethyl alcohol from 
cane molasses is shown in Fig. 14.2.

India presently has over 70 lakh tonnes of extra sugar, so there is plenty of room to 
shift extra sugarcane toward ethanol production without compromising the quantity 
of sugar needed to satisfy domestic demand [20]. One tonne of sugarcane produces 70 
lit. of ethanol, as is well known [21]. The Ethanol Blended Petrol (EBP) initiative was 
started by the Indian government in 2003 with the goal of promoting environmentally
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Fig. 14.2 Production of ethyl alcohol from cane molasses [19] 

Fig. 14.3 Diversion of sugar for ethanol production (LMT)

friendly fuels by increasing the use of ethanol and lowering energy imports [22]. The 
EBP programme provides consistent ethanol demand, which injects money into the 
sugarcane industry [23]. This facilitates prompt payment to cane growers and reduces 
accumulated arrears for them. The National Policy on Biofuels 2018 expands the 
parameters for obtaining the raw materials needed to produce ethanol. The strategy 
planned to achieve a 20% mixing proportion by 2029–2030, [24]. The EBP initiative,
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by the Ministry of Petroleum and Natural Gas is now implementing, aims to attain a 
10% ethanol mix ratio in petrol by 2021–2022 [25]. The target of blending of 10% 
ethanol by 2021–22 and the 20% by 2029–30, a mid-term target of 15% blending 
could be explored for 2024–25 [23]. In order to facilitate sugar mills to pay the 
cane dues of farmers on schedule and to be in a better financial position to continue 
their operations, the government is consistently pushing mills to divert sugar to 
ethanol production and to export excess sugar. The sugar industry has gained profit 
by production of ethanol as a biofuel over the past five years since sugar’s usage in 
ethanol has improved sugar mills financial standing through quicker payments, lower 
working capital needs and less blockage of cash due to less surplus sugar with mills. 
The sale of ethanol generated revenue for sugar mills and distilleries in 2021–2022 
of around 18,000 crore, which also contributed to the early payment of farmers’ cane 
debts. In accordance with the Ethanol Blending with Petrol (EBP) Programme, the 
annual ethanol production capacity of molasses/sugar-based distilleries has expanded 
to 605 crore litres, and progress is still being made toward the 2025 objective of 20% 
blending. From 35 to 50 LMT of sugar is anticipated to be diverted to ethanol in the 
next season, bringing in roughly 25,000 crores in revenue for sugar mills [5]. 

14.2.2 Cogeneration from Bagasse 

Bagasse is the fibres of sugarcane obtained after the extraction of juice from sugar-
cane crushing [16, 21]. Three tonnes of wet bagasse is generated for every ten tonnes 
of sugarcane crushed [26]. Wet bagasse contains moisture in the range of 48–52% 
[27]. In terms of net calorific value, dried bagasse is more valuable to the economy 
and industry. The task force on sugarcane suggests offering incentives to sugar-
cane mills so they can recycle bagasse [23]. Bagasse serves a variety of different 
purposes besides being a biofuel. Currently, it is used in the production of construction 
materials, pulp and paper products, and as a biofuel [28]. 

Initially bagasse often contains 40–50% moisture, which makes it impossible 
to utilize as fuel [29]. Bagasse is often kept before being processed further. It is 
maintained damp, where the modest exothermic process gently breaks down any 
remaining sugars and dries the bagasse pile, which is then used to produce power 
[30]. It is often stored moist for paper and pulp manufacture for the removal of 
the small pith fibres, which obstruct the paper making process, and to remove any 
leftover sugar. Bagasse is typically used as a fuel source in sugar mills. It can be 
burnt in big enough amounts to provide all the thermal energy required by a typical 
sugar mill [31]. 

Bagasse cogeneration uses the fibrous sugarcane waste, bagasse to cogenerate 
heat and electricity at higher efficiency in sugar mills. Electricity is produced by 
burning bagasse as fuel in the crushing season and from surplus bagasse or another 
biomass during off-season [32] (Fig. 14.4).

An average sugar and ethanol plant consumes 30 kWh of electricity per tonne of 
crushed sugarcane. Several electric motors and the machines both utilize this energy.
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Fig. 14.4 Sugarcane bagasse cogeneration plant [33]

About 300 kWh/tonne of crushed cane (300 kWh/tc) of thermal energy is consumed 
during manufacture, which is 10 times more than the amount of electrical energy 
used. Sugarcane mills mostly employ cogeneration because it produces more thermal 
energy (TE) in the form of steam than electric power (EP) [34]. 

14.2.3 Press Mud 

Press mud is a type of industrial waste produced by sugar mills. About 12 million 
tonnes of press mud (filter cake) are produced by sugar mills in India as a by-product 
of the twofold sulphitation process [35]. The proximate analysis of crude press mud 
showed the presence of moisture (67.95–76.53), nitrogen (1.63–2.29), ash (19.28– 
30.76), sugar (12.10–13.29) and crude wax (6.70–11.01) [36]. As a by-product, 
around 3 tonnes of press mud cake are left behind for every 100 tonnes of sugarcane 
crushed [37]. Bio earth is produced by composting press mud, and it is a biological 
oxidation process in which sugar industrial solid waste is mixed with microbial 
culture in warm, humid and aerobic conditions for decomposition [38]. Degradable 
organic substrate is transformed physically and chemically during the process to 
create a stable humidified product. The substance is useful in agriculture as a soil 
enhancer and an organic fertiliser. Recycling organic waste is becoming increasingly 
important. By adding early nitrogen, improving nutrient availability, boosting water
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Table 14.1 Composition of 
bio earth [39] Nutrients Bio earth (%) 

Nitrogen 2.0–2.5 

Phosphorus 1.8–2.2 

Potassium 3.0–4.0 

retention, and adding colloidal nitrogen, phosphorous, potassium, calcium, sulphur, 
and micronutrients, Bio Earth boosts the soil’s microorganism population [39]. The 
application of sugarcane press mud treatments boosted soil fertility, according to the 
study [40]. The composition of Bio Earth is shown in Table 14.1. 

14.3 Future Thrusts of Sugarcane Waste to Energy 
Conversion 

Biofuels are gaining more scientific and public attention as a way to meet future 
energy demands, and they may be the only viable option to ensure and strengthen the 
energy security by reducing the world’s reliance on finite fossil fuels [41]. With the 
rise in the standard of living in recent years, per capita energy utilization has risen 
drastically. By 2025, global energy consumption is predicted to increase by a factor of 
ten, majorly occurring in quickly growing economies [42]. Bagasse pith has recently 
been used for bioethanol synthesis, which involves pre-treatment, hydrolysis, fermen-
tation and dehydration [43]. Microbial Electrolysis Cell (MEC) is encouraging green 
technology which can be implemented for production of energy from sugar industrial 
wastewater [44]. Anaerobic co-digestion (AcoD) is technically feasible for sugar-
cane waste [45]. The Government of India has advanced the target for 20% ethanol 
blending in petrol (also called E20) to 2025 from 2030. E20 will be rolled out from 
April 2023 [46]. Study shows that the addition of bagasse to the co-digestion of press 
mud and distillery wastewater can boost biogas generation [47] (Fig. 14.5).
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Fig. 14.5 Ethanol blending and availability graph of India [48] 

14.4 Conclusion 

Utilization of sugarcane processing waste to extract the energy is beneficial in terms 
of economic benefit to industry and farmers. It also reduces the burden on conven-
tional and fossil fuel, reduces stress on environment by reducing waste and reusing 
the waste. It is also beneficial in agriculture as good quality manure in the form of Bio 
Earth. Thus, the sugarcane waste to energy generation and its technological advance-
ment can be the breakthrough solution for the economic as well as environmental 
concerns. 
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Chapter 15 
Assessment of Thermal Behavior 
and Pyrolytic Kinetics of Selected 
Agro-residues through 
Thermogravimetric Analysis 

Bhautik Gajera , Anil Kumar Sarma , and Mithilesh Kumar Jha 

Abstract The physicochemical characteristics and kinetics of sugarcane bagasse 
(SCB) and black gram straw (BGS) have been studied using a thermogravimetric 
analyzer under nitrogen atmosphere at 20 °C/min heating rates. The analysis showed 
that SCB has higher volatile matter (81.32 wt. %), lower ash (3.50 wt. %), and 
moisture content (5.36 wt. %) while significantly higher HHV (18.10 MJ/kg). The 
TG and DTG curves displayed four significant zones mainly attributed to moisture 
removal, decomposition of hemicellulose and cellulose, and lignin, respectively. The 
Coats-Redfern model fitting method was used to determine the kinetic and thermo-
dynamic parameters of the active pyrolysis zone. The activation energies of SCB 
and BGS were 88.74 and 96.74 kJ/mol, respectively. The following thermodynamic 
parameters were found: change in enthalpy is 83.65 and 92.14 kJ/mol, Gibbs free 
energy is 126.64 and 144.69 kJ/mol, and change in entropy is −73.29 and −94.92 J/ 
mol.K, for SCB and BGS, respectively. These physicochemical properties and kinetic 
parameters confirm that SCB and BGS are promising feedstocks for pyrolysis. 
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15.1 Introduction 

Currently, renewable energy sources are gaining attention because fossil fuels are 
environmentally unfriendly and are set to deplete soon. Due to its availability, 
easy processing capabilities, and environmental friendliness, biomass is considered 
the most attractive renewable energy source. Despite being widely dispersed, it’s 
already the world’s fourth-biggest energy source. As opposed to coal, biomass can 
be processed easily to produce fuels and chemicals because of its high reactivity and 
volatility [1, 2]. In biomass materials, sunlight is converted into carbon dioxide and 
organic compounds via photosynthesis. This means that they are significantly less 
responsible for increasing CO2 levels in the environment [3]. When biomass mate-
rials (and associated fuels) are burned, they cause considerably less environmental 
damage and health issues than conventional fuels. The use of biomass as alternative 
energy source also helps resolve issues associated with waste disposal. 

As opposed to other renewable energy sources, biomass can be used as a raw 
material for liquids, gases, and solids. In general, there are two ways to accom-
plish the conversion: (i) biochemically, which occurs through the action of enzymes; 
(ii) thermochemical, which involves heating or oxidizing biomass [4]. The three 
most common thermochemical processes are pyrolysis, gasification, and liquefac-
tion. There are several energy-producing methods, but pyrolysis is at the forefront 
as it allows for high fuel-to-feed ratios [2]. Biomass pyrolysis is the thermal break-
down of biomass in the absence of oxygen at moderate temperatures (400–600 °C) 
to get liquid products (bio-oil). Additionally, pyrolysis is used as an initial step in the 
combustion, gasification, and liquefaction processes of biomass [5]. For this reason, 
it is essential to understand the thermal behavior and kinetics of the pyrolysis process 
to determine biomass behavior in order to design efficient and effective pyrolysis and 
gasification systems. 

SCB is among the most widely available biomass resources in India. The sugar 
mill industry’s waste material has fulfilled the energy needs of developing nations 
such as Brazil, India, China, and Mexico. Currently, SCB generated from the sugar 
mill industry is used as a fuel for combined heat and power systems [6]. India is the 
world’s second-largest sugarcane producer after Brazil, with 303.83 MMT. In India, 
sugarcane farming covers approximately 5.11 Mha areas with average productivity 
of 70 t/ha [7]. SCB is one of the biggest cellulosic agro-industrial-based byproducts. 
Sugar mills generate up to 30 wt. % residual lignocellulosic SCB from sugarcane, 
which is significant [8]. SCB comprises around 40–50% cellulose, 19–25.7% hemi-
cellulose, 17–25% lignin, and 2–4% ash [7]. Most commonly, sugar mills use it as 
a primary energy source. SCB is utilized as a feedstock for various processing and 
manufacturing applications. The SCB can be used to produce biogas, biofuel, and 
bio fertilizer. Additionally, SCB can also be utilized as a feedstock for co-generating 
steam and electricity [9]. At the same time, black gram is a popular pulse crop in 
India, where it is commonly called Urad. Approximately 70% of India’s global black 
gram is harvested [10]. In addition to being utilized as food for humans and live-
stock, it is also used to fix atmospheric nitrogen and maintain soil quality. Therefore,
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a large amount of black gram residue is generated after harvesting, like stalk and 
straw, which can be used for biofuels generation. 

The purpose of this study is to achieve a greater understanding of the pyrolytic 
properties and kinetics of biomass residue, principally sugarcane bagasse and black 
gram straw. Thermogravimetric analyses were carried out for this purpose, and the 
kinetics triplets and thermodynamic parameters were assessed using the model fitting 
Coats-Redfern method. Moreover, the analyzed biomass residues were compared 
with the recent literature for their suitability as pyrolysis feedstock. 

15.2 Materials and Methodology 

SCB and BGS samples were acquired from the local market of the Kapurthala region 
(Punjab), India. The collected SCB and BGS were ground to particle size <212 and 
pre-dried in an open environment for two days before being stored in polyethylene 
bags. 

15.2.1 Physicochemical Properties 

The proximate, ultimate and compositional analysis and calorific values were carried 
out as per the protocol reported by Varma ad Mondal [11]. Volatile matter, moisture, 
and ash contents were estimated according to ISO 18134–3, ISO 18122, and ASTM 
E872-82 standard methods, respectively. A value of FC was estimated by subtraction 
of VM, MC, and Ash contents from 100 wt. %. Using an elemental analyzer (Vario 
MICRO Cube (Elementar, Germany)), elemental carbon, hydrogen, nitrogen, and 
sulfur were determined. Elemental oxygen was calculated by subtracting carbon, 
hydrogen, nitrogen, and sulfur percentages from 100 wt. %. According to BS 1016– 
5:1967, the HHV of SCB and BGS samples were determined using an oxygen bomb 
calorimeter model CC01/M2A (Toshniwal Technologies, India). To facilitate accu-
rate results, experiments were performed in a repetition of three for the same sample 
and the mean value was accepted as the final value. 

15.2.2 TG and DTG Analysis 

PerkinElmer (STA 6000) TG/DTA instrument was employed to analyze and record 
the thermal behavior of selected biomass samples during pyrolysis. Experiments were 
run non-isothermally at a single heating rate of 20 °C/min. As a carrier, nitrogen 
gas with a purity of 99.99% was used at a 20 mL/minute flow rate. During each 
experiment, 10 ± 3 mg of sample mass was analyzed. Testing was conducted at a 
temperature range between 30 and 700 °C. The heating rate of 20 °C/min was used to
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estimate the kinetic triplets such as activation energy (Eα), pre-exponential factor (A), 
and reaction order (n). Each experiment was conducted twice, and average outcomes 
were recorded. 

15.2.3 Kinetics Modeling 

The kinetic modeling was performed using Coats-Redfern. Under iso-conversion 
methods, the mass of M0 can be transformed to the mass of Mt at time t. The DTG 
curve gives a conversion ratio a, which is as follows: 

i = 
M0 − Mt 

M0 − M f 
(15.1) 

The degree of transformation is i, the mass at the initial stage is M0, the mass at 
time t is Mt, and the final mass is Mf. 

Equation 15.3 can be used to determine the pyrolysis ratio with integrated Eq. 15.2 

f (i ) = (1 − i )n (15.2) 

di  

dt  
= K f  (i ) = K (1 − i )n (15.3) 

K is the Arrhenius Equation that expresses the rate constant as Eqs. 15.4 and 15.5 
can be derived 

K = Ae− E RT and dT  = βdt (15.4) 

di  

dT  
= 

A 

β 
e− E RT (1 − i )n (15.5) 

where “n” is the order of reaction, “A” is the pre-exponential factor, “E” is the energy 
of activation, “R” is the gas constant, “T” is the temperature, and “t” is the time. 

Panwar et al. [12] describe pyrolysis as a one-step global reaction, hence n = 1, 
so model the pyrolysis kinetic equation as Eq. 15.6 from Eq. 15.5, 

ln

┌
− 

(1 − i ) 
T 2

⎤  
= ln

┌
Ai R 

β Ei

⎤  
− 

Ei 

RT 
( f or  n  = 1) (15.6) 

Most reactions have minimum values of RT Ei 
(i.e., RT Ei

« 1), and therefore the 
following two formulas can be determined by 

ln

┌
1 − (1 − i )1−n 

T 2(1 − n)

⎤  
= ln

┌
Ai R 

β Ei

⎤  
− 

Ei 

RT 
( f or  n /= 1) (15.7)
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For each case, the following Y and X notations were used: 

Y = ln
┌
1 − (1 − i )1−n 

T 2(1 − n)

⎤  
and X = 

1 

T 
( f or  n /= 1) (15.8) 

Y = ln
┌
− 

(1 − i ) 
T 2

⎤  
and X = 

1 

T 
( f or  n  = 1) (15.9) 

Therefore, both approaches fulfill the following equation: 

Y = −  
Ei 

R 
X + ln

┌
Ai R 

β Ei

⎤  
(15.10) 

The value of the order of reaction, activation energy, and pre-exponential factor 
has been calculated using the above expression. 

15.2.4 Thermodynamic Parameters 

Based on the Açıkalın et al. [13] equation, the change of enthalpy (ΔH), entropy (ΔS), 
and Gibbs free energy (ΔG) have been calculated, which is described as follows:

ΔH = Ei − RT (15.11)

ΔG = Ei + RTmax ln

(
KB Tmax 

hA

)
(15.12)

ΔS =
(

ΔH − ΔG 

Tmax

)
(15.13) 

Here, Tmax is DTG peak temperature (K); KB is the Boltzmann constant (1.381 
× 10–23 J/K); h is the Plank constant (6.626 × 10–34 J.s). The Ei and A values 
were calculated using CR methods to calculate the above-mentioned thermodynamic 
parameters.
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15.3 Results and Discussion 

15.3.1 Physicochemical Properties of SCB and BGS 

Proximate Analysis 

Biomass fuel can be classified by its proximate and ultimate analysis. In Table 15.1, 
SCB, BGS, and wheat straw are compared in terms of proximate analysis, ultimate 
analysis, and heating value. The proximate analysis provides a brief analysis of 
biomass’s heating values and burning properties [14]. It gives the mass percentages 
of moisture, volatile, ash, and fixed carbon. A significant variation exists in biomass 
moisture content, which is influenced by biomass’s type and storage method. The low-
moisture biomass is suitable for thermal conversion, while high-moisture biomass 
is more suitable for enzymatic or hydrothermal processes, as suggested by Chutia 
et al. [15]. For the pyrolysis process, the moisture content of the analyzed SCB and 
BGS samples is about 5.36 and 5.50%, respectively, which is within the desired 
range (<10%). In addition, moisture in the biomass sample makes pyrolysis more 
difficult, as it requires extra heat to extract the moisture from the biomass [14]. 
In addition, SCB and BGS biomass samples contain higher volatile matter (81.32 
and 75.49%, respectively) and less ash content (3.50 and 5.65%, respectively). This 
indicates that biomass is well suited to be pyrolyzed due to its high reactivity and easy 
devolatilization and combustion. Due to high ash content, incomplete combustion can 
occur, leading to high operating costs, waste disposal issues, and lower conversion 
rates [6]. The SCB and BGS biomass samples contain a bit more fixed carbon (9.82 
and 13.45%, respectively) than wheat straw (see Table 15.1).

It was found that the HHV of SCB and BGS biomass samples were about 18.10 
and 16.90 MJ/kg, which were comparable or even more significant than those of 
the other reported crop residues such as Wheat straw (16.10 MJ/kg), walnut shell 
(17.85 MJ/kg), Sugarcane bagasse (18.10 MJ/kg), and Pistachio shell (17.39 MJ/kg) 
[16–19]. 

