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Abstract

Energy derived from biomass provides a promising alternative source that
reduces dependence on fossil fuels along with the emission of greenhouse
gases (GHG). The production of heat, electricity, power, fuels, and various
chemicals from the biomass can be achieved via thermochemical conversion
technologies. This chapter summarizes the techno-economic analysis and life-
cycle assessment of lignocellulosic biomass via thermochemical conversion
routes such as combustion, pyrolysis, gasification, liquefaction, (hydrothermal).
and co-firing. Specific indicators such as production costs, techno-economic
analysis, functional units, and environmental impacts in a life-cycle analysis for
different techniques were compared. Finally, the research lacunae and possible
future trends in biomass conversion via thermochemical conversion techniques
have been discussed, which may positively impact the future of research related
to techno-economic and environmental benefits of bioenergy.
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Abbreviations

AAS  Acid-acid synthesis

BCB  Bubbling circulating bed

CHP  Catalytic fast pyrolysis and hydroprocessing
COE  Cost of electricity

COS  Carbonyl sulfide

DME Dimethyl ether

FTS Fischer-Tropsch synthesis

GHG  Greenhouse gas emissions

HCN  Hydrogen cyanide

HPH  Hydropyrolysis and hydroprocessing
IGCC Integrated gasification combined cycle
kWh  Kilowatt hour

LCA  Life-cycle assessment

MAG Methanol-to-gasoline

MAS  Mixed alcohol synthesis

MJ Megajoule

MTE  Methanol-to-ethanol

MW  Megawatt

MWe  Megawatt electric

MWh  Megawatt hour

ORC  Organic Rankine cycle

PC Pulverized coal-fired

RFS2  Revised renewable fuel standard
RME Rapeseed methyl ester

S2D Syngas-to-distillates

SF Syngas fermentation

SNG  Synthetic natural gas

TEA  Techno-economic analysis

15.1 Introduction

Biomass has garnered considerable attention as a viable resource for the production
of fuel, value-added chemicals, power, and electricity. In addition, the biomass-
derived fuels have a definite advantage over fossil fuel in terms of emission such as
CO, CO,, SO,, and NO, gases. Currently, fossil fuels are the principal sources of
energy for the entire world. However, the use of fossil fuel emits a high amount of
greenhouse gases (GHG) and particulate matter in the environment, which adversely
impact the environment. Additionally, the rapid depletion of fossil fuel resources has
forced researchers to develop new technologies and strategies. Energy from the
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renewable sources is the best alternative to fossil fuel. In 2007, the US Congress set
new revised renewable fuel standard (RFS2) in which biofuel was used as an
alternative fuel to reduce the consumption of petroleum fuel from domestic uses
(Brown 2015). The RSF2 issued an official order to increase the blending volume of
biofuel with petroleum fuels such as diesel and gasoline for retail use (Brown 2015).

Among all the renewable energy sources such as solar, geothermal, wind, hydro-
gen and fuel cell, hydrothermal, tidal, biomass, etc., biomass has the potential to
produce energy as well as different types of value-added products. The thermochem-
ical conversion technology is the best route to convert biomass into end products in
solid, liquid, and gaseous forms. Further, the efficiency of thermochemical technol-
ogy depends on the types of biomass to produce different kinds of value-added
products (Demirbas 2001).

There are many thermochemical conversion technologies, which produce various
value-added products and energy such as combustion, pyrolysis, gasification, lique-
faction (hydrothermal), carbonization, and co-firing. Among all the available ther-
mochemical conversion technologies, pyrolysis can convert biomass into solid,
liquid, and gas without consuming oxygen. Liquid fuel and gaseous products are
the two major products of thermochemical technology which can be further
upgraded into the various valuable forms of energy such as transportation fuel,
electricity, and value-added chemicals. The significant advantage of lignocellu-
losic biomass over other feedstocks is that they can be sourced from the nonedible
parts of food crops. Thus, their production does not deplete resources meant for food
crops nor do they cause a food crisis. However, the crops specifically cultivated for
energy production may compete with conventional crops for the use of land (area for
cultivation), particularly when the former get subsidies for cultivating the energy
crops (Rathmann et al. 2010), although in some cases, energy crops are grown in
marginal lands (Liu et al. 2011) and do not compete with other conventional crops
for land. The use of biomass for the production of power and energy has been around
since the nineteenth century; it was the widespread adoption of thermochemical
technology in 2012 that made it a significant player in the energy sector. Thus, when
the USA sets up a commercial-scale biorefinery plant, the catalytic fast pyrolysis and
hydroprocessing (CHP) yielded 10 million gallons/year of bio-based gasoline and
diesel, produced from the yellow pine feedstock (Lane 2013).

Though the viability of setting up more such biorefineries is dependent on the
techno-economic analysis (TEA) and life-cycle assessment (LCA) of lignocellulosic
biomass, there is a clear paucity of available data. Bridgwater et al. (2002) reported a
comparative study of techno-economical assessment of biomass pyrolysis, combus-
tion, and gasification for production of electricity. The same source reported that
combining a diesel engine with fast pyrolysis is a significant option for electricity
production, with the promise of long-term profits. The report of Gnansounou and
Dauriat (2010) on techno-economic analysis of lignocellulosic biomass singled out
the high cost of biomass feedstock, as the main factor that must be brought down, to
reduce the overall production cost of lignocellulosic bioethanol. The production of
biofuel (second generation) from the lignocellulosic biomass by using
thermochemical process (fast pyrolysis) was reported by Damartzis and Zabaniotou
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(2011). They also focused the possible opportunity and future challenges in process
integration applications. Muench and Guenther (2013) have carried out life-cycle
assessment on conversion of biomass into heat and electricity, through thermochem-
ical technologies. Menten et al. (2013) reviewed the generation of greenhouse gas
(GHG) emission via the thermochemical processes by using meta-regression analy-
sis model.