Ultimate Analysis 

As a result of the ultimate analysis of the SCB biomass sample, its carbon, hydrogen, 
nitrogen, sulfur, and oxygen contents were 45.52, 5.67, 0.21, 0.05, and 48.55%, 
respectively, and 43.22, 6.30, 0.10, 0.02, and 50.36%, respectively, for the BGS 
biomass sample. The analysis results are compared with the wheat straw sample, 
as shown in Table 15.1. Compared to fossil fuel, SCB and BGS biomass samples 
contain higher amounts of hydrogen and oxygen than carbon because carbon–oxygen 
and carbon-hydrogen bonds have lower energy content than carbon–carbon bonds 
[20]. As compared to wheat straw, SCB and BGS contain a small amount of sulfur 
and nitrogen, so they produce significantly fewer toxic emissions such as SOX and 
NOX during the thermochemical conversion process [21]. SCB sample exhibited 
molar ratios of H/C and O/C around 1.48 and 0.48, respectively, whereas BGS 
showed 1.73 and 0.48, respectively. Also, the C/N ratio of SCB (252.78) and BGS
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Table 15.1 Physicochemical 
properties of selected biomass 
residues 

Sample SCB BGS 

Proximate analysis (wt. %) 

M.C 5.36 5.50 

V.M 81.32 75.49 

Ash content 3.50 5.65 

F.Ca 9.82 13.45 

HHV(MJ/kg) 18.10 16.90 

Ultimate analysis (wt. %) 

Carbon 45.52 43.22 

Hydrogen 5.67 6.30 

Nitrogen 0.21 0.10 

Sulfur 0.05 0.02 

Oxygena 48.55 50.36 

Molar ratio 

H/C ratio 1.48 1.73 

O/C ratio 0.80 0.87 

C/N ratio 252.78 504.02 

Fiber analysis (%) 

Hemicellulose 25.32 22.71 

Cellulose 41.85 27.54 

Lignin 22.17 38.95 

Extractives 10.66 10.80

(504.02%) biomass samples as compared to wheat straw (99.93%) shows that clean 
fuel combustion is possible, as reported by Rathore et al. [16]. 

Lignocellulosic Composition 
The composition analysis of biomass samples shows that SCB has the highest cellu-
lose content, which is 41.85%, while BGS has 27.54%. The hemicellulose content 
varied from 22.71 to 25.32%, lignin content around 39% in the BGS sample, which 
was higher than the SCB sample. The BGS biomass had a higher lignin content than 
SCB (22.17%), leading to a higher level of char formation, as shown in Fig. 15.1. As  
shown in Table 15.1, SCB and BGS extractive contents were around 10%, which was 
very close to the other reported biomass values [12]. The lignocellulosic composition 
influences biomass thermal pyrolysis behavior. Biomass with high hemicellulose and 
cellulose and relatively low lignin content has a faster rate of thermal degradation 
during pyrolysis because these compounds are degraded at a lower temperature range 
than the lignin [21].
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Fig. 15.1 TG and DTG thermograms for the SCB and BGS 

15.3.2 TG and DTG Analysis 

Figure 15.1 shows the thermograms of mass loss (TG) and derivative mass loss (DTG) 
for SCB and BGS at 20 °C/min. Generally, the pyrolysis process involves four stages: 
free moisture removal, the primary devolatilization process in which hemicellulose 
and cellulose degradation take place, and continuous slight devolatilization [22]. A 
slight weight loss was observed during the first stage (<150 C). A total weight loss of 
about 83.17% for SCB and 76.10% for BGS was observed within the range of active 
zones (see Fig. 15.1 and Table 15.2). Shah et al. [23] reported that around 72 to 80% 
of total mass loss occurred within this temperature zone. The SCB sample showed 
a more significant weight loss than BGS, which correlates with higher volatile and 
lower ash content (Table 15.1). The position of the peaks in the DTG curves indicates
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Table 15.2 Thermal properties of biomass samples by using TG analysis at 20 °C/min heating rate 

Stage Dehydration Hemicellulose 
degradation 

Cellulose 
degradation 

Lignin 
degradation 

Char 
formation 

SCB 

T (°C) 30–150 150–320 320–390 150–525 >525 

TG (%) 4.05 32.45 34.92 15.80 − 
DTGmax (μg/ 
min) 

39 389 863 155 − 

Tmax (°C) 55 300 349 466 − 
BGS 

T (°C) 30–150 150–310 310–380 150–580 >570 

TG (%) 7.2 22.18 27.64 26.15 − 
DTG (μg/min) 123 895 1436 445 − 
Tmax (°C) 76 280 318 432 − 

the temperatures at which the maximum weight loss rate occurs. The SCB and BGS 
samples exhibit different TG and DTG values, indicating different reactivity. As 
shown in Table 15.2, the SCB and BGS samples have significantly different decom-
position behaviors (Table 15.2). As shown in Fig. 15.1 and Table 15.2, the sample of 
SCB displayed three clearly visible peaks with a very light shoulder at about 300 °C 
and two others at 349 and 466 °C. In contrast, the BGS sample exhibited two peaks 
at approximately 318 and 432 °C in the DTG curves. Biomass composed of ligno-
cellulosic materials consists primarily of hemicellulose, cellulose, and lignin, all of 
which affect pyrolysis behavior [8]. Most of the lignocellulosic materials decompose 
between 200 and 500 °C. Decomposition begins with lignin at a lower temperature 
and a slower rate and continues until approximately 900 °C. DTG curves exhibit four 
major peaks that can be qualitatively explained as follows: The first peak could result 
from the removal of free moisture, the second (light shoulder) from the decompo-
sition of hemicellulose and some lignin, and the third one from the decomposition 
of cellulose and the remaining lignin. The final decomposition of the lignin fraction 
occurs at high temperatures (>550 °C), resulting in minimal weight loss [24]. 

15.3.3 Kinetics and Thermodynamic Parameters 

Designing effective and efficient gasifiers/pyrolizers for producing biofuels from 
biomass requires understanding the pyrolysis kinetics of SCB and BGS biomass 
samples. To analyze the pyrolysis kinetics in this study, only the active pyrolysis zone 
(light red color) was considered. Table 15.3 displays the values of the pre-exponential 
factor (A), apparent activation energy (Eα), reaction order (n), and correlation coef-
ficient (R-Square) for each stage of decomposition for SCB and BGS samples. The 
reaction order (n) was determined through trial calculations for a wide range of
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n values from 0.1 to 2. Use the maximum R-square values from the linearization 
process to calculate the values of Eα and A. The plot in Fig. 15.2 illustrates the linear 
data for both the SCB and the BGS samples in accordance with Eq. (15.13). The 
results show that the R-square values are > 0.90, which fits well with the experimental 
data. 

Table 15.3 Kinetics triplets of selected agro-residues biomass through CR method 

Sample Stage n R-Square E (kJ/mol) A (s−1) 

SCB 1st 0.8 0.952 46.00 5.93 × 1003 

2nd 1.2 0.947 131.06 3.63 × 1009 

Average 1 − 88.53 1.81 × 1009 

BGS 1st 1.5 0.973 87.89 2.40 × 1008 

2nd 1.4 0.935 105.70 1.39 × 1007 

Average 1.4 − 96.74 1.27 × 1008 
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Fig. 15.2 Linear plots for SCB and BGS sample by using CR model fitting method
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During the first decomposition stage, temperatures ranged from 150 to 300 °C, 
mostly hemicellulose and partly cellulose decompose within this range, with activa-
tion energy and pre-exponential factor 46.00 kJ/mol and 5.93 × 1003 s−1 respectively 
for SCB and 87.89 kJ/mol and 2.40 × 1008 s−1 respectively for BGS. Kristanto et al., 
[25] found that this temperature range was very close to that for the breakdown of 
hemicellulose and cellulose. It was also noted by Wang et al. [21] that in the temper-
ature range of 200–280 °C, pure hemicellulose was broken down, and pure cellulose 
decomposed in a range of 250–360 °C. The second stage of biomass decomposition 
occurred in the temperature range of 300 to 550 °C. The apparent activation energy 
(Eα) and pre-exponential factor (A) were relatively high in the second stage. The 
activation energy for this stage was 131.06 kJ/mol and 105.70 kJ/mol, and the pre-
exponential factor was and 3.63 × 1009 s−1 and 1.39 × 1007 s−1 for SCB and BGS 
samples, respectively. As de Palma et al. [18] stated, pyrolysis reactions with a high 
average Eα require a higher reaction temperature or a longer reaction time. The order 
of reaction (n) values for SCB and BGS samples are summarized in Table 15.3. It  
can be seen that the values of n are close to first-order reactions, within the range of 
0.8 to 1.5. Although these values can differ with the method and approach used, the 
results obtained are in accordance with previously reported studies by other authors 
(Table 15.5). 

Table 15.4 summarizes the calculated thermodynamic parameters (ΔH, ΔG, and
ΔS). The concept of enthalpy refers to the difference in energy levels between reac-
tants and intermediates, along with the nature of the chemical reaction [10]. More-
over, throughout the degradation stage, a positive value of enthalpy was found for 
both samples, verifying that reaction is endothermic in which molecules utilize the 
heat energy to decompose and form new chemical bonds. The difference between 
enthalpy and activation energy values is minimal for both the samples, which confirms 
that pyrolysis of selected biomass for energy generation is feasible [15]. Gibb’s free 
energy indicates the total available energy of a system. The Gibbs free energy found 
in this study was 126.64 kJ/mol and 144.69 kJ/mol in SCB and BGS, respectively. 
According to the results obtained, endothermic or nonspontaneous reactions occur 
throughout the process. Rathore et al. [16] studied the kinetics and thermodynamics 
characteristics of pigeon pea stalk and found a Gibbs free energy of 165–172 kJ/ 
mol. At the heating rate of 20 C/min, the calculated average entropy (ΔS) for SCB 
and BGS was −73.29 and −94.92 J/mol.K, respectively. The negative sign of ΔS 
reflects less disorder in products formed through bond dissociation as compared to 
primary reactants. Gajera and Pawar [10] reported comparable results for pyrolysis 
kinetics of black gram straw. 

Table 15.4 Thermodynamic 
parameters of selected 
agro-residues biomass 

Sample ΔH (kJ/mol) ΔG (kJ/mol) ΔS (J/mol. K) 

SCB 83.65 126.64 −73.29 

BGS 92.14 144.69 −94.92
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Table 15.5 Comparison of kinetics parameters with previously reported agro-residues 

Sample Method E (kJ/mol) A (s−1) References 

SCB CR 88.53 1.81 × 1009 This study 

BGS CR 96.74 1.27 × 1008 This study 

Cotton stalk CR 128.70 1.78 × 1010 Panwar et al. [12] 

Walnut shell CR 45.6–78.4 1003 Açıkalın [17] 

Pistachio shell CR 156–370 1015–1020 Açıkalın [19] 

Pine needle CR, FWO, KAS 70–79 1010–1011 Kristanto et al. [25] 

Bagasse DAEM 175 1010–1020 Palma et al. [18] 

Bagasse FWO, KAS 66–125 1010–1012 Varma and Mondal 
[11] 

Black gram straw FWO, KAS, Starink 135–210 1010–1016 Gajera and Panwar 
[10] 

Mesua ferrea L 
deoiled cake 

CR, FWO, KAS 64–250 1010–1020 Chutia et al. [15] 

15.4 Conclusion 

This work analyzes the physicochemical properties and kinetics of SCB and BGS 
using a non-isothermal TG analyzer. As a result of physicochemical properties, SCB 
has higher volatile matter, higher HHV value, and lower ash content than BGS. The 
TG analysis observed four main zones: moisture removal, hemicellulose, cellulose 
decomposition, and lignin decomposition. More than 70% of the mass loss occurred 
in active pyrolysis zones. Both SCB and BGS samples had similar behaviors but 
different reactivities because of their different crystalline structures and elemental 
compositions. The activation energies associated with the active pyrolysis zone were 
88.53 kJ/mol for SCB and 96.74 kJ/mol for BGS, respectively. Based on the result, 
SCB was highly suitable for pyrolysis processes. 
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Chapter 16 
Slow Pyrolysis of Rice Husk 
in a Lab-Scale Batch Reactor: Influence 
of Temperature on the Products Yield 
and Bio-oil Composition 

Hari Kiran Tirumaladasu, Piyush Pratap Singh , Anurag Jaswal , 
and Tarak Mondal 

Abstract Pyrolysis of agricultural biomass to produce bio-oil and biochar is a 
sustainable route for energy and fuel production. The rice husk (RH) is a major 
agricultural residue produced in larger amounts in India. In this study, lab-scale 
pyrolysis of RH was performed to evaluate the type of products and their composi-
tion at different temperatures (200–400 °C) in a batch reactor. Furthermore, RH was 
characterized to understand its physical as well as chemical properties thoroughly 
via various methods, for instance, proximate analysis, ultimate analysis, calorific 
value analysis, and thermogravimetric analysis (TGA). Along with this, the effect of 
pyrolysis temperature on the yields of products and the composition of bio-oil was 
also investigated. The experimental results revealed that the maximum bio-oil yield 
of 33.4 wt.% was obtained at 400 °C. Acid pre-treatment using hydrochloric acid 
(HCl) was also done to remove the impurities like Alkali and Alkaline Earth Metals 
(AAEMs) present in the RH. The pre-treatment was found to increase the yield of 
bio-oil to 37.3 wt.% and reduce the yield of biochar and gases by 2.1 wt.% and 
1.8 wt.%, respectively. Gas Chromatography−Mass Spectroscopy (GC−MS) and 
Fourier Transform−Infrared (FT−IR) analysis were used to identify the chemical 
composition and functional groups present in the bio-oil obtained at various temper-
atures. A complex combination of acids, alcohols, furans, ketones, phenols, sugars, 
and other compounds was discovered in the bio-oil. 
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16.1 Introduction 

Fossil fuels have been the most important source of chemicals, fuels, and energy for 
human civilization for over two centuries, accounting for most of our energy and 
chemical demands. The rapid urbanization and industrialization have resulted in a 
population expansion in recent years, fueling a tremendous increase in worldwide 
energy consumption [1]. Presently, fossil fuels—crude oil, natural gas, and coal— 
supply nearly 83% of the global energy demand, with renewables supplying just 
10% of the energy demand [2]. This over-reliance on fossil fuels has prompted fears 
of supply chain disruptions, price volatility, and/or market manipulation in the not-
too-distant future. Their usage also leads to extraordinarily large-scale emissions of 
greenhouse gases which contribute to global climate change, as well as extensive 
environmental damage in the form of land, air, and water pollution. As a result, a 
move to alternate green energy sources is a critical step for continuing sustainable 
growth [3]. Renewable energy sources are environmentally friendly and will not run 
out soon due to their steady long-term availability, these sources are also more price-
stable than fossil fuels. So, biomass is a promising alternative to fossil fuels as a new 
energy source since it is renewable and carbon neutral. 

Biomass has historically been regarded as a viable and sustainable energy source 
capable of creating a diverse range of chemicals and materials. Biomass is a generic 
term for any organic material—plant and animal based—that is of recent origin. As 
a major consequence of such a broad definition is that biomass feedstocks have a 
tremendous diversity which makes it difficult to categorize them as a whole. Broadly, 
biomass feedstocks can be categorized as forestry based, agri-industrial based, energy 
crops, food crops, etc. [3]. Biomass has several advantages over conventional fossil 
fuels, including minimal sulfur and nitrogen content, as well as no net CO2 emissions 
into the atmosphere [4]. Biomass resources cover many materials such as forest waste, 
organic residues, and agricultural waste. Agricultural biomass, a widely available 
residue, is produced on a global scale every year but is often unused [5]. While it 
is hard to get reliable numbers, reports suggest that India, China, the United States 
of America, and Brazil together produced greater than one billion tons of biomass 
every year, a large fraction of which is agricultural waste such as rice husk and straw, 
sugarcane, etc. [6]. 

India is a global agricultural powerhouse and produces a huge amount of waste 
residues. Thus, there is a vast scope for generating renewable energy, producing valu-
able chemicals (like biofuels, platform chemicals, transportation fuels, etc.) from 
biomass in India. RH was chosen as the feedstock in this study because it is a signif-
icant agricultural biomass source in India that is readily available in huge amounts. 
While some of the produced rice husk is utilized by the farmers for various purposes, 
a significant amount is left behind as it is often surplus to their need. Owing to the 
narrow timeline between the harvesting of one crop and the sowing of another crop 
as well as the high cost of collecting the residues and the unavailability of labor, the 
surplus residue is commonly burned off in the open for quick disposal [7]. However, 
the open burning of residues in the fields is discouraged because it emits significant
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volumes of particulate matter, and gases (NOx, CO,  CO2, and SO2) into the environ-
ment [8]. As a result, the focus of research in this domain in recent years has been on 
identifying potential strategies and/or technologies that could allow the utilization of 
this carbon resource for energy production. Among the various possible strategies, 
thermochemical conversion is one that has exhibited great potential. The thermo-
chemical conversion of biomass can be carried out in a number of ways—pyrolysis, 
hydrothermal liquefaction, gasification, and torrefaction [9]. Among these, pyrolysis 
is by far the most promising one as it employs comparatively milder conditions for 
converting biomass. Pyrolysis is carried out under an inert atmosphere at tempera-
tures ranging from 200 to 600 °C, resulting in the formation of three products—gases, 
biochar, and bio-oil—which can themselves be used for energy production as well 
as the production of chemicals and fuels [9]. Its operational simplicity, use of rela-
tively milder conditions, and the wide range of products that can be obtained make 
pyrolysis a particularly appealing strategy and has resulted in its application at an 
industrial scale [9]. 

Pyrolysis conversion technology can be approached in two ways. The first, also 
known as classical or classic pyrolysis, aims to improve biochar formation at low 
temperatures and low heating rates, or to boost fuel gas yield under high temperature, 
medium heating rate, and extended vapor residence time. Flash or fast pyrolysis aims 
to maximize the liquid product yield under the following conditions: (1) extremely 
high ramp rate (about 100 − 200 °C/min), (2) grinded biomass which has a very 
small size (1−2 mm), (3) temperature around 550 °C, and (4) rapid quenching of the 
produced vapors (very little vapor residence time) to produce bio-oil [10]. 

The majority of the previous studies on pyrolysis of RH focused on fixed/fluidized 
bed reactors as shown in Table 16.1 and are usually conducted at very high tempera-
tures (>500 °C) and high heating rates (>100 °C /min) which consume a lot of energy 
and are associated with high costs. There is no extensive investigation on the slow 
pyrolysis of RH in a batch reactor setup at low temperatures with an emphasis on the 
examination of bio-oil generated, as far as we know. The main motive of this study 
is to see how different pyrolysis reaction temperatures (200–400 °C) affect the slow 
pyrolysis of RH so that comparative studies can be made under the same conditions. 
Experiments were conducted out at temperatures of 200, 250, 300, and 350 degrees 
Celsius in a nitrogen atmosphere at a heating rate of 10 °C/min. Analytical techniques 
such as GC–MS and FT–IR were used to characterize the obtained bio-oil.
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Table 16.1 Previous studies on thermal pyrolysis of RH at various reaction conditions 

Process 
variants 

Reactor Operating conditions Product yields (wt.%) References 

Temp 
(°C) 

RT 
(min) 

HR 
(°C / 
min) 

Bio-oil Syngas Biochar 

Fast 
pyrolysis 

Fixed bed 500 2 200 36 16 48 Tsai et al. 
[10] 

Fast 
pyrolysis 

Fluidized 
bed 

465 − − 56 15 29 Ji-lu [11] 

Slow 
pyrolysis 

Fixed bed 500 − 60 32 33 35 Natarajan 
[12] 

Fast 
pyrolysis 

Conical 
spouted 
bed 

450 − − 70 4 26 Alvarez 
et al. [13] 

Fast 
pyrolysis 
under 
vacuum 

Tubular 
quartz 

400 20 − 47 19 34 Téllez et al. 
[14] 

Fast 
pyrolysis 

Auger 
reactor 

500 − − 51 34 15 Yu et al. 
[15] 

Temp: Optimum temperature; RT: Reaction time; HR: Heating rate. 

16.2 Methodologies 

16.2.1 Materials 

The RH biomass was purchased from a local rice mill in Rupnagar, Punjab. The 
acquired feed was cleaned with water to remove any impurities present and then 
sun-dried. The dried feed was grinded and sieved using an appropriately sized mesh 
to obtain particle sizes ranging from 0.8 to 2 mm. 

16.2.2 Experimental Procedure 

Prior to beginning the experiments, the feed was dried for 12 h in an air oven at 
105 °C to eliminate any pre-absorbed moisture. 50 g of dried feed is taken and 
heated to 200 °C in a three-neck round-bottomed flask using a heating mantle for 
90 min as shown in Fig. 16.1. The entire pyrolysis process has been done in nitrogen 
with flowrate kept fixed at 80 ml min−1, and the water temperature in the chiller 
for condensation was kept at 4 °C [16]. The vapors generated from the heating of 
the feed were passed into the condenser where the liquid product is collected in the 
conical flask. The non-condensable gases are escaped through an outlet pipe into 
the atmosphere and the biochar is collected from the round-bottomed flask after the
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Fig. 16.1 Schematic diagram of the batch pyrolysis experimental setup 

experiment is completed. The same procedure was repeated for other temperatures 
(250−400 °C). The experiment for pre-treated RH was performed only at 400 °C as 
the bio-oil yield was highest at this temperature. The acid pre-treatment was carried 
out to investigate the influence of acid on product yield and quality. 

The yields of products [21] have been calculated using the below approach: 

Bio-oil yield (wt.%) = 
Amount of bio-oil formed 

Amount of feed taken 
× 100 (16.1) 

Biochar yield (wt.%) = 
Amount of biochar formed 

Amount of feed taken 
× 100 (16.2) 

Non-condensable gases yield (wt.%) 

= 100wt.% − (bio-oil yield (wt.%) + biochar yield (wt.%)) (16.3) 

16.2.3 Pre-treatment Method 

The feed was washed with 0.5 M HCl solution as HCl has good removal efficiency of 
these alkali and alkaline earth metals which are predominantly present in RH [17]. 
100 g of RH sample was dissolved in 1000 ml 0.5 M HCl solution and stirred at 
25 °C for 6 h. The feed was then rinsed with deionized water until the pH reached 
neutral. Next, the feed was dried in the sun for 48 h to remove the moisture.
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16.2.4 Characterization of Rice Husk Biomass 

The RH biomass was examined for a variety of physical and chemical properties. The 
characterization techniques and analysis include (i) proximate analysis, (ii) ultimate 
analysis, (iii) calorific analysis, and (iv) TGA analysis. 

Proximate Analysis 

The moisture content, volatile matter, ash, and fixed carbon content were all deter-
mined using proximate analysis. The moisture content was determined using the 
ASTM standard E871–82. The volatile matter concentration of the dried sample was 
evaluated by heating it at 550 °C for 2 h in an N2 environment [18]. The weight loss 
gives the content of volatile matter. The ash content of the sample was evaluated 
using ASTM standard D–1102. 

The fixed carbon content is calculated using the following equation: 

%FC = 100%−(%V M  + %A) (16.4) 

where FC = Fixed Carbon, VM = Volatile Matter, and A = Ash. 

Ultimate Analysis 

The carbon, hydrogen, and oxygen contents of RH biomass were found using 
empirical correlations developed by Channiwala et al. [19] as shown below: 

%C = (0.637 × FC) + (0.455 × V M) (16.5) 

%H = (0.052 × FC) + (0.062 × V M) (16.6) 

%O = (0.304 × FC) + (0.476 × V M) (16.7) 

where, FC = Fixed Carbon (%) and VM = Volatile Matter (%) 

Calorific Value Analysis 

Proximate analysis data was used to calculate the HHV of RH in this study. The 
following correlation developed by Channiwala et al. [20] was used for HHV 
determination. 

HHV, MJ/kg = (0.3536 × FC) + (0.1559 × VM)−(0.0078 × A) (16.8) 

where FC = Fixed Carbon (%), VM = Volatile Matter (%), and A = Ash (%) 

TGA Analysis 

The thermogravimetric analysis was carried out using TA SDT 650 instrument. The 
tests were carried out using 10–20 mg of RH biomass at various ramp rates ranging
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from 10 to 40 °C min−1 in an N2 environment at a flow rate of 100 ml min−1, with 
a temperature range of 25–900 °C. 

16.2.5 Product Analysis Description 

GC–MS analysis 

GC/MS, Agilent 7890 B instrument was used to examine the compounds found in 
the bio-oil. The carrier gas used was Helium (He), and the separation was performed 
on an HP-5 column. An oven program was set at 35 °C for 5 min followed by heating 
at a rate of 10 °C min−1 and a hold time of 2 min, and finally heated at a rate of 
15 °C min−1 till 280 °C. 

FT–IR analysis 

The FT–IR analysis of the bio-oil samples was done by using ATR assembly in 
Nicolet iS50 FT–IR Spectrometer, provided by Thermo Fischer Scientific at a scan 
rate of 32 with a resolution of 4 cm−1 over a wavelength range of 400–4000 cm−1. 

16.3 Results and Discussions 

16.3.1 Biomass Analysis and Characterization 

Proximate Analysis, Ultimate Analysis, Higher Heating Value 

The proximate analysis, ultimate analysis, and higher heating value (HHV) of RH are 
shown in Table 16.2. As shown in Table 16.2, the values calculated are comparable 
to the literature values. The major component was found to be volatile matter which 
is 71.3%. This high volatile matter indicates that the RH contains a good amount of 
pyrolyzable chemicals which can produce highly valuable bio-oil using pyrolysis. 

Table 16.2 Proximate analysis, ultimate analysis, and HHV of RH 

Parameter Value Parameter Value Parameter Value 

Proximate analysis (wt.%) Ultimate analysis (wt.%) Calorific value (MJ/kg) 

Moisture 9.5 C 41.2 HHV 15.9 

Volatile matter 71.3 H 5.1 

Ash 14.9 O 38.1
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TGA Analysis 

In an N2 environment, the RH thermogravimetric behavior at different rap rates 
is illustrated in Fig. 16.2. According to the reports available in the literature, the 
weight loss during biomass pyrolysis can be considered to take place in three distinct 
temperature ranges, as a result of which the pyrolysis process of pine needles could 
be roughly divided into three stages. Between room temperature and roughly 100 °C, 
a relatively small amount of weight loss was observed which could be attributed to 
the loss of free and bound water. Following that, a modest weight loss up was noted 
between 250 and 300 °C, based on the ramp rate utilized, and then a significant 
loss of weight loss was observed between 370 and 400 °C. It has been noted in 
the available literature that hemicellulose, cellulose, and lignin undergo degradation 
at temperatures ranging from 210–325, 310–400, and 160–900 °C, respectively. 
Consequently, the weight loss between 150 and 500 °C, which constitutes the active 
pyrolysis zone, can be attributed to the degradation of hemicellulose and cellulose 
fractions, resulting in the evolution of volatiles [21, 22]. Beyond roughly 500 °C lies 
the region called the passive pyrolysis zone, which corresponds to the decomposition 
of lignin [21, 22]. Owing to its high thermal stability, lignin is known to decompose 
slowly and over a wide temperature range, which can be seen from the formation of 
trailing tail up to 800 °C. 

On increasing the heating rate, the decomposition temperatures were observed to 
have shifted to higher temperatures (Fig. 16.2). This could be attributed to the fact 
that at higher heating rates, the decomposition of the feedstock occurs in a smaller 
span of time. Additionally, a small reduction was observed in the amount of mass loss 
in the active pyrolysis zone which could also be attributed to the fact that the use of 
higher heating rate shifts the region of maximum weight loss to higher temperatures 
owing to the lower amount of time available [23]. As the ramp rate increases, the 
maximum peak degradation increases, and the peaks shift toward the right. This is 
because of the limitation of the transfer of heat. During TGA, a lower ramp rate 
provides more immediate heat energy to the system, and the carrier gas may take 
longer to attain equilibrium with the sample temperature. Higher heating rates have

Fig. 16.2 Weight loss (%) a and derivative weight change b of RH biomass at different heating 
rates 
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a faster response time and require a higher temperature for the sample to degrade at 
the same time and in the same temperature range [23]. The DTG peaks shift toward 
the right as a result which matches well with the reported work [23]. 

16.3.2 Product Yields 

Table 16.3 shows the influence of temperature and acid pre-treatment on pyrolysis 
product yield in a batch reactor. As seen from Fig. 16.3, as the temperature rises from 
200 to 400 °C, the yield of bio-oil and syngas increases while the biochar yield is 
reduced. Temperature has been observed to have a major effect on the yields of the 
products. This is because as the temperature rises, more volatiles will be generated 
due to the decomposition of biomass constituents (i.e., hemicellulose, cellulose, and 
lignin). This can also be inferred from the TGA analysis of RH biomass which 
confirms the temperature ranges for the decomposition of hemicellulose, cellulose, 
and lignin. The highest bio-oil yield of 33.4 wt.% was obtained at 400 °C indicating 
the optimum temperature to produce bio-oil. 

It can be seen that the bio-oil yield slightly increased after the acid pre-treatment 
of the feed. This might be because HCl removed a considerable quantity of unde-
sirable minerals, mainly AAEMs, from RH, increasing bio-oil yield by 3.9 wt.%, 
while decreasing biochar yields by 2.1 wt.%. Furthermore, the removal of a consid-
erable proportion of biomass components (particularly hemicellulose and lignin) 
might be another cause for the rise in bio-oil yield following HCl pre-treatment, 
resulting in increased cellulose content in the HCl pre-treated RH. This increased 
cellulose content could be the reason for the rise in the bio-oil yield because a higher 
content of cellulose leads to a more bio-oil product, whereas a higher hemicellulose 
and lignin contents lead to more gases and biochar, respectively [24]. Thus, if the 
goal is to increase the bio-oil yield, the HCl pre-treatment of RH is advantageous. 
Similar trends in the variation of the yield after acid pre-treatment with HCl were 
also observed by other researchers [25].

Table 16.3 Yield of pyrolysis products 

Temperature (°C) Bio-oil (wt.%) Syngas (wt.%) Biochar (wt.%) 

200 7.4 14.3 77.6 

250 22.1 22.6 53.3 

300 30.2 25.7 44.1 

350 31.3 26.5 42 0.2 

400 33.4 27.9 38.7 

400 (Pre-treated) 37.3 26.1 36.6
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Fig. 16.3 Product yields in 
a batch reactor at various 
temperatures

16.3.3 Bio-oil Characterization 

GC–MS analysis of bio-oil at different temperatures 

Table 16.4 depicts the various components identified in bio-oil collected at various 
temperatures and in the pre-treated case. Acetic acid was found to be the main 
component in bio-oil in all cases, as shown in the table. The other major components 
include Furfural which was obtained at 200 and 250 °C with an area of 7.05% and 
6.68%, respectively, and 2-Furanmethanol in which the peak area decreased from 
7.10 to 3.53% as the temperatures were increased. Phenol area increased from 1.62 
to 2.91% as the temperature increased, whereas for Phenol, 2-methoxy-, the area 
decreased from 3.12 to 2.38% with the increase in temperature. Catechol, which is 
a class of Phenol, was obtained at 200 °C and its area increased from 1.61 to 3.79%. 
This increase in the area might be because of the thermal degradation of lignin which 
generally occurs at high temperature. Next major class of compounds, namely, were 
sugars mainly found to be 1,4:3,6-Dianhydro-. alpha. -d-glucopyranose, beta. -d-
glucopyranose, 1,6-anhydro-. As the temperature was raised from 200 to 400 °C, the 
peak area of the sugars increased.

Peak Areas of Major Class of Components in the Untreated RH Bio-oil Obtained 
by GC−MS Analysis 

The following is a discussion on the major class of components found in the untreated 
RH bio-oil: at the optimum temperature, i.e., at 400 °C. The major class of compo-
nents can be divided into these functional groups: (1) acids, (2) alcohols, (3) furans, 
(4) ketones, (5) nitrogen compounds (6) phenols (7) sugars, and (8) others as shown in 
Table 16.5. The peak areas of acids, alcohols, furans, ketones, nitrogen compounds, 
phenols, sugars, and others were found to be 29.6%, 10.2%, 6.9%, 19.7%, 11.3%,
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Table 16.4 Components found in bio-oil with a peak area of ≥ 1% as determined by GC–MS 
analysis 

Component Untreated RH Pre-treated 
RH 

Peak area (%) 

200 °C 250 °C 300 °C 350 °C 400 °C 400 °C 

Acetic acid 22.22 21.54 14.65 12.02 22.07 20.28 

2-Propanone, 1-hydroxy 6.51 6.18 6.99 7.14 4.81 4.61 

Propanoic acid − 1.85 − 1 0.55 0.78 

1-Hydroxy-2-butanone 2.21 3.14 2.54 3.15 1.66 1.80 

Hydrazine, ethyl- 10.4 11.71 − − − − 
Furfural 7.05 6.68 − − − − 
2-Furanmethanol 7.10 6.29 5.38 4.7 3.53 2.46 

2-Propanone, 1-(acetyloxy)- 1.98 1.68 1.43 1.38 1.49 1.56 

Cyclopentanone 2.40 − − 3.27 − − 
2-Furancarboxal-dehyde, 5-methyl- 2.02 1.92 1.95 − − − 
Phenol 1.62 1.77 1.96 2.76 2.61 1.30 

1,2-Cyclopentane-dione, 3-methyl- 1.24 − − − 2.32 2.17 

Phenol, 2-methoxy- 3.12 3.07 2.46 2.41 2.38 1.05 

Pentanal 3 2.76 2.16 2.03 1.92 − 
1,4:3,6-Dianhydro-.alpha.-d-glucopyranose 2.38 2.17 2.70 1.67 2.93 1.01 

Catechol − 1.61 2.46 3.17 3.79 2.59 

Beta.-D-Glucopyranose, 1,6-anhydro- − 2.10 5.96 5.99 6.82 8.35 

1H-Pyrazole, 1,5-dimethyl- − − 5.70 6.70 − − 
Hydroquinone − − − 1.05 1.24 − 
Pyrazole,1,4-dimethyl − − − − 5.20 4.76 

1,2-Cyclopentaedione − 1.48 1.61 2 2.37 2.34

5.3%, 9.4%, and 7.6%, respectively. Other compounds include a small amount of 
aldehydes, esters, and hydrocarbons. As shown in Table 16.6, the major component 
was found to be acetic acid which has a peak area of 22.07%.

The other major components were found to be 2-Propanone, 1-
hydroxy, Pyrazole,1,4-dimethyl, 2-Furanmethanol, 3-Aminoisoxazole, 1,2-
Cyclopentaedione, phenol, 1,2-Cyclopentaedione, 3-methyl, Phenol, 2-methoxy, 
Cyclopropyl carbinol, Catechol, and.beta.-D-Glucopyranose,1,6,-anhydro-. Acetic 
acid was generated due to the degradation of hemicellulose. Other compounds such 
as anhydro sugars, particularly levoglucosan (.beta.-D-Glucopyranose,1,6,-anhydro-
) formed due to the decomposition of cellulose, hemicellulose decomposition leads 
to light oxygenates like acetic and formic acids, and lignin decomposition leads 
to phenolic compounds such as guaiacyl, and p-hydroxyphenyl derivates during 
pyrolysis [26].
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Table 16.5 Major functional groups in bio-oil at 400 °C 

Category Peak area (%) 

Untreated RH bio-oil Pre-treated bio-oil 

Acids 29.6 22.1 

Alcohols 10.2 14.1 

Furans 6.9 10.4 

Ketones 19.7 17.6 

Nitrogen compounds 11.3 7.6 

Phenols 5.3 4.6 

Sugars 9.4 11.2 

Others 7.6 12.4

Effect of Acid Pre-Treatment on the Peak Areas of Components in the Bio-Oil 
Obtained by GC − MS Analysis 

The following is a discussion on the influence of HCl pre-treatment on the compo-
nents found in the HCL pre-treated bio-oil: at the optimum temperature, i.e., at 400 °C. 
As similar to untreated RH bio-oil, the major class of components can be divided into 
these functional groups: (1) acids, (2) alcohols, (3) furans, (4) ketones, (5) nitrogen 
compounds (6) phenols (7) sugars, and (8) others. As shown in Table 16.5, the peak 
areas of acid, alcohols, furans, ketones, nitrogen compounds, phenols, sugars, and 
others were found to be 22.1%, 14.1%, 10.4%, 17.6%, 4.6%, 11.2%, and 12.4%, 
respectively, as shown in Fig. 16.4. The major component was found to be acetic 
acid which has a peak area of 20.28%. Acetic acid was generated due to the degra-
dation of hemicellulose, although pre-treatment with HCl hindered the generation of 
acetic acid from some hemicellulose acetyls. The esterification interaction between 
acid and ethanol might be the source of the acid concentration reduction [27]. The 
area of sugars slightly increased, indicating that the acid washing with HCl affected 
the chemical composition of RH biomass. Thus, it was discovered that pre-treatment 
with HCl improved the quality of bio-oil by reducing the quantity of light oxygenates 
such as acids and alcohols while boosting sugar yields.

FT–IR Spectra of Bio-Oil 

Figure 16.5 illustrates the FT–IR spectra of bio-oil at various temperatures and for 
the pre-treated case. The peaks are almost similar for all temperatures indicating 
that the bio-oil contains similar functional groups but vary in the peak intensity. The 
presence of alcohol groups and phenols is indicated by O–H stretch vibration peak 
at 3360–3300 cm−1. C–H stretch vibrations at wavenumbers of 3000–2850 cm−1 

suggest the existence of alkane groups. Aldehydes, ketones, and carboxylic acids are 
detected by a significant C = O stretching absorbance between 1720–1640 cm−1. 
Aromatic groups are represented by C = C stretch vibrations at wavenumbers of 
1640–1400 cm−1 [28], whereas carboxylic acids, esters, and ether are detected by 
C = O stretch vibrations with wavenumbers of 1370–1020 cm−1. These functional
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Fig. 16.4 Functional groups 
in bio-oil at 400 °C with 
their peak areas (%)

groups have shown increasing trends with temperature which matches well with 
the studies performed in this direction [29]. Thus, the FT–IR analysis concludes 
that the obtained bio-oil is a highly oxygenated complex mixture of alcohols, acids, 
aromatics, alkanes, esters, ethers, ketones, and phenols which was also confirmed 
from GC–MS analysis in the previous section[11, 13, 15]. 

Fig. 16.5 FT–IR spectra of 
bio-oil
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16.4 Conclusion 

In this study, the slow pyrolysis experiments of RH at low temperatures were carried 
out in a batch reactor system. The yield of pyrolysis products and the quality of bio-oil 
were greatly influenced by the pyrolysis temperature. The yield of bio-oil increased 
as the temperatures goes from 200 to 400 °C, with the highest bio-oil yield being 33.4 
wt.% at 400 °C. Pre-treatment with HCL increased the bio-oil yield to 37.3 wt.% 
and reduced the yields of biochar and gases by 2.1 wt.% and 1.8 wt.%, respectively. 
The GC–MS and FT–IR analysis shows that the bio-oil contains a good number 
of complex compounds such as aromatics, alcohols, hydrocarbons, ketones, and 
phenols which can be further upgraded using techniques like distillation, extraction, 
cracking, hydro deoxygenation, hydrogenation, etc. to produce valuable chemicals 
and fuels like transportation fuels, biofuels, alternative fuels, etc. 
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Part IV 
Biomass and Energy Management



Chapter 17 
Characterization of Biomass Materials 
and Identification of their Energy 
Potential 

Rajesh Kumar, Rickwinder Singh, and Ashish Kumar Srivastava 

Abstract Being a renewable energy resource, biomass materials are a commend-
able candidate for GHGE reduction and have the capacity to reduce the reliance 
on fossil fuels. Unexplored biomass materials (wasteland residues, organic matter, 
and agricultural waste, etc.) in India have a huge potential for clean energy produc-
tion by employing advanced technologies that, despite receiving little attention, can 
contribute to the nation’s economic growth. This work explored the eight biomass 
materials available in surplus quantity in India for energy generation. The first part 
of the work highlights the potential of biomass materials, whereas in the second part 
selected biomass materials were characterized through laboratory tests. The char-
acterizations of fuels have prodigious importance as they help to predict combus-
tion behavior and process outcome. The results obtained indicated that the selected 
biomass materials are valuable sources of heat and power. 

Keywords Biomass · Bioenergy · Thermogravimetric analysis (TGA) ·
Derivative thermogravimetric (DTG) · Combustion 

17.1 Introduction 

Clean and sustainable energy is one of the key components needed to meet future 
energy and environmental goals, as pollution in India is at an all-time high. The 
majority of India’s energy needs are met by conventional energy sources including 
hydropower, coal, gas, oil, etc. (about 82.2% of energy is produced from traditional 
sources as indicated in Fig. 17.1. [1]). To provide power independence and a healthy
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environment to each individual in the country, it is essential to explore renewable 
energy resources like biomass materials, wind, and solar. Presently India is driving 
the world’s largest renewable energy expansion program and is focused to achieve the 
227 GW target of renewable energy by 2022 and to generate 40% of electric power 
installed capacity from non-fossil fuel by 2030. After wind energy, biomass as a 
renewable energy source has the maximum installed capacity (approximately 12% 
of total installed capacity or approximately 8GW biomass power) [2]. The maximum 
Indian population depends upon biomass for their energy requirement and approx-
imately 32% of total energy use in country is generated from biomass. As per the 
Ministry of New and Renewable Energy (MNRE) of India, approximately 120 to 150 
metric tons per annum of biomass is available as surplus quantity has 18 GW energy 
potential. To meet the energy generation target and to get benefitted from surplus 
biomass power, it is necessary to identify the available energy potential biomass 
material and their effective energy conversion process (combustion, torrefaction, 
pyrolysis, and gasification). The proper and effective utilization of biomass mate-
rial (agricultural residues and domestic waste, organic matter, wasteland residue, and 
forest waste, etc.) can participate in energy freedom, pollution control, and economic 
growth of the country. Kumar et al. [3] reviewed the biomass energy resource, energy 
conversion, potential, and policy for promotion implemented by the Government of 
India. Authors reported that in 2015, 2665 MW of power being generated from 
biomass out of which 1666 MW is generated by cogeneration or co-firing. 

In the present study, the potential of different biomass materials is analyzed by 
critical review or laboratory tests for clean and sustainable energy generation. The 
biomass was selected on the basis of surplus availability (throughout the year), the 
possibility of biomass to use as a co-fuel, energy potential of waste materials.

Fig. 17.1 Power generation sources in India [1] 



17 Characterization of Biomass Materials and Identification of their Energy … 219

17.2 Prominent Biomass Materials for Energy Generation 
in India 

India, being a diversified country has an enormous reserve of biomass materials which 
includes agricultural waste, wasteland residue, organic matter, forest waste, etc. As 
per Bisht and Thakur [4] in India, approximately 145,026.6 kT/year of agriculture 
biomass and 59,678 kT/year of forest biomass are available in surplus quantity. 
The biomass materials are selected from a wide range of different categories: forest 
biomass (Pine needles), wasteland biomass (Prosopis Juliflora), agriculture residues 
(mustard husk, guar stalks, Castor seeds shell, Cotton Stalk), agro-industrial residue 
(rice husk), and plant litter. 

17.2.1 Pine Needles (PN) 

PNs are forest biomass material available abundantly in the Himalayan region of 
North India. In Himachal Pradesh (Indian State), pine forest spread over approxi-
mately 1500 square km whereas in Uttarakhand (Indian State) it is spread over 3400 
square km. As per the MNRE report [5] published in 2012, 1 m2 of pine forest will 
yield 1.19 kg of PN every year and a 100 kW gasifier running for 24 h would require 
4500 kg of PN. In the above-said regions, the atmospheric temperature increased in 
summers, due to which PN catches fire. These PN are generally non-biodegradable 
and highly volatile in nature and have an adverse effect on biodiversity, economy, 
and environment when catches fire. One can be benefited by converting this forest 
waste to energy by employing some suitable methods. Few of the authors predicted 
the thermal energy potential of pine needles for different states of India. Kala and 
Subarao [6, 7] predicted that Uttarakhand has the potential to generate 18–32 peta-
joules of thermal energy annually from pine needles whereas Sharma and Sharma [8] 
estimated 1.16–1.34 petajoules thermal energy production annually from pine forest 
of Himachal Pradesh. Kumar and Singh [9–11] successfully co-fired the pine needle 
with coal and other biomass in a bubbling fluidized bed (BFB). A blend of 75%coal/ 
25%PN achieved 97.05% combustion efficiency under oxy-fired conditions. 

17.2.2 Prosopis Juliflora (PJ) 

Prosopis Juliflora is wasteland trees introduced in India in mid of eighteenth-century 
to stop desertification, presently these are available abundantly in rural India. PJ are 
very hard plants that required very less water to grow and the growth of these plants 
is very fast. As per the report of MNRE, India published in 2015 [12] PJ yield/year 
is 29.3 megatons (approximately) out of which 3.5 megatons/year (approximately) 
is in surplus quantity and the rest is used for domestic purposes. These wasteland
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residues are available throughout the year. In India every year 12.5 tons/hectare of PJ 
wood is produced from three years old trees [13]. PJ woods has favorable emission 
and combustion characteristics. It has the capability of fixing large amounts of CO2 

from the atmosphere and has a higher heating value which makes it an attractive 
biomass source. Kumar and Singh [10] co-fired the PJ with coal and other biomass 
materials in BFB combustor. Combustion in co-fired conditions was observed smooth 
in BFB and 97.09% combustion efficiency was observed for 75%coal/25%PJ under 
oxygen-enriched condition. Kumar and Singh [14] investigate the co-combustion 
PJ with municipal sewage sludge (MSS) (50%/50% and 75%/25%) in an oxy-fired 
bubbling fluidized bed. A blend of 50% MSS/50% PJ achieved a maximum of 97.1% 
combustion efficiency for BFB combustor under oxygen-enriched condition whereas 
25%MSS/75%PJ burned more smoothly without any trouble inside BFB combustor. 

17.2.3 Mustard Husk (MH) 

Mustard Husk is an agricultural residue that is the byproduct of the Mustard biomass 
(seasonal biomass) which is available in the month of Feb-May in India. A. et al. 
[3] estimated the biomass power generation potential in India. Authors predicted 
that Mustered husk and Mustard stalk have the potential to generate 8657 kt/year 
power. MH per year production in Rajasthan was predicted to be 6.9 megatons 
(approximately) by “Rajasthan Renewable Energy Corporation Limited India,” [12] 
in 2015. Out of which 1.1 MT/year is the surplus quantity and leftover MH is used 
for domestic purposes. Overuse of MH in biomass-based power plants (mainly in 
MH-based power plant) create a shortage of these fuels in 2015. One of the solutions 
to tackle such a problem is to co-fire this biomass with another biomass, coal, or with 
any waste. Kumar and Singh [14] investigate the co-combustion MH with municipal 
sewage sludge (MSS) (50%/50% and 75%/25%) in an oxy-fired BFB. MH during co-
firing shows favorable combustion and emission characteristics under both air-fired 
and oxy-fired conditions. A blend of 50% MSS/50% MH achieved 89% combustion 
efficiency under oxygen-enriched conditions. Kumar et al. [15] studied a 30 MW 
BFB combustor based on co-firing biomass (MH, RH, etc.) and coal. Authors found 
that combustion during co-firing is smooth and emission is under permissible limit. 

17.2.4 Guar Stalk (GS) 

Guar Stalk is an agricultural residue that is available in the month of Oct-Dec in 
India. India is a world leader in the production of guar by producing almost 80% 
of total world guar production. Guar is mainly grown in five states of India like 
Punjab, Haryana, Gujrat, Madhya Pradesh, and parts of Utter Pradesh. Approxi-
mately 233.3 kT/year of guar is generated out of which 163.3kT/year is available 
as a surplus quantity [4]. This surplus quantity of guar stalk has a great potential
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for power generation. Kumar and Singh [14] investigate the co-combustion GS with 
municipal sewage sludge (MSS) (50%/50% and 75%/25%) in an oxy-fired BFB. GS 
during co-firing with MSS under both air-fired and oxy-fired conditions gives birth 
to agglomeration which further defluidized the bed. GS as a co-fuel in fluidized bed 
requires more investigation with different bed materials. 

17.2.5 Castor Seeds Shell (CSS) 

CSS is an agriculture residue available after the harvest of caster seed, having good 
potential for energy generation. Generally, these particles are less than 5 mm and do 
not require any preparation before combustion. An experimental investigation was 
carried out to explore the co-firing potential of CSS with municipal sewage sludge 
(MSS) in an oxygen-enriched BFB combustor. Two ratios of blends (25%MSS/ 
75%CSS and 50%MSS/50%CSS) were examined to observe the combustor and 
emission performance. CSS shows some promising results as a co-fuel with munic-
ipal sewage sludge. The detail of the setup and procedure is given elsewhere 
[10, 14]. 

17.2.6 Cotton Stalk (CS) 

Cotton Stalk (CS) a byproduct of the cotton crop is one of the major crop residues 
available in surplus quantity in, India. More than 23 million tons of the cotton stalk 
are produced annually within the country [16]. Research on the appropriate uses of 
this surplus amount of CS is going on. However, a small portion is used as domestic 
fuel, fodder and the rest surplus amount is used widely in biomass-based power 
plants for energy generation [17, 18]. Few of the authors predicted the potential of 
CS in fluidized bed as a mono-fuel [19, 20] and co-fuel. Kumar et al. [15] studied a 
30 MW co-firing BFB combustor and observed smooth combustion during co-firing 
of biomass/coal. Kumar and Singh [21] examined the combustion characteristics of 
CS with MSS in a BFB under air-fired and oxygen-enriched mode. CS as a co-fuel 
burned positively with MSS under BFB and the burnout of the blend is improved 
significantly under oxygen-enriched condition. Approximately 94.1% combustion 
efficiency could be achieved under O-E conditions in BFB combustor by taking CS 
as a co-fuel. 

17.2.7 Rice Husk (RH) 

Presently India is holding the second position in rice production after China globally. 
Rice husk an agro-industrial residue and rice straw an agriculture waste residues are
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produced due to rice cultivation. The total estimated growth of RH and rice straw 
(RS) in India is 29.1 and 145.5 million metric tons per year (MMTPA) [23]. Rice 
husk is a byproduct of the rice seed removal process [22] which has high energy 
potential in energy industries but its utilization is still limited due to scarcity of the 
behavior of RH inside the combustor. Singh and Kumar [24, 25] investigate co-firing 
behavior of RH with coal in a 20 kW oxy-fired BFB. It observed that blend of coal 
and RH burned successfully in FBC under O2/N2/RFG conditions, and the burning 
of the blend is improved significantly with oxygen enrichment. Kumar and Singh 
[10] co-fired RH with different fuels and found maximum exergy efficiency of 57.4 
with a blend of RH, coal, plant litter, and pine needles. 

17.2.8 Plant Litter (PL) 

Plant litters are dead plant biomass material (leaves, bark, needles, and twigs) fallen to 
the ground usually collected by municipalities and disposed of by land-filling, burial, 
or direct incineration. This biomass constitutes a renewable energy source after gone 
through washing treatment and mechanical dehydration treatment. Nurmatov et al. 
[26] reported a 60% reduction in ash contents of leaf litter after washing treatment 
and a significant improvement in the chemical composition of washed leaf litter by 
mechanical dehydration treatment. Co-firing of PL with other biomass or coal in a 
fluidized bed was observed quite smooth [10, 24]. 

17.3 Materials and Methods 

17.3.1 Properties of Biomass Materials 

The properties of different fuels presented in this report are shown in Table 17.1. The  
raw fuels are first dried in direct sunlight and then chopped and crushed by cutter, ball 
mill, and crushers to prepare for analysis. The moisture content of the fuels is very 
less as proximate and ultimate analyses are executed on a dry basis. Moisture, volatile 
matter, fixed carbon, and ash contents present in biomass materials are extracted from 
proximate analysis which prescribed the combustion behavior of selected biomass 
materials. It observes that a major portion of biomass fuel is volatile matter. The 
percentage of ash content is observed lower for all cases. The ultimate analysis of 
the fuels gives an indication of flue gas emissions but cannot predict the real-time 
combustion process. The higher heating value (HHV) of the fuels is obtained from 
ultimate analysis by applying the following equation given by Friedl et al. [27]. 

HHV = 3.55C
2 − 232C − 2230H + 51.2(C × H) + 131N + 20600 

1000 
(17.1)
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Table 17.1 Properties of biomass materials 

Proximate analysis of fuels (wt.%) 

Fuels Moisture Volatile matter Ash Fixed carbon HHV (MJ/kg) 

PN 1.11 25 19.12 25 19.12 

PJ 0.91 31.99 16.02 31.99 16.02 

MH 5.02 30.8 15.96 30.8 15.96 

GS 5.34 56.4 10.36 27.9 19.62 

CSS 8.1 69.2 8 14.6 16.29 

CS 8 65.89 4 22 16.58 

RH 1.43–5.22 60.57–66.4 13–15 14–25 15.67 

PL 1.8–5.5 58.2–75 8–14 11–26 17.49 

Ultimate analysis of fuel (wt.%) 

Carbon Hydrogen Nitrogen Sulfur Oxygen 

PN 48.01 6.29 0.31 – 33.85 

PJ 39.67 5.95 1.63 – 39.17 

MH 39.5 5.6 1.2 – 26.3 

GS 50 5.3 – – 29.2 

CSS 40.13 4.9 1.1 – 30.6 

CS 41 4 0.4 0.1 25 

RH 35 3 1.25 0.18 34.45 

PL 43.71 5.66 1.59 0.01 31.21 

Lower heating value was estimated by applying the following equation 

LHV = HHV − 206H (17.2) 

17.3.2 TGA and DTG 

TGA and DTG are the most common technique generally employed to investigate the 
combustion characteristics and performance of fuels [28]. Combustion characteristics 
and properties of various fuels are monitored on weight loss basis through thermal 
analysis, where combustion performance was investigated by finding some important 
parameter like ignition index (Which estimates the combustion reactivity), burnout 
index (which represents the characteristics of solid fuel combustion), and combustion 
characteristic factor (measure the fuel combustion performance). A higher ignition 
index is an indicator of harder reaction proceeds and a greater burnout index indicates
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the improved combustion reactivity. The following equations are used to calculate the 
ignition index (Di), burnout index (Db), and combustion characteristic factor (CCF) 
[29, 30]. 

Di = DT Gmax 

t c.t i 
(17.3) 

Db = DT Gmax

�t1/2.t c.t b 
(17.4) 

CC  F  = (dm|dt)max .(dm|dt)mean 

T 2 
i .T b 

(17.5) 

17.4 Result and Discussion 

17.4.1 Ultimate and Proximate Analysis 

Proximate and ultimate analysis results with high heat values are given in Table 17.1. 
Of all the selected fuels, GS contains the highest value for fixed carbon and high 
heat value. Low nitrogen is observed (0.3 to 1.63 wt. %) for all the tested samples, 
which means selected biomass is contributing very little to NOx emission. Further, 
very less amount sulfur contents are found in RH, PL, CS, and no sulfur contents 
are observed in other selected biomass materials. Generally, sulfur content present 
in biomass materials contributed to slagging and fouling. The high heat value of 
selected fuels (calculated by using equation-2) is varying from 15 to 19 MJ/kg. 
Figure 17.2 represents the Van Krevelen diagram which is generally used to analyze 
the composition characteristics of various fuels [31]. A compositional variation is 
observed in different fuels used, GS is more carbonaceous than others and has the 
highest HHV. The elemental distribution of CSS, PL, PN, and MH is very close 
whereas the RH and PJ are away in different zones, respectively.

17.4.2 Tga/dtg 

PerkinElmer TGA-4000 analyzer was used to investigate the thermal decompo-
sition characteristics of selected biomass samples. The fuel samples were heated 
from 30 to 800 °C, at a heating rate of 40 °C/min under an air-fired environment. 
Table 17.2 represented the combustion characteristics determined from TGA/DTG 
analysis of selected biomass. TGA and DTG curves are shown in Fig. 17.3a-h giving 
the different decomposition profiles of all the selected biomass for the same heating
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Fig. 17.2 Van krevelen 
diagram for the fuels

0.08 0.10 0.12 0.14 0.16 

0.6 

0.8 

1.0 

O
/C
 

H/C 

RH PJ 

CS 
GS 

CSS 
PL 

PN MH 

rate. The combustion of the biomass takes place in four stages: stage-1 evapora-
tion of moisture; stage-2 biomass devolatilization/volatile combustion; Stage-3 Char 
combustion; stage-4 low rate oxidation of char. In stage one, 2 to 4% weight loss 
was observed for all selected fuels at a temperature up to 100 °C approximately, 
whereas maximum weight loss was observed in the second stage at a temperature up 
to 450 °C approximately when volatile matters were released.

DTG curves showed three individual peaks for almost all selected biomass, peak-
1 is due to moisture release, peak-2 due to volatile matter release (owe to thermal 
decomposition of hemicellulose and partial decomposition of lignin), and peak-3 is 
due to char combustion (due to remaining lignin and fixed carbon), similar peaks 
were also reported in other works [32]. Whereas the burning profile of the PJ shown 
in Fig. 17.3b is quite different from others which show only two peaks. Similarly, 
two peaks were observed by Song et al. [33]. It means the first two stages occur 
together for PJ and it is not possible here to differentiate between the first two stages. 

Combustion parameters (ignition temperature, burnout temperature, combustion 
time, DTGmax, and time corresponding to DTGmax.) of different biomass used were 
also predicted by analyzing the DTG curve. Ignition index, burnout index, and 
combustion characteristics factors were calculated by using the generated data. 
Combustion characteristic factor demonstrated that the combustion performance of 
selected biomass is PJ > PN > PL > CSS > RH > GS > MH > CS in that the combus-
tion performance of PJ is highest and CS is lowest. Other real-time effects of this 
biomass can be predicted by using this biomass in an advanced combustor, under 
different environments.
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Fig. 17.3 TGA and  DTG curve  for  a PN, b PJ, c MH, d GS, e CSS, f CS, g RH, h PL
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17.5 Conclusion 

This work describes and explains the Indian biomass available in surplus quantities 
and their combustion characteristics. The following points are concluded from this 
study. 

1. Indian surplus biomass materials give great energy scope by co-firing with 
low-grade fuel or rapidly depleting fossil fuel which can further help in waste 
management, reduce dependency on fossil fuel, etc. 

2. A compositional variation is observed in different fuels from Van Krevelen 
diagram; GS is more carbonaceous than others and has the highest HHV. It is 
recommended to explore the mixed fuel to take maximum advantage of biomass 
energy. 

3. The combustion characteristic factor demonstrated that the selected biomass is a 
strong candidate to generate industrial heat and power and other real-time effects 
of this biomass can be predicted by using this biomass in an advanced combustor, 
under different environments. 
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Chapter 18 
Effect of Covering Basin Area with Float 
Wick on the Performance of Single Slope 
Solar Still: An Experimental Study 

Himanshu and M. K. Mittal 

Abstract In this study, conventional single slope basin type solar still is modified by 
placing a float wick in the basin of the still. The performance of the modified still is 
compared with the conventional basin type still of the same dimensions under similar 
ambient conditions which is referred to as the reference still in this study. The effect 
of covering the evaporating surface area of the basin in different proportions with 
float wick is investigated. The variation of cumulative distillate output, temperatures 
of various components of stills, and productivity gain of the modified still over the 
reference still are analyzed. The overall daily distillate outputs of both reference and 
modified still, when 75% of the evaporating surface area of the modified still is lying 
under float wick are 2.74 kg/m2 and 3.31 kg/m2, respectively. 

Keywords Solar still · Single slope · Float wick 

18.1 Introduction 

Water demand for domestic, agricultural, and industrial purposes has increased 
considerably these days. In coastal regions and arid areas where sea water or slightly 
salty water is available but there is a scarcity of potable water. There are many ways 
to treat this impure water using conventional energy. Different types of available 
distillation technologies are mechanical vapor compression, multi-stage flash distil-
lation, multi-effect distillation, thermal vapor compression, solar still, solar chimney, 
osmosis, ion-exchange resin, membrane distillation, capacitive deionization, electro-
dialysis, hydration, and secondary refrigerant freezing. But in remote areas where 
conventional energy is costly or not available, solar distillation is the only method
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that can be used to get potable water. The main advantages of solar distillation are 
low maintenance, economical, no moving parts, and use of clean and free energy 
due to which this technology is eco-friendly. Hanson et al. found solar stills to be 
promising in the removal of bacteria and non-volatile contaminants from brackish 
water, and thus making it suitable for drinking [1]. 

El-Sebaii et al. theoretically and experimentally analyzed the performance of 
single basin single slope solar still having movable baffle suspended absorber with 
vents in the basin [2]. The experimental results showed a 20% increment in the daily 
productivity of the still having baffle suspended absorber over the conventional still. 
Rababa’h conducted various experiments to compare the performance of basin type 
solar still having sponge cubes of different sizes in the basin with another conventional 
still of similar dimensions in the same ambient conditions [3]. It was found that the 
sponge cubes in the basin caused an appreciable increment in the productivity of the 
still up to 273%. 

Murugavel et al. investigated the performance of double sloped basin type solar 
still modified by using various materials such as cotton cloth, jute cloth, sponge, and 
porous materials namely quartzite rocks and washed stones [4]. The maximum value 
of hourly distillate output was obtained when the cotton cloth was placed in the basin 
of the still among all materials. Murugavel and Srithar fabricated a single basin double 
sloped still having various wick materials such as coir mate, sponge sheet, cotton 
cloth, and waste pieces of cotton [5]. Among different wick materials, black cotton 
cloth was found to be more effective in improving the distillate output of the still. 
Srivastava and Agrawal theoretically and experimentally studied the performance of 
a single slope basin type still in which multiple porous absorbers having low thermal 
capacity were floating adjacent to each other with the help of thermocol insulation 
[6]. 

Hansen et al. analyzed the performance of inclined solar still having wire mesh and 
various wick materials [7]. It was found that water coral fleece was the most suitable 
material for higher productivity of the still. Matrawy et al. modified the conventional 
basin type still with the use of corrugated wick and inclined reflector [8]. The results 
demonstrated that the glass cover temperature of the simple basin type still was lower 
than that of the still having corrugated wick because of the higher temperature of the 
wick surface. Alaian et al. experimentally investigated the performance of solar still 
having pin finned wick in the basin [9]. An improvement of 23% in productivity was 
obtained by augmenting pin finned wick in the conventional basin type solar still. 

Alawee et al. analyzed the performance of a pyramid solar still using various wick 
materials along with a number of cracks/cords [10]. An improvement of 122% in 
productivity was reported over the conventional still, while using 25 cords of jute 
wick. Jobrane et al. experimentally and numerically analyzed the performance of an 
improved solar still equipped with wick type design [11]. The results indicated that 
the efficiency of the modified still was 32% higher as compared to the conventional 
single slope basin type solar still. Darbari and Rashidi investigated the performance 
of a single slope solar still using porous float wicks of different geometries [12]. The 
hourly productivity of modified stills was found to be around 0.6 kg/m2/h for the 
majority of their operation time.
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In the present study, the conventional single slope basin type solar still is modified 
by placing multiple float wicks in the basin and referred as proposed still in the study. 
The performance of the proposed still is compared with the conventional basin type 
still of the same material and dimensions. The effect of covering the basin area of 
the still with float wick in different proportions is also investigated. 

18.2 Experimental Setup 

A schematic diagram of single basin single slope solar still having float wick in the 
basin is shown in Fig. 18.1. The frame of the solar still was made up of mild steel 
because of its high tensile strength. The material of construction of the basin of the 
solar still was stainless steel as it has high resilience and ductility. The evaporating 
surface area of the basin was 1.5 * 0.68 m. The top of the basin was covered with 
transparent glass inclined at an angle of 300, which is nearly equal to the latitude of 
Patiala, India (30,021’N, 76,022’E). The back plate and both triangular sidewalls of 
the basin were consisted of reflecting surfaces so that radiations can be reflected into 
the basin. 

Distillate outputs from both the stills were collected hourly in the plastic 
containers, between 9:00 AM and 5:00 PM, and weighed on a digital weighing 
balance having the least count of 0.1 g. The nocturnal distillates collected from 5:00 
PM to 9:00 AM were measured the next day in the morning. The effect of covering

Glass Cover 

Floating thermocol 
insulation 

Glass wool 
insulation 

Basin Water Distillate Collection 
Channel 

Wick 

Fig. 18.1 Schematic diagram of modified still 
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the evaporating surface area with float wick in different proportions at the basin water 
depth of 5 cm is studied in the present work. Four cases, namely, case 1, case 2, case 
3, and case 4 depending on the percentage of the basin area covered with a floating 
absorber were considered. In case 1 complete (100%) basin area was covered with 
float wick. The percentages of the evaporating surface area covered in the case 2, 
case 3, and case 4 were 75%, 50%, and 25%, respectively. 

18.3 Results and Discussion 

The experiments were performed by covering evaporating surface area of the basin 
in four different proportions. In case 1, case 2, case 3, and case 4, the portions of the 
basin area covered with float wick were 100%, 75%, 50%, and 25%, respectively. 
Figure 18.2 shows the variation of cumulative productivity from 9:00 AM to 5:00 
PM for the tested stills when the complete evaporating surface area was covered with 
float wick. It is found that the cumulative distillate output for the still having float 
wick in the basin is higher than that of the reference still. The reason for this increase 
in productivity was the use of float wick in the basin, which reduced the thermal 
inertia of the basin water leading to the early response of the still. The cumulative 
distillate output for the modified still during day time was 2.29 kg/m2 and 1.8 kg/m2 

for the reference still. 
The variation of cumulative distillate output of reference and modified still for 

daytime when 75 percent of the evaporating surface area is covered with wick is 
shown in Fig. 18.3. The performance variation of the modified still was similar to 
the case when the complete basin was covered with wick but increase in productivity 
was higher in the case 2. The cumulative distillate productivities for both modified

Fig. 18.2 Variation of 
cumulative distillate output 
of reference and modified 
still (case 1) during daytime 
(9:00 AM to 5:00 PM)  
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Fig. 18.3 Variation of 
cumulative distillate output 
of reference and modified 
still (case 2) during daytime 
(9:00 AM to 5:00 PM)  

and reference stills from 9:00 AM to 5:00 PM in this case were 1.85 kg/m2 and 
1.25 kg/m2, respectively. 

Figure 18.4 shows a comparison of cumulative productivity of both modified and 
reference stills when the float wick was placed in 50 percent of the total available 
basin area. The results demonstrated that the yield of the modified still was higher 
than that of the conventional still but the rise in productivity was less than that of 
the case 2. This was due to the increased heat capacity of basin water as half of the 
basin surface area was exposed to direct solar radiations. For modified and reference 
stills, the cumulative distillate output during daytime was 1.76 kg/m2 and 1.38, kg/ 
m2, respectively.

The deviation of cumulative productivity of modified still from reference still 
during sunshine hours when 25 percent of the evaporating surface area is covered 
with a wick is shown in Fig. 18.5. It can be seen that the cumulative distillate output 
of modified still is always more than that of reference still but the increment in 
productivity is lesser than that of case 3 because of further increase of heat capacity 
of basin water in case 4. The behavior of performance variation of modified still 
with respect to conventional still is similar in both cases. The values of cumulative 
distillate output for both modified and reference stills were 1.57 kg/m2 and 1.42 kg/ 
m2, respectively. From Figs. 18.2, 18.3, 18.4 and 18.5, it was observed that as the 
percentage of the basin covered with float wick increased, the cumulative yield of 
the solar still decreased.

The gain in total distillate output for 24 h against the percentage of basin surface 
area under float wick is shown in Fig. 18.6. The total evaporating surface area of the 
basin is 1.02 m2. The productivities of modified still were improved by 3.83, 20.57, 
13.33, and 2.86%, when the basin area below the float wick was 1.02 m2, 0.76 m2, 
0.51 m2, and 0.25 m2, respectively. The rise of 20.57% in the productivity of modified 
still over conventional still was observed when 75 percent of the evaporating surface
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Fig. 18.4 Variation of 
cumulative distillate output 
of reference and modified 
still (case 3) during daytime 
(9:00 AM to 5:00 PM)

Fig. 18.5 Variation of 
cumulative distillate output 
of reference and modified 
still (case 4) during daytime 
(9:00 AM to 5:00 PM)

area was covered with wick. The gain of distillate output was highest and the drop 
in yield of the solar still over the reference still was lowest for the case, when 3/4th 
of the basin surface area was kept under a floating absorber.

It can be seen from Fig. 18.6 that the overall daily productivity gain of modified 
still over reference still was maximum for case 2, i.e., when 75% of the basin surface 
area was covered with float wick. Hence, component-wise performance for case 
2 of modified still is presented in Figs. 18.7, 18.8 and 18.9. The variation of solar 
intensity and ambient air temperature during daytime (9:00 AM to 5:00 PM) is shown
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Fig. 18.6 Comparison of 
overall distillate output for 
24 h (9:00 AM to 9:00 AM) 
of all the four cases of 
modified still

in Fig. 18.7. It can be seen that maximum solar intensity was reached around 12:30 
PM whereas the maximum ambient air temperature was reached around 3:30 PM. 

From Fig. 18.8, it can be seen that the basin temperatures of the reference still are 
higher than that of the modified still during daytime which is the indication of higher 
heat losses through the sides and base of the reference still. Due to these reasons, 
the performance of the modified still was better than that of the reference still. It

Fig. 18.7 Hourly variation 
of solar intensity and 
ambient air temperature
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Fig. 18.8 Basin water 
temperatures of modified and 
reference still for 24 h (9:00 
to 9:00) 

Fig. 18.9 Variation of 
component temperatures of 
reference and modified stills
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was also observed that the basin water temperatures of the modified still were higher 
than that of the reference still during night which showed that the heat stored in the 
modified still was not fully utilized, thus decreasing its nocturnal distillate output. 
The maximum values of basin water temperatures in the modified and reference still 
were 65.55 °C and 67.8 °C, respectively. 

Figure 18.9 shows the variation of glass and surface temperatures of the modified 
and reference stills. It can be seen that the maximum temperature of float wick is 
reached at about 15:00 h as compared to around 16:00 h for the basin water of the 
reference still. This earlier response is due to the low thermal inertia of the float wick, 
which results in higher operating temperatures of the modified still leading to quicker 
start-up in the morning as compared to the slow response of reference still having 
large thermal capacity of basin water. There is a significant difference between the 
float wick temperature and glass cover temperature of the modified still, whereas 
for reference still the basin water–glass cover temperature difference is lesser than 
the temperature difference between the wick and glass cover of the modified still, 
resulting in a higher evaporation rate. 

The hourly variation of cumulative distillate output of both the stills is shown in 
Fig. 18.10. It is found that the cumulative productivity of the modified still is higher 
than that of the reference still. The reason behind the better performance of the 
modified still is decreased thermal capacity of the basin due to the use of float wick 
leading to the higher operating temperature of evaporating surface which increased 
the evaporation rate and hence improved the distillate output of the modified solar 
still. A significant amount of nocturnal distillate output is obtained in modified still 
as the basin is partially covered with wick due to which heat can directly flow from 
warm basin water to float wick. The overall daily productivities of both reference 
and modified stills were 2.74 kg/m2 and 3.31 kg/m2, respectively.

18.4 Conclusions 

This work presents the effect of varying the percentage of the evaporating surface 
area by placing float wicks in a single slope basin type solar still. The experimental 
work carried out in this work lead to the following conclusions:

• The gain in productivity of modified still over the reference still increases when 
the proportion of the basin area covered with float wick changes from 100 to 
75% due to the availability of some uncovered area responsible for heat transfer 
between warm water and the top surface of the wick.

• The maximum gain of 48.11% in day distillate output of modified still was 
obtained when 75% of the evaporating surface area was lying below the wick.

• The overall daily productivity gain of modified still over reference still was 
maximum when 75% of the basin surface area was covered with float wick.
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Fig. 18.10 Cumulative 
productivity of reference and 
modified stills for 24 h (9:00 
AM to 9:00 AM)

• The temperature of the float wick was much higher than that of the basin water 
temperature of the modified still during daytime which indicated that they still 
operated at much higher temperatures.

• The temperature difference between the float wick and glass cover of modified 
still was more than that of the water–glass cover temperature difference of the 
reference still, resulting in a higher evaporation rate in the case of modified still. 
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Chapter 19 
Production of Mycelium-Based Thermal 
Insulating Material Using Biomass 
Residue as Substrate 

Gaurav Singh, Debanjan Sutradhar, Ashutosh Mishra, and Nikhil Gakkhar 

Abstract Thermal insulation is the property of insulating material that prevents the 
transfer of heat between the materials that are in thermal contact. This paper aims 
at the development of mycelium-based insulating material using biomass residue 
as substrate. The insulating material was prepared from mushroom mycelium with 
different biomass (wheat straw, paddy straw, groundnut shell, and potato starch) based 
substrate. Further, the mechanical properties (tensile strength, compressive strength, 
and bulk density), thermal properties, water absorption rate, and composition of 
the insulating material were investigated. Inorganic substances like CaCO3 were 
added to the samples to increase the mechanical properties of the material. Substrates 
were inoculated with Pleurotus Ostreatus density of insulating material was found in 
between 120 and 180 kg/m3. The thermal conductivity of the samples prepared ranges 
from 0.045 to 0.07 W/mK. The conversion rate of biomass into insulating material 
was found to be 95%. It could be an appropriate solution for stubble burning especially 
in Indian states like Punjab, Haryana, Uttar Pradesh, etc. where the management of 
agricultural residue is a crucial problem. 

Keywords Thermal insulating material ·Mycelium · Pleurotus ostreatus ·
Agricultural residue 

19.1 Introduction 

The demand for building materials is increasing at a rapid rate; these materials have 
the highest contribution to carbon emission that includes extraction of the material, 
its manufacturing and transportation [1]. It is one of the reasons for the degradation 
of the environment. In order to prevent this excessive depletion of natural resources 
and reduce the carbon footprint, natural resources must be used sustainably [2]. One
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of the solutions to this problem could be eco-friendly bio-based insulating mate-
rial that could be an alternative to synthetic compounds like foams, polyurethane, 
polystyrene, plastic-based fibers, etc. These materials have a very high carbon foot-
print and produce toxic substances during the manufacturing process and take around 
thousands and millions of years to degrade [3]. Insulating materials are those mate-
rials that show resistance to heat currents and reduce the rate of heat transfer [4]. 
Materials like fiberglass, slag wool, glass wool, and cellulose are conventional insu-
lating materials that are highly fibrous and resist convection and conduction heat 
flows [5]. Their thermal conductivity ranges from 0.03 to 0.07 W/mK. A significant 
amount of energy is consumed in the production of conventional insulating mate-
rial. In addition, some of the synthetic or petroleum-derived materials may contain 
harmful substances [3], limiting their application for building construction due to 
possible health concern. Furthermore, the most common types of synthetic foams 
are not biodegradable and lead to the generation of a large amount of waste at the 
end of their service life [1]. This paper focuses on the mycelium-based insulating 
material. Mycelium is a vegetative part of the fungus that grows on biomass residue 
[3]. It has been found that mycelium-based insulating materials have the same char-
acteristics to that of traditional insulating materials [6]. Agricultural residues like 
wheat straw, paddy straw, and potato starch were taken as substrate, and mycelium 
was grown on that. Investigations showed that mycelium-based insulating materials 
have high insulation capacity low cost of development and low density which makes 
them an alternative to conventional insulating materials. 

Major agricultural residues like wheat straw and paddy straw along with potato 
starch were used as mycelium substrate. Results showed an improved growth rate in 
mycelium compared to other samples and an increase in the tensile and compressive 
strength of the insulating material. It can have various applications and it can be used 
as an insulator in buildings instead of using foam-based materials it can be also used 
in packaging for thermal-sensitive items like food and pharmaceutical items. Various 
companies are also producing mycelium-based packaging materials, along with that 
they are also producing various products like bio leather with thermal insulating prop-
erties, which is not only cost-effective but also sustainable and completely renewable 
[7]. Due to their low thermal conductivity and high shock absorbing capacity, they 
can be used in doors, floors, paneling, shock absorbers, and other furnishings. 

19.2 Materials and Methods 

19.2.1 Materials 

Pleurotus Ostreatus spawn (inoculated) on wheat grain was purchased from Dr. Seeds 
Pvt Ltd. Sodium carbonate (anhydrous 99%) was purchased from M/s HiMedia 
chemicals Mumbai, India. Agricultural residue was collected from a farm field near 
Jalandhar.
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19.2.2 Preparation of Insulating Material 

Substrate Preparation 
The mushroom substrate was sterilized in an autoclave at 200°C for 12 h [3]. After 
sterilization, the substrate was allowed to cool down to ambient temperature and 
distilled water was mixed thoroughly with the substrate and kept for drying at ambient 
conditions until the substrate reaches 62% w/w moisture content [8]. Four samples 
were prepared with: (i) wheat straw, (ii) paddy straw, (iii) mixture of wheat straw, 
paddy straw, and potato starch (45%, 45%, 10% w/w), and (iv) wheat straw, paddy 
straw, potato starch, and calcium carbonate (45%, 45%, 9%, 1% w/w) and weight 
of each sample was measured using a digital weighing balance with least count of 
0.01 g. The sample details are shown in Table 19.1. 

Spawn Addition and Incubation 
Mushroom spawn was added in each sample at 10% w/w all the samples were 
incubated in an incubator (−) at 25  ± 2 °C with 70% humidity and 20,000 PPM 
CO2 concentration [9], and all the substrates were kept in a Petri-dish and allowed 
to grow for 7–9 days [7]. The sample containing wheat straw and paddy straw with 
CaCO3 showed an increase in growth rate compared to other samples. 

Drying 
All the samples were collected after 9th day and kept in a dryer at 800 °C for 2 hr 
to prevent the further growth of mycelium and remove the excess moisture present 
in the samples [9]. It was found that there was a 30–40% reduction in the weight of 
samples.

Table 19.1 Symbolic representation of each sample prepared 

S. No Sample name Substrate constituents 

01 S1 Wheat straw (100%) 

02 S2 Paddy straw (100%) 

03 S3 Wheat straw (80%), potato starch (20%) 

04 S4 Paddy straw (80%), potato starch (20%) 

05 S5 Wheat straw (99%), CaCO3 (1%) 

06 S6 Paddy straw (99%), CaCO3 (1%) 

07 S7 Wheat straw (50%), paddy straw (50%) 

08 S8 Wheat straw (49.5%), paddy straw (49.5%), CaCO3 (1%) 
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19.3 Characterization of Insulating Material 

19.3.1 Thickness of Prepared Samples 

The thickness of the prepared sample was evaluated using Vernier Caliper with the 
least count of 0.1 mm. Thickness measurement of samples was taken at random 
positions and a mean value was calculated. 

19.3.2 Density of Insulating Materials 

The density of the prepared sample was calculated using the water displacement 
method. The weight of each sample was measured using a weighing balance with 
the least count of 1 mg. Further a thin coating of paraffin (hydrophobic in nature) [8] 
wax was applied to all the samples, and each sample was placed in a beaker filled 
with water with a least count of 0.1 ml. The displaced volume of each sample was 
noted down and density was calculated. 

p = m/v (19.1) 

where ρ = density, 
m = mass of samples (weight/9.806). 

v = volume. 

19.3.3 Water Absorption Rate 

The water absorption rate of samples was measured using the following method. 
The weight of the dried samples was measured. Then each sample (5 cm * 5 cm * 
0.5 cm) was submerged in distilled water for 1, 2, 5, and 10 min, and the weight of 
each sample was measured. Change in the weight of the dried sample and the wet 
sample were noted down. The increase in the weight of wet samples was linear for 
the first five minutes and there was a negligible increase in weight after 5 min. The 
result showed that there was a 10% increase in weight.
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19.3.4 Thermal Conductivity 

The thermal conductivity of the samples was measured using a guarded hotplate 
method. It is a steady-state measurement method that determines the thermal conduc-
tivity of the material by using a hotplate with guided heat conduction. The samples 
were heated from one side by an electrically heated plate. The other side of the sample 
is controlled by a cold plate and our sample is placed between these two plates, and 
the temperature difference between the hotplate and cold plate is measured and the 
thermal conductivity was calculated using the formula. 

K = Q . D/A . ΔT (19.2) 

Here, K = Thermal conductivity, 

Q = Heat flow (electrical power consumed by heat plate), 

D = Thickness of sample, 

A = Area of sample,

ΔT = Temperature difference between two plates. 

19.3.5 Mechanical Properties 

Mechanical properties, tensile strength, and elongation at fracture of the samples 
prepared were measured with the Universal testing machine, and compressive 
strength was measured by load addition method [10]; test samples were made in 
the form of a cube with dimensions 5 cm*5 cm*0.5 cm. The load was added on top 
of each sample and increased gradually indentation and cracks in the sample were 
observed with a microscope and the load was increased until fracture; the load was 
noted down and divided by the cross-sectional area of the sample providing us the 
compressive strength. 

σ = γ . Δl/l (19.3) 

Here, σ = Stress, N/m2

Δl = Change in length, m 

l = Actual length, m 

Elongation (Δl) = Increased length–Actual length.
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Table 19.2 Thickness of 
different sample S. no Sample name Thickness (mm) 

01 S1 5.5 ± 0.1 
02 S2 5.1 ± 0.1 
03 S3 5.7 ± 0.2 
04 S4 5.2 ± 0.3 
05 S5 6.2 ± 0.4 
06 S6 5.8 ± 0.3 
07 S7 5.3 ± 0.2 
08 S8 6.5 ± 0.5 

19.4 Result and Discussion 

19.4.1 Thickness 

The thickness of the insulating material is shown in Table 19.2 was found between 5 
and 7 mm for the same weight of biomass residue. Results showed that the addition 
of CaCO3 increased the thickness as well as the growth rate of mycelium compared 
to other samples (S1, S2, S3 & S4). It was found that the addition of potato starch 
also showed an increase in thickness compared to other samples (S1 and S2). 

19.4.2 Density 

The density of materials shown in Table 19.3 was found between 120 and 180 kg/ 
m3. The density of samples containing wheat straw was more as compared to paddy 
straw, due to an increase in the percentage of lignin, cellulose, and hemicellulose 
[11]. Sample containing CaCO3 also showed an increase in density compared to raw 
samples without CaCO3. 

Table 19.3 Density of the 
samples S. no Sample name Density (kg/m3) 

01 S1 140 ± 5 
02 S2 120 ± 5 
03 S3 150 ± 5 
04 S4 130 ± 5 
05 S5 160 ± 5 
06 S6 135 ± 5 
07 S7 130 ± 5 
08 S8 140 ± 5
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Fig. 19.1 Water absorption rate of different samples at different time intervals 

19.4.3 Water Absorption Rate 

The water absorption rate is the amount of water absorbed by the material for a 
particular interval of time. The water absorption rate is the weight of the wet sample 
and the weight of the dry sample. 

The water absorption rate was determined by submerging the sample completely 
inside a beaker for time intervals of 1, 2, 5, and 10 min. As shown in Fig. 19.1, it was  
found that sample with paddy straw and calcium carbonate showed a minimum water 
absorption rate compared to other samples; there was a maximum 82% increase in 
the weight of samples for 10 min. and further it would increase to 200% [11]. 

Here, X-axis time period of samples emerged in water, Y-axis weight of samples 
in grams. 

19.4.4 Thermal Conductivity 

Thermal conductivity was measured using the guarded hot plate method. Samples 
were placed between two conductive plates, one kept at the hot side at constant 
temperature and another at the cold side. The temperature gradient was measured 
between the two plates using the equation Q = KAdt/dx. Table 19.4 shows that 
Samples containing wheat straw with calcium carbonate showed minimum conduc-
tivity compared to other samples, the reason might be lignin concentration is more in 
the wheat sample and an increase in mycelium density due to the presence of calcium 
carbonate [11] (Table 19.4).
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Table 19.4 Thermal 
conductivities of different 
samples 

Sl. no Sample number Thermal conductivity (W/m. K) 

1 S1 0.0470 

2 S2 0.0680 

3 S3 0.0490 

4 S4 0.0650 

5 S5 0.0690 

6 S6 0.0475 

7 S7 0.0580 

8 S8 0.0550 

19.4.5 Mechanical Properties 

The tensile strength of each material was measured using UTM (universal testing 
machine) and it was found that the sample with wheat straw and CaCO3 showed 
maximum Tensile strength compared to other samples. 

Tensile Strength 
Figure 19.2 shows that the Tensile strength of wheat straw with CaCO3 was found 
0.07 MPa and the sample with wheat straw without CaCO3 was found 0.082 MPa, 
similarly sample containing paddy straw with CaCO3 has more tensile strength than 
the sample without CaCO3. Sample S8 showed maximum tensile strength it was 
around 0.137 Mpa. Results showed that CaCO3 is helpful in increasing the tensile 
strength of insulating material. Similarly, all the samples with calcium carbonate 
showed an increase in tensile strength compared to samples without CaCO3. The  
integration of CaCO3 in the substrate helps in enhancing the tensile strength of the 
material. 

Compressive Strength 
The compressive strength of all the samples was measured by adding load above 
the samples and gradually increasing it until fracture. The sample containing wheat 
straw with CaCO3 showed maximum compressive strength compared to other mate-
rials. Table 19.5 shows that the compressive strength of sample S5 was found to 
be 0.05 MPa. Calcium carbonate helps in increasing the compressive strength of 
the material. Sample with wheat straw without CaCO3 has a compressive strength of 
0.04 MPa and the compressive strength of the remaining samples was found between 
0.03 and 0.04 MPa. Results showed that calcium carbonate helps in increasing the 
mechanical properties of mycelium-based composites.
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Table 19.5 Compressive 
strength of different samples 
prepared 

Sl no Sample name Compressive strength (MPa) 

1 S1 0.04 

2 S2 0.03 

3 S3 0.042 

4 S4 0.033 

5 S5 0.05 

6 S6 0.048 

7 S7 0.045 

8 S8 0.049 
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Fig. 19.2 Tensile strength of the materials 

19.5 Conclusion 

Insulating materials were prepared using substrates like wheat straw, paddy straw, 
potato starch, and calcium carbonate with different combinations and concentrations. 
mycelium of Pleurotus Ostreatus was grown on these substrates. These substrates 
were kept in a mold and incubated in a CO2 chamber with a concentration of 
50,000 ppm and temperature of 25 °C for 7 days. It was found that samples containing 
calcium carbonate with wheat straw showed better results compared to other samples. 
Calcium carbonate can be a helping agent in improving the mechanical properties 
of mycelium-based composites, but there was not much significant improvement in 
the thermal conductivity of the material. These insulating materials have comparable 
properties to those of conventional insulating materials (polyurethane, polystyrene, 
plastic-based fibers), One more application could be they can be used as packaging 
for fragile materials.
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Chapter 20 
Assessment of Economics of Hybrid 
Biomass Systems and Value to Grid 
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Abstract The study focused on the value of biomass-based power plants and hybrid 
systems to the grid today and in 2030. In India, there are 3 GW for biomass 
(excluding bagasse), 7 GW for bagasse-based cogeneration, and 20–25 GW for addi-
tional untapped biomass generation capacity. The high amounts of solar generation 
during daytime hours result in steep ramps during morning and evening peak times. 
Therefore, flexible resources such as energy storage, demand response, and flex-
ible operations of gas and biomass power plants become increasingly important. 
Diurnal balancing support requires 4–6 hr of support during morning and evening 
peak periods for more than 300 days of the year. Seasonal balancing requires high 
capacity factors of 60–80% between the months of October and February when RE 
generation is reduced. In order to balance India’s grid, 63 GW of energy storage, 60 
GW of load shifting from nighttime to solar hours and using the existing gas-based 
capacity for seasonal balancing during low RE season (Oct-Feb) will need to be used 
in addition to 307 GW of solar and 142 GW of wind. In this economic framework, 
waste management and reduced pollution/emissions benefits from avoided waste 
burning are not considered. 
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20.1 Introduction 

India has a target of installing 175 GW of renewable energy (RE) capacity by 2022 
and 500 GW of non-fossil energy capacity by 2030. Significant progress has already 
been made toward the achievement of these targets [1]. According to the Central Elec-
tricity Authority, as of 2021, India’s renewable energy capacity more than doubled, 
supplying nearly 10 percent of the nation’s total electricity generated. India has 
successfully achieved some of the lowest RE costs in the world in the past decade 
[2]. The average solar tariff in 2020 was 34% lower than the global average solar tariff 
between 2010 and 2020. It saw the largest reduction in country-level solar levelized 
cost of energy (LCOE) of 85% between 2010 and 2020. Furthermore, India had the 
lowest country-level installed costs for solar and wind power in 2020 [3] (Fig. 20.1). 

The levelized cost of renewable electricity has fallen below that of thermal power 
generation on a generalized basis [4, 5]. Even so, more investments in new fossil 
fuel plants are planned primarily due to the following reasons: (a) RE generation 
is intermittent and thus requires significant system flexibility for grid integration, 
(b) RE generation occurs outside of peak electricity demand periods, most of which 
occur in the evening for most parts of India, and (c) legacy planning and regulatory 
frameworks may not fully capture the benefits of RE and energy storage technologies. 
Accordingly, the dramatic fall in battery storage costs, which has dropped by 90% at 
the battery pack level since 2010, could lead to a turning point, since it enables the 
cost-effective utilization of renewable electricity during peak times [6] (Fig. 20.2).

India’s grid will need to balance its variability as it attains a higher penetration 
of renewable sources of energy through a spectrum of flexible resources that work 
in tandem in order to maintain an equilibrium between supply and demand on an 
hourly basis. Based on our analysis of the least cost resource mix for the Indian grid 
in 2030, we determined that 307 GW of solar and 142 GW of wind are cost-effective, 
coupled with flexible resources such as 63 GW of energy storage, 60 GW of load 
shifting between night time and solar hours, and making use of the existing gas-based 
capacity for seasonal balancing during low RE season (Oct-Feb). Figure 20.3 shows

Fig. 20.1 Solar and wind energy prices in key countries, including India [3] 
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Fig. 20.2 Global average battery pack price over years [7]

the projected demand and net demand in 2030 for the most cost-effective mix of 
renewable energy sources (307 GW solar and 142 GW wind) [8]. 

With high levels of solar generation during daylight hours, the 2030 Indian grid 
will require higher ramping requirements than the 2020 grid. It can be seen from 
Fig. 20.3 that the difference between the daily load and the net load for key months

Fig. 20.3 Average daily load and net load curve for key months in 2020 and 2030 [8] 
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Fig. 20.4 Average hourly dispatch for key months in 2030 

in 2020 and 2030 increases rapidly resulting in steep ramps during morning and 
evening peak times in 2030. Net load (or residual load) is defined as load minus the 
output from variable RE sources (solar and wind). 

The importance of flexible power sources such as energy storage, demand response 
(agricultural load shifting), and flexible gas and biomass power plants will increase 
in such an environment to ensure grid power remains affordable, stable, and reliable 
[9]. 

Flexible sources are needed during the peak RE generation season (June through 
September for wind generation and March through June for solar) to provide the grid 
with diurnal grid balancing to accommodate steep ramps as shown in Fig. 20.4. 

Solar and wind energy cannot charge batteries adequately during the low renew-
able energy production season (October through February) [10, 11]. Because natural 
gas and biomass generation can provide seasonal balancing (instead of coal-fired 
assets), their dispatch will be the highest during these months [12]. 

A major goal of this study, which builds on existing research, is to evaluate the 
techno-economic potential of biomass and hybrid biomass-renewable energy systems 
for India’s evolving grid based on biomass supply chain, fuel availability, and oper-
ational constraints. According to the study, biomass power plants could provide grid 
balancing services (diurnal and seasonal) to the Indian grid by 2030, with high RE 
penetration. We have provided policymakers with insights into the role biomass can 
play in the future of India’s electricity sector based on our analysis.
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20.2 Biomass in India: A Scenario 

In India, the installed biomass generation capacity in 2020 was approximately 10 
GW, of which 75% is bagasse-based cogeneration [13]. The states of Uttar Pradesh, 
Maharashtra, and Karnataka are the top three states with installed biomass capacity. 
The bulk of bagasse power plants’ output occurs between October and May [14] as  
shown in Fig. 20.5. Bagasse availability and generation are highly seasonal, with a 
capacity factor of 26% from November to May and 4% the rest of the year. This is 
because the main purpose of these plants is to produce sugar during the season, with 
electricity serving as a by-product. 

Contrary to other biomass-based generation methods, which maintain a flat gener-
ation profile all year long with a PLF of 15%. Rice husk and bio-waste from other 
pulses are mainly used for this generation, and they are produced all year round 
unlike sugarcane, which is grown primarily in the Kharif season. The Kharif season 
is from June to October and Rabi season is from November to April. The seasonal 
ramp up of bagasse cogeneration starting in November aligns very well with the 
seasonal balancing needs of the Indian grid, as envisioned for 2030. 

CEA reports that biomass-based (collective which includes bagasse) installed 
generation capacity in India is 10 GW [15]. Cogeneration using bagasse accounts 
for 7 GW and 3 GW from biomass (excluding bagasse). It is estimated that a total 
of 30–35 GW of biomass power can be generated in India. It follows that there is an 
additional 20–25 GW of biomass power generation capacity untapped.

Fig. 20.5 Monthly bagasse and biomass (excluding bagasse) generation and plant load factors 
(PLF) for 2020 [13] 
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20.3 Methodology and Data 

The study focused on the following key aspects to assess biomass-based power plants 
and hybrid systems in India’s power sector today and in 2030: 

– The value of biomass and RE + biomass hybrid systems to the grid. 
– The ability of biomass plants to provide specific grid services, such as diurnal 

and seasonal balancing, while taking into account the available economic and 
operational constraints of biomass-based generation systems. 

20.3.1 Biomass Value Estimation 

The net value of biomass and RE + biomass hybrid systems is the sum of their 
capacity and energy value. A resource’s capacity value is determined by determining 
the cost of a marginal unit of generation capacity it would be able to replace or avoid. 
As a general rule, it is expressed in rupees per kilowatt-year or rupees per kilowatt-
hour. A resource’s energy value is equal to the variable cost of its marginal unit of 
generation. 

The first step was to develop a monthly feedstock supply curve based on seasonal 
feedstock availability data (Table 20.1). A sugarcane/bagasse supply curve was also 
developed, considering 75% of biomass generation is based on sugarcane/bagasse. 

In Table 20.1, it appears that rice and cotton, as well as sugarcane/bagasse, were 
the top 2 feedstocks by availability. A weighted biomass feedstock availability profile 
was derived from these supply profiles and was transformed into an hourly supply 
profile for an entire year. One of the inputs into the estimates of capacity and energy 
value was this composite biomass supply profile. 

Further data input showed that cost estimates for all the major generation resources 
on the Indian grid. In the absence of capital cost and operating cost data for 
individual feedstocks, it was decided to use the composite supply profiles and 
biomass technology level costs to calculate the costs. The information is presented 
in Table 20.2.

Finally, hourly load profiles for 2030 were derived by estimating capacity and 
energy value in two parts. An assessment of the capacity value of biomass (without 
hybridization with renewable energy) was conducted by modeling how much biomass

Table 20.1 Seasonal feedstock availability in MT 

Season Rice Maize Wheat Sugarcane Cotton Mustard Potato 

Kharif season 
(june to oct) 

39.35 13.7 5.98 5.29 48.76 

Rabi season 
(november to 
april) 

16.93 6.54 22.23 2.69 3.17 12.07 
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Table 20.2 Input parameters 
for capacity value and energy 
value calculations [8, 13, 15] 

RE Technique Cost Unit 

Capital cost 

Solar 45,000,000 INR/MW 

Wind 70,875,000 INR/MW 

Biomass (excluding bagasse) 60,550,000 INR/MW 

Bagasse (bagasse only) 49,200,000 INR/MW 

Coal 78,500,000 INR/MW 

Natural gas 60,000,000 INR/MW 

O&M Cost 

Solar 375,000 INR/MW/year 

Wind 750,000 INR/MW/year 

Biomass (excluding bagasse) 4,642,000 INR/MW/year 

Biomass (bagasse only) 2,452,000 INR/MW/year 

Coal 1,875,000 INR/MW/year 

Natural gas 1,125,000 INR/MW/year 

Variable costs 

Biomass (excluding bagasse) 5.3 INR/kWh 

Biomass (bagasse only) 3.9 INR/kWh 

Coal 3 INR/kWh 

Existing LNG 3.7 INR/kWh 

Existing domestic gas 2.6 INR/kWh

energy could replace the marginal capacity expansion unit on the grid, which was 
assumed to be a new coal-fired power plant. In addition, in order to be conservative, 
the energy value of biomass is determined by estimating the variable cost of the 
marginal unit being dispatched, which is assumed to be constant at INR 3/kWh. 

According to Abhyankar et al. [8], the least cost path to meet India’s energy 
needs in 2030 includes a combination of renewable energy and flexible resources as 
follows: 465 GW of RE (307 GWDC solar, 142 GW wind, and 15 GW other RE), 
63 GW (252 GWh) of battery storage, 60 GW of load shifting to solar hours (50 GW 
agricultural + 10 GW industrial), and flexible operation of the existing natural gas 
fleet of 25 GW. It was reported that a coal power plant capacity of 229 GW (23 GW 
net addition over 2020) is cost-effective. The resource mix in this article supports 
the RE goals outlined by the Indian Prime Minister in November 2021. 

In order to conduct the modeling, it is assumed that 310 GW of solar and 140 GW 
of wind generation capacity will be operational in 2030. A variety of operational 
biomass capacity scenarios are modeled for up to 30 GW in 2030. The capacity 
value of the RE + biomass hybrid system was estimated by modeling the potential 
replacement of coal with the hybrid system without losing any generation capacity.
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In this study, the data of Abhyankar et al. [8] was applied to model the value that 
biomass could contribute to this dominant portfolio of renewable energy, and for 
which biomass improves the overall value of the portfolio. 

20.4 Results and Discussion 

20.4.1 Capacity and Energy Value 

It is estimated that by 2030, if no new biomass energy production capacity is added, 
the 10 GW of biomass power capacity will provide the same level of reliability as 
8 GW of coal power. In terms of capacity value, which is INR 3.4 per kWh or INR 
8,221 per kW-year. Similarly, if significant biomass additions are realized, 30 GW 
of biomass generation capacity can provide the same reliability as 19 GW of coal 
generation capability. That is equivalent to a capacity value of INR 2.97/kWh or INR 
7,438/kW-year. Figure 20.6 shows the capacity and energy value of biomass to the 
grid in 2030 in terms of Indian Rupee per kWh for various scenarios of installed 
biomass capacity. 

It is economically prudent to add new generation capacity to the grid when the 
value that the added resource would bring to the grid is greater than its levelized cost 
of energy (LCOE). Figure 20.6 illustrates the total value of biomass in the system at 
10 GW of installed capacity, which is INR 6.4/kWh, lower than the current LCOE of 
20% at the current PLF. Furthermore, as the installed capacity of biomass increases, 
the value of biomass to the grid decreases. Thus, at 30 GW of installed capacity, 
the total value is INR 5.97/kWh. The LCOE of bagasse power plants would be just 
below the total value if they were operated at 50% PLF.

Fig. 20.6 Monthly bagasse and biomass (excluding bagasse) generation and plant load factors 
(PLF) for 2020 
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Fig. 20.7 Adding biomass generation to the RE resource mix increases the value of the overall RE 
portfolio in 2030 

In this economic model, additional benefits of biomass-based power plants, such 
as waste management and reduced pollution and emissions as a result of avoiding 
waste burning, are not taken into account. As a result, if those value streams are 
included in the value estimation, biomass-based plants are likely to have a higher. 
Moreover, if natural gas was considered as the marginal unit instead of coal, biomass 
would have a higher energy value and capacity, since the fixed and variable costs of 
natural gas power plants are higher. Additionally, we assume that the variable cost 
of the marginal coal unit will remain constant for this exercise, despite some older 
units having variable costs higher than INR 3/kWh. 

Considering the 450 GW of solar and wind capacity installed in 2030, the capacity 
value of this renewable energy mix is relatively small. In the case of system-level 
hybridization, biomass-based power plants could increase the capacity value of the 
combined RE portfolio as shown in Fig. 20.7. 

20.4.2 Diurnal and Seasonal Balancing 

Diurnal Balancing 

During morning and evening peak periods for approximately 300 days of the year, 
diurnal balancing support requires 4–6 hr of support. Along with battery storage 
and coal at low capacity factors, biomass is one of the resources that could provide 
that support. The chart below illustrates the levelized cost of different resources. By 
2030, it is anticipated that battery storage will be the most cost-effective method of 
providing diurnal balancing.
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However, biomass-based generation may encounter difficulties in providing 
diurnal grid balancing. Biomass-burning plants cannot ramp up and down easily. 
In the existing biomass industry, the majority of capacity is based on bagasse, and 
since grid-connected power generation is not their primary function, operational 
constraints may prevent them from providing consistent support. Economically, 
existing bagasse-based generation would be competitive with alternatives such as 
battery storage, but biomass-based generation could be quite costly and the same is 
reflected in Fig. 20.8. 

Seasonal Balancing 

Between October and February when RE generation is reduced, seasonal balancing 
requires a high capacity factor between 60 and 80% (Fig. 20.9). The balancing support 
for the grid can be provided by natural gas, biomass, and coal. 

Fig. 20.8 The average daily load and net load curve showing the morning and evening peaks when 
diurnal balancing support is required (left). The comparison between the costs of different resources 
capable of providing that support (battery storage, new and existing biomass, and coal at 20% PLF) 
(right) 

Fig. 20.9 The average daily load and net load curve over the year when seasonal balancing support 
is required (left). The comparison between costs of different resources capable of providing that 
support such as LNG, biomass, and coal at 30% PLF (right)



20 Assessment of Economics of Hybrid Biomass Systems and Value to Grid 265

In comparison with the importation of LNG and the generation of coal from 
existing plants, biomass, and bagasse-based generation can provide cost-effective 
seasonal balancing support. 

It is possible to run biomass combustion-based plants at stable capacity factors for 
these few months, but consideration needs to be given to feedstock availability at the 
end of the kharif season. This seasonal balancing requirement coincides well with 
the availability of bagasse, so bagasse-based cogeneration plants are well positioned 
to provide this service to the grid. Nevertheless, to produce such consistent power at 
high capacity factors over an extended period of time, a simplified feedstock supply 
chain would be necessary. 

20.5 Conclusion and Recommendations 

It is anticipated that the Indian power system will require significant diurnal and 
seasonal balancing support from flexible generation resources with an increase in 
the percentage of renewable energy by 2030. With respect to the projected timing 
and magnitude of the morning and evening peaks of demand, solar’s capacity value is 
modest. Due to the seasonal and intermittent nature of wind power, the capacity value 
of wind is also small. Adding biomass to the power grid can significantly enhance its 
capacity and efficiency and improve its overall affordability, stability, and reliability. 

The capacity and energy value of biomass-based power plants on India’s power 
grid are evaluated for various scenarios of installed capacity, and it is concluded that 
without accounting for the environmental and waste management benefits, the total 
value to the grid would be less than the levelized cost of new systems. If streamlining 
the supply chain could reduce the cost of biomass fuels and therefore reduce variable 
costs, the economics may be more favorable. Biomass-based systems would have a 
significant impact on the capacity value of India’s projected RE resources mix (450 
GW of solar and wind installed capacity) in 2030. 

The study also examines the possibility of biomass-based power plants providing 
grid balancing services for India’s 2030 grid, which is anticipated to have a large share 
of renewable energy. Biomass as a balancing resource may, however, be hindered 
by certain economic and operational factors. On more than 300 days of the year, 
balancing requires four to six hours of support during the morning and evening 
peak periods. As the availability of bagasse feedstock is concentrated during a few 
months of the year, this may be economically feasible, but could also be operationally 
challenging. Combustion-based systems, on the other hand, face ramping concerns. 
The use of biomass gasifiers for generation might not be economically viable for 
diurnal balancing, compared to less costly options such as batteries. 

For seasonal balancing to be achieved, capacity factors need to range from 60 to 
80% from October to February, which may be feasible for bagasse-based generation, 
however, the feedstock supply chains need to be streamlined in order to achieve 
such high capacity factors. As of November through May, bagasse-based generation 
has an average capacity factor of 26%. Consequently, it is essential that the current
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installed capacity be matched with feedstock availability. In order to meet the needs of 
seasonal balancing, bagasse-based cogeneration plants would be more economically 
competitive than natural gas-based cogeneration plants. In order to properly evaluate 
the expansion of capacity, India’s power system must weigh the benefits of biomass-
based power plants and consider their co-benefits. 
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Chapter 21 
Techno-Economics Assessment 
of a Distributed Generation Hybrid 
Renewable Energy System: Western 
Ghats, Kerala, India 

Nagendra Kumar and Sujit Karmakar 

Abstract The present study aims to design and optimize a solid waste-assisted 
hybrid renewable energy system (HRES) for the electrification of a remote area 
Panthalam of the Western Ghats, Kerala, with an uninterrupted supply. The opti-
mization of the proposed HRES is performed by applying HOMER@ pro to get the 
optimal feasible solution with an annual capacity shortage of 2%. The result shows 
that the optimal configuration of HRES has 15 kW Solar PV, 11 kW wind turbine, 
24 kW micro-gas turbine, and storage system. The cost of energy is Rs.5.62/kWh, 
the renewable fraction is 100%, and the net present value is Rs.8.31 Million with the 
internal rate of return of 34%, return of investment of 30% and payback of 3 years 
are the most economical solution for the electrification of the specified area. Further-
more, a sensitivity analysis is performed with different values of annual capacity 
shortage from 0 to 5% which shows that with the increase in capacity shortage, the 
energy costing and net present value of the system decreases up to a certain limit and 
then became constant. Finally, the emission analysis shows that the CO2 emission 
from the system is very low and is about 220 kg/year. 

Keywords HRES · Rural electrification · Solid waste management · Distributed 
generation ·Micro-grid · Homer 

21.1 Introduction 

A sustainable, reliable, and economical energy supply play a vital role in the nation’s 
overall development. The electrical supply affects human comfort, industrialization, 
commercialization, and transport facilities [1, 2]. In contrast, the electricity supply 
through coal and other conventional ways produces several pollutions and becomes 
costly due to the rapid rise in fossil fuel prices. On global parameters, these pollutants
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affect human life, ecology, and the environment like skin disease, earth temperature, 
acid rain, glaciers melting, etc., on global parameters [3, 4]. 

Energy generation through fossil fuels like coal, nuclear, natural gas, and diesel 
has life cycle carbon emissions. These technologies also emit SOx, NOx, and carbon, 
polluting water sources [5, 6]. Recent development in renewable resources is related 
to achieving cleaner electricity alternatives, which is probable to transform, if the 
application of these technologies is decentralized. 

India’s renewable energy potential is approximately 100,000 MW, but most are 
still untapped [7]. Furthermore, around 35% of Indian villages are still not electrified 
or have reliability and stability issues due to various reasons like geographical loca-
tion, terrain, and environmental issues. Now it’s become essential to electrify those 
territories through renewable energy systems. Various renewable systems are running 
for these systems, but they have problems providing reliable and stable supply since 
these resources are intermittent. A most suitable alternative to these systems is a 
combination of such renewable energy resources to make HRES [8]. In addition, 
solid waste-to-energy plants can also be added to the systems as these systems are 
also accounted for renewable energy resources. This solid waste can be treated by 
anaerobic digestion and gasification for biogas generation [9–11]. Approximately 
550 kWh of electricity can be generated by the mass incineration of one ton of 
biodegradable waste [12]. 

The present research work aims to optimize a solid waste-based HRES for the 
electrification of a remote area with 24 h of electric supply to get a remote location 
of Western Ghats, Kerala, India, identified and analyzed. A detailed survey of the 
selected location was made for the MSW generation, climate condition, resource 
availability, and consumer demand. 

21.2 Materials and Methodology 

HRES is the combination of two or more two renewable energy systems in such a 
way that they can fulfill the particular work in a specified way. While designing the 
HRES, it must get the proper geographical location, resource availability, cost of the 
different components, interest, inflation, and other parameters. 

21.2.1 Case Study 

The present study’s analysis is based on a remote area Panthalam of the Western 
ghat of Kerala, India. The nearest city is at a distance of 110 km from the location. 
The area is under the natural disaster zone, making it difficult to connect with the 
central grid with high reliability and minimum capacity shortage. Due to its location, 
it became challenging to maintain or repair the fault during the monsoon season.
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Table 21.1 Highlights of remote location 

Location Longitude: 10° 10.0’ N latitude: 77° 04.0’ E 

Total population 600 

Total households 120 

Natural disaster Flood, land slide 

Load (kWh/day) 317 kWh/day 

Demand growth rate/year 10% 

Municipal solid waste 1.6 tonns/day 

Due to this, the only possible way of electrifying this area is distributed generation. 
Furthermore, the only available system is 6.25 kVA Dg set for 35% of the population 
supplying electricity 6 h/day and 25% of the population has independent one kVA/ 
household Dg, whereas 40% of the population remains unelectrified (Table 21.1). 

21.2.2 Available Renewable Resources 

The selected location is a remote area covered with forest, several water streams, and 
a peak valley, which provides abundant renewable resources like Solar, Wind, micro-
hydro, waste to energy, etc. Table 21.2 and Fig. 21.1 show the resource specification 
and monthly profile. 

The location has daily municipal solid waste of 1.6 tons/day, which the gasification 
can convert into biogas to run the micro-gas turbine. This method can enhance solid 
waste management and electricity generation too. The excess amount of biogas can be 
supplied to the neighboring households for their cooking or other works, which will 
also help reduce emissions through wood burning. Figure 21.2 shows the monthly 
MSW, biogas generation through gasification, and consumption of biogas by the 
proposed micro-gas turbine.

Table 21.2 Available renewable resources 

Renewable resource Annual average Range 

Solar radiation 5.1 kWh/m2/day 4.058–6.285 kWh/m2/day 

Clearness index 4.82 0.379–0.623 

Temprature 23.94 °C 21.29–26.4 °C 

Wind speed 4.05 m/s 2.43–6.66 m/s 

Water stream flow rate 35 l/s − 
Biogas by gasification of MSW 5.82 ton/day 5.34–6.3 tons/day 
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21.3 Proposed Model 

As the study area has a remote location and is in a natural disaster zone, HRES with 
distributed generation is the suitable solution. A solar PV, MgT, wind with storage 
system are identified based on the resource availability and other factors, whose 
configuration is shown in Fig. 21.3.

21.4 Results and Discussion 

The optimization of the concerned model is done with the help of the commer-
cially accessible software program HOMER@ Pro. Homer simulates the available 
resources with the different combinations and provides the result based on COE, 
NPV, RF, and other criterion bases to get the best optimal system.



21 Techno-Economics Assessment of a Distributed Generation Hybrid … 271

Fig. 21.3 Schematic of proposed HRES

21.4.1 Feasibility Analysis 

For the feasibility of the proposed model software, 3589 iterations, out of which 
1450 were infeasible and 2139 were feasible. This optimization again eliminated 
1050 omitted combinations, 684 due to lack of converter size, 196 due to oversized 
converters, and 28 due to no power/lack of power source. Table 21.3 shows the 
categorized results of optimization. 

Table 21.3 shows that based on the consumption demand, the optimization shows 
various combinations of components to form a HERS. The NPV and the COE of the 
system hang on the size of the HRES. Out of all the HRES, the HRES with 15 kW 
SPV, 11 kW WT, 5 kVA storage, and 24 kW MgT HRES have the lowest COE and 
NPV. Hence, this HRES can be proposed to supply the required load.

Table 21.3 Optimization result for the proposed model 

SPV (kW) WT (kW) MgT (kW) Storage (kVA) COE (Rs./kWh) NPV (Rs.) 

15 11 24 5 5.62 8,310,488 

0 8 30 2 6.48 9,633,387 

15 0 60 2 7.50 11,224,340 

0 0 60 2 8.49 12,698,350 

0 0 60 0 15.56 23,269,330 

10 0 60 0 15.77 23,579,500 

0 5 60 0 16.51 24,691,390 
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21.4.2 Economic Analysis 

Based on the categorized solution, the proposed HRES with the lowest COE and 
NPV is detailed in terms of capital cost, replacement cost, fuel charges, and others, 
as shown in Table 21.4. 

Table 21.4 shows that Solar PV (10%) is the highest capital cost, followed by 
a wind turbine (84.35% of the total capital cost). The operational and maintenance 
cost of MgT is the highest and holds 98.88% of the total O&M cost. As the life span 
of the WT and solar PV is enough, there is no replacement cost associated with these 
two components and is maximum in case of MgT (36.98%) as the lifespan of the 
MgT is very low. 

Furthermore, the system is analyzed for economic factors that affect the economy 
of any renewable energy system. This shows that the PBP is 3.0 years, IRR is 34%, 
and ROI is 30% of the proposed HRES. The PBP, IRR, and ROI are estimated by 
comparing the proposed HRES with a system consisting of MgT for the required 
consumption demand. Furthermore, the analysis indicates that the proposed HRES 
is technically feasible and is the most economical system among all other HRES 
discussed in Table 21.3. Factors that affect the economy of the HRES are shown in 
Table 21.5. 

Table 21.4 Economic analysis of the optimal feasible system 

Components Capital cost 
(Rs.) 

Replacement 
cost (Rs.) 

O&M cost 
(Rs.) 

Fuel 
cost 
(Rs.) 

Salvage cost 
(Rs.) 

Lifespan 

WT 3,795,000 0.00 28,440.54 0.00 0.00 25 years 

Biogas MgT 53,000 43,865.05 3,655,901 22,225 −572.24 50,000 h 

Storage 
(VFRB) 

100,000 31,880.74 12,927.52 0.00 −17,966.84 15 years 

Solar PV 450,000 0.00 0.00 0.00 0.00 25 years 

Converter 101,000 42,851.66 0.00 0.00 −8,065.27 10 years 

System 4,499,000 118,597.45 3,697,269 22,225 −26,604.20 25 years 

Table 21.5 Factors that 
affect the economics of any 
HRES 

Economic factors Values 

IRR 34% 

ROI 30% 

Simple payback 3.0 year 

NPV Rs.15.0 million 

Capital investment: Rs.4.37 million 

Annualized savings: Rs.1.49 million
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Fig. 21.4 Cost-wise cash flow of the HRES 

The system’s cost-wise cash flow shows that the wind’s capital cost, followed by 
the solar, is the highest, and the capital cost of the biogas micro-turbine is the lowest. 
The cost-wise cash flow of the system is shown in Fig. 21.4. 

21.4.3 Share of Electricity and Its Generation 

The optimal feasible system shows that the electricity production from all three 
components is 1,30,236 kWh/year with a maximum annual capacity shortage of 
2%, making the system the most reliable and sustainable. The maximum electricity 
generation comes from the WT with 48.2%, MgT with 36.3%, and is lowest from solar 
PV with 15.4%. The generation capacity shows to fulfill the primary consumption 
with 2.51% excess electricity, which can be utilized for the community load like street 
lighting, community hall, etc. Figure 21.5 shows the monthly share of electricity 
production from each component.

The electricity is lowest in case of solar due to the high wind speed and low clear-
ness index with moderate irradiation. The electricity generated from the PV reaches 
its lowest value during the rainy season, which is from June to August. Furthermore, 
as the wind speed reaches its point in the rainy season, the wind turbines work at their 
maximum efficiency and contribute maximum to electricity generation. Moreover, 
the PV and wind have a high dependency on the season, so the fluctuation in their 
generation is also very high. However, MgT generates almost constant electricity 
production except for the rainy season because maximum consumption demand is 
already supplied through the WT and requires much lesser from other components. 
Along with this, in the rainy season, biomass availability gets reduced.
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Fig. 21.5 Monthly electricity generation

21.4.4 Performance of the Storage Device 

The optimal system also consists of a storage device for backup purposes. The annual 
performance of the storage device shows that the storage wear cost of Rs.0.0143/ 
kWh and loss of electricity of 10,609 kWh/year through storage. The annual energy 
in and out of storage devices is 29112 kWh/year and 19,145 kWh/year, respectively. 
Figure 21.6 shows the state of charge and discharge of the system. 

From Fig. 21.6 it can be seen that the utilization of stored energy (storage device) 
is very low. The storage charges and discharges only for around 82 days in a whole 
year and remains fully charged for the rest of the time. This results in storage wear 
costs becoming higher. Furthermore, as the storage is already full, it cannot store any 
more energy. The excess energy generated from the HRES in those days results in 
loss of electricity. The working days of storage are from 153rd to 235th day (mostly 
rainy days and high sunny days when electricity demand is high). The various colors 
in Fig. 21.6 show the storage utilization capacity and the hours of the day.

Fig. 21.6 SOC of the system [Homer] 
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Fig. 21.7 Biogas consumed and excess biogas as cooking gas 

21.4.5 Cooking Gas 

The proposed HRES utilizes the solid waste generated from the community to operate 
the micro-gas turbine. The solid waste generated from the community is converted 
into biogas via a gasifier and is supplied to the micro-gas turbine for energy genera-
tion. Here, the biogas consumption is too low; hence, a significant amount of biogas 
is available, which can be directly provided to the public as cooking gas. The monthly 
availability of cooking gas is shown in Fig. 21.7. 

The considered location produces almost 542 kg/day of solid waste, which can be 
gasified, out of which, after gasification, an annual average of 325.2 kg/day of biogas 
is generated through the gasification. This 325.2 kg/day of biogas is available for the 
MgT application, but to the HRES composition and its operational constraint, it only 
consumes an average of 41.5 kg/day of biogas for electricity generation. This less 
utilization of biogas from the MgT allows the stack holders of the HRES to avail the 
rest of the biogas 283.7 kg/day as excess/backup. Biogas can be utilized for cooking 
and other purposes, so this can be directly fed to the communal for their cooking gas 
demand. 

21.4.6 Environmental Impact 

The optimal HRES emission parameters are also analyzed. This shows that 
CO2−220 kg/year emission, CO−0.344 kg/year, NO−0.215 kg/year with no sulfur, 
unburned hydrocarbons, and particulate matter from the proposed HRES. The emis-
sion produced from the proposed HRES is as low as it can be neglected compared to 
the coal-based power plant with the same energy generation capacity. The optimal 
system consists of the Biogas MgT, which generates emissions due to the biogas 
composition of CH4 and CO2, making it necessary to check emission parameters.
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21.4.7 Sensitivity Analysis 

The proposed HRES is further simulated for the variation in the cost of energy and net 
present value when the annual capacity shortage is varying. This analysis shows that 
the determined annual capacity shortage greatly influences the COE and NPV. The 
NPV of the system decreases as the ACS is increasing and becomes constant after 
3% till 5%. In contrast, the cost of energy decreases with increasing in ACS and is 
constant after 4 to 5% of ACS. This decrease in the economics is because as the ACS 
increases, it gives freedom to the HRES to be unavailable for a long time. This results 
in less energy consumption and more flexibility in energy generation. Hence, the 
component size may decrease, and the system’s economics will reduce significantly 
due to this decrease. The effect of capacity shortage is shown in Table 21.6. 

Table 21.6 Effect of capacity shortage on NPV (Rs. Million) and COE (Rs./kWh) 

Annual capacity shortage Net present value (Rs. Million) Cost of energy (Rs./kWh) 

0 9.59 6.41 

0.5 9.59 6.41 

1 8.68 5.82 

1.5 8.52 5.72 

2 8.31 5.62 

2.5 8.31 5.62 

3 8.06 5.48 

3.5 8.06 5.48 

4 8.06 5.51 

4.5 8.06 5.51 

5 8.06 5.51 

Table 21.7 Comparison with literature 

HRES NPV (Rs. 
million) 

COE (Rs./ 
kWh) 

RF (%) CS (%) 

Micro-hydro, wind, and storage [13] − 6.5 100 − 
Grid-connected, PV-wind HRES [14] 2.97 5.97 56.7 − 
PV, hydro, and biomass hybrid energy 
systems [15] 

2.4 7.27 − 2 

Biogas generator, PV, wind, hydro, and 
storage [16] 

6.58 7.18 − 5 

PV, mGT, electrolyzer, and storage [12] 3.78 11.26 76 2 

Proposed system 8.3 5.62 100 2
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21.4.8 Validation of the Proposed Model 

The proposed work is also validated with literature and results to be a winning system 
as the COE, NPV lesser, and generation capacity is either same or more with a 100% 
renewable fraction and maximum annual capacity shortage of 2%. The literature 
taken for validation purpose have different locations and regions of the world [13, 
14], and for better comparison, some of the literature from India is also considered 
[12, 15, 16]. The literature has only various locations and different utility generation 
and application techniques. Table 21.5 shows the validation of the present work with 
literature (Table 21.7). 

21.5 Conclusions 

The current study design of an optimal distributed HRES system based on local 
climate conditions and resource availability has been done. From the results, it can 
be resolved that the proposed model is best suited for remote and rural electrification. 
Moreover, the proposed model can be a practice for remote and rural electrification 
while processing solid waste management. The major conclusions drawn from the 
existing study are as below:

• From the case study, the optimal solution for the electrification of a particular 
location is an HRES with 24 kW solar PV, 11 kW WT, 24 kW MgT, and a 6 kW 
storage system, which generates electricity of 130236kWh/year.

• The proposed model also disposes of the MSW and promotes waste to the energy 
agenda with 100% RF.

• The validation HRES indicates that the proposed HRES exists with a minimum 
COE of Rs.5.62/kWh and NPV of Rs.8.31 million.

• As a by-product of this waste-to-energy generation process, an average of 
283.7 kg/day of biogas is available, which can be further utilized as cooking 
gas. 

This study is carried out on a particular location with specified consumption 
demand whereas this can also be projected at other locations with the same charac-
teristics and scaled up. Furthermore, the proposed HRES can be more suitable for 
the electrification of rural/remote islands where central grid extension is not possible 
or is costlier.



278 N. Kumar and S. Karmakar

21.6 Future Work

• Utilization of excess electricity generated from the system.
• Tri-generation from HRES like Desalination, Daily heated water, and cooking 

gas. 
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Chapter 22 
Performance Analysis of Hybrid 
Renewable Energy System 
for Twenty-Seven Different Locations 
in India 

S. K. Saraswat and K. V. S. Rao 

Abstract Due to the escalation of the world’s population and economic growth 
electricity demand is continuously rising. Primary sources of electricity generation 
are the fossil fuels available all over the world. Due to fossil fuels depletion and global 
warming issues, renewable energy sources became a more reliable and adaptable 
option. In India, rural electrification is a major problem, and to overcome this problem 
Government of India (GOI) is focusing on renewable energy sources. To minimize 
line losses and economic power supply, the Government of India is promoting off-grid 
and grid-connected power generation sources with various incentives and subsidies. 
An off-grid standalone solar PV-diesel hybrid energy system for a base load of 
10 kW (240 kWh/day) with zero percentage loss of load is designed in HOMER 
software. Twenty-seven different locations in India have been selected to analyze the 
feasibility and found to be the most suitable locations for generation using a hybrid 
energy system. Feasibility has been analyzed by covering economic, energy, and 
emission aspects. Among all the 27 locations, Jaisalmer has been found to be the most 
favorable, and Itanagar is found to be the least favorable location in all three aspects. 
Here, Jaisalmer has the largest share of renewable energy in the total generation 
(91.94%), while Itanagar has the lowest share (68.78%). Sensitivity analysis has 
been performed for fuel price, discount rate, inflation rate, annual capacity shortage, 
and project life span. 
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22.1 Introduction 

Energy is a basic need of human life to live comfortably for enhanced healthcare, 
education, and economic growth. A measure of a country’s development is gross 
power production and per capita energy consumption. Fossil fuels are the primary 
fuels for power production. According to International Energy Agency (IEA), the 
world’s total power production was 28,115 TWh, out of which 20,215 TWh (71.9%) 
was from nonrenewable energy sources [1]. India produces 1328 TWh of power 
through nonrenewable energy sources, which is 79.6% of total power generation [2]. 
In fossil fuels, coal is a key cornerstone of India’s energy supply. In India, 52% of 
installed power capacity and nearly 70% of electricity are generated by coal [2]. 
India has limited reserves of coal to fulfill its demand. There is a necessity to think 
about alternatives to primary fossil fuels because of the depletion of fossil fuels at a 
faster rate. 

With fossil fuels, there is another major problem of greenhouse gases emission 
due to combustion. According to International Energy Agency (IEA), in 2021, global 
CO2 emission was 36.3 billion tons, with the highest-ever increase rate of 6%. The 
significant portion of emissions is from the world’s ten countries China, the United 
States, India, Russia, Japan, Germany, Iran, South Korea, Canada, and Indonesia [3]. 
In 2021, India’s total CO2 emission was 2251 million tons (Mt) which is the third 
largest in the world. India emits 1065 MtCO2 for power production, which is 47.31% 
of total CO2 emission [3]. Due to global warming and fossil fuel depletion, the world 
has turned to develop renewable energy sources [2]. The government of India is 
more concerned about climate change and global warming, so there is more focus 
on developing renewable energy sources. Accordingly, the name of the Ministry of 
Forest and Environment has been changed to the Ministry of Environment, Forest 
and Climate Change government of India has also signed the climate change accord 
of the United Nations held in Paris in 2015. 

India is facing another major problem of rural electrification. About 289 million 
people are not having electricity [3]. Due to uneconomic grid extension, high trans-
mission losses, and less reliability, the Indian government is trying to implement 
rural electrification through off-grid standalone or grid-connected renewable energy 
systems. Mainly two organizations, the Ministry of Power (MOP) and the Ministry 
of New and Renewable Energy (MNRE) are promoting and funding the rural elec-
trification schemes. The Indian government announced various policies to electrify 
the villages [4]. 

• Electricity Act of 2003 
• Remote village electrification program, 2003 by the Ministry of Non-

Conventional Energy Sources (now known as Ministry of New and Renewable 
Energy) 

• Village Energy Security Program, 2004 by MNRE 
• Rajiv Gandhi Grameen Vidyutikaran Yojana in 2005 by the Government of India 
• Decentralized Distributed Generation (DDG) scheme under the MOP in 2009
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• Jawaharlal Nehru National Solar Mission (JNNSM) in 2010 by the Government 
of India 

• Remote Village Electrification (RVE) operated with JNNSM by MNRE in 2011. 

Currently, the Indian government announced Deen Dayal Upadhyaya Gram 
Jyoti Yojna (DDUGJY) in 2015 to electrify 5.98 crore un-electrified households. 
Power Finance Corporation and Rural Electrification Corporation of India allocated 
a fund of |756 billion to electrify 18,452 villages barring Maoist-infested areas 
and rugged terrains. Various incentives, funds, and subsidies are given under the 
different schemes of the central and state government of India for rural electrification. 
The above discussed problem can be reduced/mitigated by using renewable energy 
resources for power generation applications by both off-grid and grid-connected 
power systems [5]. 

Hybrid Energy System is studied and explained by various authors. They covered 
the analysis of HES for different locations, including remote location applications, 
other electrical loads, other power system models, software, and sensitivity analysis. 
Dekker et al. [6] proposed HES for a remotely located residential load and simulated 
it for six different locations Cape Town, East London, Pretoria, Nelspruit, Bloem-
fontein, and Upington of South Africa. It was found that Upington was the most suit-
able location and East London was the least suitable location. Suresh and Manoharan 
[7] analyzed SPV–diesel–battery HES for six different locations Chennai, Nagap-
attinam, Ooty, Kanyakumari, Salem, and Rameswaram of Tamil Nadu, India. The 
authors found Kanyakumari was the most suitable place for HES in Tamil Nadu, with 
the highest renewable fraction of 56% and the least net present cost of INR 85,436. 

Olatomiwa et al. [8] investigated the techno-economic feasibility of different 
power-generating configurations within the six different geo-political zones of 
Nigeria. Sandwell et al. [9] analyzed HES for three different locations, Barmer, 
Ladakh, and Dhemaji of India in terms of both Levelized cost of energy (LCOE) 
and emission. Panapakidis et al. [10] analyzed four different locations in the Greek 
region by considering solar PV, wind turbines, diesel generators, and fuel cells as a 
source of energy. From an environmental point of view, authors found wind turbine– 
fuel cells perform better. Thomas et al. [11] proposed a multi-component renewable 
energy model for the electric vehicle charging station in New Delhi, India. As a result, 
authors suggested a grid-tied solar PV system as the most economically viable and 
feasible solution for electric vehicle charging applications. 

As the literature discussed, hybrid energy systems will become a keystone for rural 
electrification because rural electrification is a significant problem in developing 
countries. Various authors [12, 13] designed HES for remotely located locations, 
coastal areas, remotely located hospitals, and technical colleges. Therefore, the aim 
of the present study is to propose a hybrid renewable energy system for off-grid base 
load applications in different geographical regions of India. 

In the present study, Hybrid Optimization Model for Electric Renewables 
(HOMER) is used, which was developed by National Renewable Energy Labora-
tory (NREL) in 1993 and used for both on-grid and off-grid power applications [14].
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HOMER performs three principal tasks, i.e., simulation, optimization, and sensi-
tivity analysis. HOMER requires climatic data (solar radiation intensity, clearness 
index, wind speed), electrical energy demand, system component details, and their 
associated costs such as capital, operation and maintenance, and replacement cost. 

22.2 Electrical Energy Demand 

The system is analyzed for a 10 kW (240 kWh/day) hypothetical electrical load with 
zero percentage loss of load. Particularly 10 kW base load is chosen because it covers 
the load of domestic, community load, telecom load, small-scale industries, agricul-
ture pumping load, army base camps, remotely located research station, and espe-
cially for those places which are not possible to connect through the grid. The main 
aim of the work is to make these applications independent from the grid. Systems are 
economical, electrical, and emission point of view discussed and compared for all 
27 different locations. Sensitivity analysis is performed for fuel price, discount rate, 
inflation rate, annual capacity shortage, and project lifetime for a particular location 
of Jaisalmer, Rajasthan, India. 

22.3 Methodology 

The methodology of the present study deals with the assessment of the LCOE, 
total annualized cost, annual real interest rate, renewable fraction, excess electricity, 
capacity factor, and battery throughput. The brief details of important factors are as 
follows. 

• The LCOE is the ratio of annualized system cost the producing electricity to the 
total useful electric energy generation by the system. LCOE is calculated by using 
Eq. (22.1). 

LC O E  = 
T otal Annuali zed Cost 

EAC + EDC 
(22.1) 

where LCOE is calculated in |/kWh, EAC is the AC primary load served (kWh/year), 
and EDC is the DC primary load served (kWh/year). 

• The total annualized cost of the system is the sum of the annualized capital cost, 
replacement cost, and operation and maintenance cost of all components of the 
system. The total annualized cost is calculated by using Eq. (22.2) 

T AC  = Cannz−cap + Cannz−rep  + Cannz−maint (22.2)
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where TAC is the total annualized cost, Cannz-cap is the annualized capital cost, Cannz-rep 

is the annualized replacement cost and Cannz-maint is the annualized operation and 
maintenance cost. 

The annual real interest rate (i) is the function of the discount rate and inflation 
rate, as shown in Eq. (22.3) 

i = 
i

′ − f 
1 + f 

(22.3) 

where i is the annual real interest rate, i’ is the discount rate, and f is the inflation 
rate. 

• The renewable fraction is the fraction of the energy delivered to the load generated 
from renewable power sources. HOMER calculates the renewable fraction using 
the following Eq. (22.4) 

fren. = 1 − 
Enonren. 

EServed 
(22.4) 

where f ren is the renewable fraction, Enonren. is the energy delivered by the 
nonrenewable energy sources, and Eserved is the electrical demand. 

Excess electricity is surplus electrical energy that must be dumped because it 
cannot be used to serve a load or charge the batteries. Excess electricity fraction 
( f excess) is the ratio of total excess electricity and total electricity production, as 
shown in Eq. (22.5). 

fexcess = 
Eexcess 

EProd. 
= 

T otal excess electrici t y(kW h/yr ) 

T otal electrici t y production(kW h/yr ) 
(22.5) 

• The capacity factor is the ratio of the average power output of the PV array (kW) 
and the rated power (kW) of the PV array. It is specified in percentage. 

• The battery throughput is the average number of energy cycles that the battery 
bank undergoes in its life span. 

22.4 Hybrid Energy System Description 

The hybrid energy system under study consists of PV modules, diesel generators, 
batteries, and a bi-directional power converter. Figure 22.1 shows the structure of the 
hybrid energy PV-diesel-battery system.
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Fig. 22.1 System configuration of the hybrid energy system in HOMER software 

22.4.1 Photovoltaic Modules 

A photovoltaic module (Canadian solar, type: CS6P-235P) is a device that is used to 
convert solar energy directly into electrical energy. The cost of a PV module includes 
the cost of PV panels, charge controllers, and cables. By analyzing the present market 
cost, the cost of panels is taken |60,000 for 1 kWP generation [15]. Operation and 
maintenance cost is considered |600 per kW per year, and the cost is considered in 
Indian rupees. The lifetime of a solar PV module has been taken 25 years. Values of 
the derating factor and ground reflectance are taken as 80% and 20%, respectively. 
The PV panel system is a fixed one, and no tracking is provided. The tilt angle is 
considered the same as the latitude of their location. 

22.4.2 Battery Bank 

The battery bank is used to serve the required load in the absence of both solar PV 
and diesel generators. The battery bank is used to store the solar PV output during 
daytime. If the battery bank charging reaches 20%, then the diesel generator starts 
supplying the load. The Battery (Type: 12VRE-3000TF-L) from Discover Energy 
has been chosen in the study from the list provided by HOMER. The battery bank bus 
voltage is 48 V, so 4 batteries are connected in series to form bus voltage. The capital 
and replacement cost of the battery is considered |30,000 per battery. Operation and 
maintenance cost is considered as |600 per battery per year [15].
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22.4.3 Diesel Generator 

A diesel generator is used to fulfill the load demand when the load is not satisfied by 
the solar PV power system or when the batteries are discharged. Capital cost for diesel 
generator is considered as |22,600 per kW while replacement and operation and 
maintenance costs are |20,400 per kW and |0.50 per hour per kilowatt, respectively 
[15]. The generator lifetime is considered for 15,000 h, and the fuel curve slope and 
intercept are taken as 0.2860 and 0.0480, respectively. The Diesel Generator (Type: 
KG1-5AS) from Kirloskar Brothers Ltd. has been chosen in the study [15]. 

22.4.4 Power Converter 

Any system that contains both AC and DC power requires a bi-directional power 
converter. A bi-directional power converter is required in a hybrid solar, diesel, and 
battery bank power system to maintain the flow of energy between DC and AC power 
components [15]. Capital and replacement costs are both considered |18,000 per kW. 
Operation and maintenance cost per year is considered as |180. Lifetime is taken as 
15 years with inverter efficiency of 90% and rectifier efficiency of 85% [15]. 

22.5 Climatic Data 

For the optimization process, the present study assesses the important climatic data 
of solar radiation and clearness index through the National Renewable Energy Labo-
ratory (NREL), USA. The complete details regarding the geographical and radiation 
intensity at the selected locations are provided in Table 22.1.

22.6 Results and Analysis 

For all 27 locations in India, the solar-diesel hybrid energy system is optimized using 
HOMER software. Results are analyzed in three different categories as Economic 
analysis, Electrical analysis, and Emission analysis. In the economic analysis, the 
system is compared on the basis of the LCOE and annualized cost. In the electrical 
analysis, total power produced by solar PV and diesel generators, excess electricity, 
and renewable fraction are analyzed. In the emission analysis, operational hours of 
diesel generator and greenhouse gases emission are analyzed.
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Table 22.1 Geographical and radiation intensity at the selected locations 

S. no Location State Solar radiation (kWh/ 
m2/day) 

Clearness index 

1 Agartala Tripura 4.54 0.509 

2 Aizawl Mizoram 4.83 0.541 

3 Aurangabad Maharashtra 5.20 0.562 

4 Barmer Rajasthan 5.74 0.640 

5 Bengaluru Karnataka 5.12 0.528 

6 Bhuj Gujarat 5.36 0.589 

7 Bhubaneswar Odisha 4.81 0.519 

8 Bongaigaon Assam 4.43 0.508 

9 Darjeeling West Bengal 4.65 0.535 

10 Dehradun Uttarakhand 5.22 0.608 

11 Guwahati Assam 4.43 0.504 

12 Imphal Manipur 4.46 0.505 

13 Indore Madhya Pradesh 5.24 0.579 

14 Itanagar Arunachal Pradesh 3.95 0.455 

15 Jaisalmer Rajasthan 5.80 0.650 

16 Jodhpur Rajasthan 5.67 0.635 

17 Lucknow Uttar Pradesh 5.06 0.573 

18 Mangalore Karnataka 4.98 0.517 

19 Mumbai Maharashtra 4.75 0.514 

20 New Delhi – 5.13 0.586 

21 Punji Goa 5.41 0.559 

22 Andaman and Nicobar – 4.42 0.567 

23 Raipur Chhattisgarh 5.21 0.569 

24 Siliguri West Bengal 4.55 0.520 

25 Tezpur Assam 4.27 0.492 

26 Tirupati Andhra Pradesh 5.45 0.562 

27 Vadodara Gujarat 5.22 0.574

22.6.1 Economic Analysis 

Optimization of the solar-diesel hybrid energy system is done by using HOMER 
software. On comparing the results for different locations, it is found that Jaisalmer 
is the most suitable location for a hybrid energy system followed by Barmer, Jodhpur, 
Dehradun, and so on. Economically the least favorable location is Itanagar as shown 
in Table 22.2.

For the Jaisalmer location, the optimum system consists of 59 kW solar PV, 
11 kW diesel generator, and 11 kW converter with 92 batteries. The annualized
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cost of each component, solar PV, diesel generator, battery bank, and converter is 
|303,450, |155,383, |586,786, and |22,276, respectively. Annualized cost for the 
overall system is |1,067,893. 

22.6.2 Electrical Energy Analysis 

For the proposed solar PV–diesel hybrid energy system, HOMER calculates the 
power production by solar PV and diesel generator. Power generated by solar PV is 
used to supply the load, and surplus power is used to charge the battery bank after a full 
charging of the battery bank the power is the excess power that is dumped. Barmer has 
117,439 kWh/year maximum total power production with 12,808 kWh/year highest 
excess energy. Similarly, Itanagar is having minimum (103,184 kWh/year) of total 
power production and a minimum (3718 kWh/year) of excess energy, as shown 
in Table 22.2. The renewable fraction shows the demand fulfilled by solar PV in 
percentage. Jaisalmer has the highest (91.94%) renewable fraction. Itanagar is having 
minimum (68.78%) renewable fraction. Barmer is having highest PV penetration and 
is followed by Jodhpur, Bhuj, and Jaisalmer. 

For the Jaisalmer location, total power production is 116509 kWh/year, out of 
which 11,773 kWh/year is excess electricity. In total power generation, PV penetra-
tion is 94%, and only 6% is by the diesel generator. Jaisalmer location has a 59 kW 
PV array, which produces 109,448 kWh/year of power with a capacity factor of 
21.18%. Operational hours of the PV array are 4372 per year. The diesel generator 
operates 949 hours per year with 155 starts per year. 

22.6.3 Emission Analysis 

In the proposed solar-diesel hybrid energy system, demand that is not fulfilled by 
the solar PV system and battery bank is supplied by the diesel generator. A diesel 
generator is a source of emission of greenhouse gases emission in HES. The emission 
of greenhouse gases depends on fuel consumption which depends on the operational 
hours of diesel generators. Itanagar has the highest (3534 h) operational hours of 
diesel generator, which consumes 9,688 L/year fuel, and emissions of CO2 and CO 
are 25,511 kg/year and 63 kg/year, respectively, as shown in Table 22.2. 

Due to the better utilization of solar PV in the Jaisalmer location, there is very 
less utilization of diesel generators, and it will only consume 2520-L fuel per year 
with a mean electrical efficiency of 28%. The specific fuel consumption of a diesel 
generator is 0.36 L/kWh. Emissions of CO2 and CO are 6637 kg/year and 16 kg/ 
year, respectively. Emission of other parameters such as unburned hydrocarbons, 
particulate matter, sulfur dioxide, and nitrogen oxides are 16 kg/year, 2 kg/year, 
1 kg/year, and 13 kg/year, respectively. Other suitable locations are Barmer and 
Jodhpur.
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22.7 Sensitivity Analysis 

Sensitivity analysis is performed to know the effect of various parameters on system 
performance. Here, the sensitivity analysis is performed for the eleven fuel prices, 
five inflation rates, twelve discount rates, six capacity shortages, and eleven project 
lifetime factors at the most feasible location of Jaisalmer, Rajasthan. Here, Opti-
mization is performed in various phases because of the large number of simulations 
and forty-five cases of sensitivity analysis. The graphical details of the sensitivity 
analysis are shown in Fig. 22.2. 

Fig. 22.2 Sensitivity analysis of LCOE and CO2 emission for fuel price, inflation rate, discount 
rate, annual capacity shortage, and project lifetime
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22.8 Conclusions 

This study is mainly done for those applications which are remotely located and 
independent of the grid connection. Solar PV and diesel generators are considered 
primary and secondary sources of power generation because of the high solar radi-
ation intensity throughout the country and the diesel generator is a more reliable 
and dependable standalone secondary source of energy. At all 27 locations, the most 
suitable location is found by comparing three aspects that are economical, electrical, 
and emission. These three aspects cover LCOE, annualized cost, total power produc-
tion, excess electricity, renewable fraction, operational hours of diesel generators, 
and greenhouse gas emission. By comparing these aspects, the results are as follows. 

• Jaisalmer location is found to be the most suitable location with the least LCOE of 
|12.19/kWh and the highest renewable fraction of 91.94%, and Barmer, Jodhpur 
follows the order. 

• Itanagar is found to be the least favorable location, with the highest LCOE of 
|15.18/kWh and a minimum renewable fraction of 68.78%. Port Blair and Tezpur 
have LCOEs of 14.86 |/kWh and 14.53 |/kWh, respectively, which is better than 
Itanagar. 

Sensitivity analysis is performed for fuel price, discount rate, inflation rate, annual 
capacity shortage, and project lifetime. The system behavior is obtained for different 
parameters, which are as follows. 

• As the fuel price increases, the LCOE of the system also increases, but CO2 

emissions will reduce. 
• If the discount rate is increased, both the LCOE and CO2 emissions are increased. 
• If the inflation rate is increased, both LCOE and CO2 emissions are reduced. 
• If an annual capacity shortage is considered to be increasing from 0 to 5%, then 

LCOE decreases, but CO2 emission will show both increasing and decreasing 
trends depending on the value of the capacity shortage. 

• As the life span of the project is increased, then both LCOE and CO2 emission 
decreases. 
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