This present study is focused on the techno-economic analysis and life-cycle
assessment of lignocellulosic biomass using thermochemical conversion technol-
ogy. Life-cycle analysis is an important tool to estimate the potential of environ-
mental impact on end products through various processes in the complete life cycle.
Life-cycle analysis is a systemic tool used to evaluate the materials and inputs and
output parameters where the generation of emission and subsequent environmental
impact of the products is estimated during biomass life cycle. Life-cycle analysis has
been done using the ISO series 14040, but the calculation is less proficient by this
method because this method was based on data-intensive process. The ISO series
14040 stated that life-cycle assessment has been categorized into four stages. The
first stage deals with the selection of the goals, scopes, and boundary definitions. The
second stage is characterized by life-cycle inventory analysis. The third stage is
distinguished by life-cycle impact and assessment, and the fourth stage is earmarked
for result interpretation (Schenck 2009). Four major and cardinal parameters, the
feedstocks, system boundaries, functional unit, and environmental impact, determine
the life-cycle assessment analysis. By evaluating the techno-economic analysis of
different kinds of thermochemical conversion technologies, the most economical
route can be identified.

15.2 Biomass to Energy Conversion Technologies

Biomass feedstocks, environment, and economic considerations are the three major
parameters which are known to directly influence conversion of biomass into fuel
and energy. Conversion of biomass to energy products can be achieved via three
main processes such as biochemical process, thermochemical process, and mechan-
ical extraction. Thermochemical and biochemical technologies are widely adopted,
whereas mechanical extraction is used for the production of fuel from biomass from
sources like rapeseed methyl ester (RME). However, mechanical extraction is not
used extensively because of lower yield. Biochemical technology is associated with
aerobic and anaerobic digestion, whereas thermochemical process includes combus-
tion, gasification, pyrolysis, and liquefaction (Demirbas 2007). The detailed schemes
of conversion of biomass are presented in Fig. 15.1.

15.2.1 Biochemical Conversion of Biomass

Conversion of biomass into value-added products through the biochemical process is
an ancient technology. For example, India and China were using this technology for
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Fig. 15.1 General schemes of biomass to energy conversion routes

a long time for the production of methane gas via anaerobic microbial digestion
using animal waste as raw material. Recently, biochemical techniques have been
used for the production of automotive fuel (ethanol) through the fermentation
process. During biochemical conversion of biomass, higher molecular weight
compounds break down into smaller molecular weight compounds by the use of
bacteria or enzyme. Among the available technologies, the biochemical conversion
method stands out for its significantly low energy requirement; it is handicapped by
the long incubation period required for conversion of materials into products. The
major routes of the biochemical process are digestion (aerobic and anaerobic),
fermentation, and enzymatic or acid hydrolysis.

Anaerobic digestion is a process in which microorganisms break down biode-
gradable materials in the absence of oxygen. Methane and carbon dioxide are the
final products of anaerobic digestion along with some solid residue. Bacteria con-
sume the carbon present within the biomass and break down into smaller
compounds. The aerobic process uses oxygen from the outside of the biomass to
break down the biomass into smaller compounds. The fermentation process is a
biochemical process in which biomass is converted into sugars by use of acid or
enzyme. Furthermore, sugar is converted into ethanol or other various value-added
chemicals. Lignin is left as residue due to its higher thermal stability. However,
production of ethanol from starch- and sugar-based feedstocks via fermentation
process has been commercialized. Lignocellulosic biomass requires acid, enzymatic,
or hydrothermal treatment to break down the cellulose and hemicellulose into simple
sugars, which in turn are carried out by bacteria, yeast, and enzymes.
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15.2.2 Thermochemical Conversion of Biomass

In the thermochemical process, heat is supplied for breaking higher molecular
weight compounds into smaller molecular weight compounds. During thermochem-
ical conversion, biomass is converted into gases which are later synthesized into
desired products or used directly in engine and boilers. Synthesis of syngas into
liquid fuel via Fischer-Tropsch is the best example of thermochemical conversion.
Energy from the biomass can be extracted by six routes such as combustion,
pyrolysis, gasification, liquefaction, carbonization, and co-firing.

15.2.2.1 Combustion

Burning of biomass in the existence of air or O, is known as combustion. It is the
simplest of all thermochemical techniques. This process includes homogeneous and
heterogeneous reactions. The stored chemical energy in biomass is converted into
heat energy, power, electricity mechanical energy, and several other products by
using the different types of devices such as furnaces, stoves, steam turbines, boilers,
etc., during combustion. Further, the advantage of combustion over other process is
that it has the potential to burn any biomass, but in practice, biomass having less than
50% moisture is more efficient unless biomass is pre-dried. If biomass contains more
than 50% moisture, then the biological process is more proficient (Sharma et al.
1999). However, it was reported that hydrothermal liquefaction is a cost-effective
thermochemical technique which can handle biomass with any level of moisture
content (Akhtar and Amin 2011). There are several applications of combustion such
as domestic heating, cooking, and large-scale industries (100—1300 MW power
production). To increase the combustion efficiency, co-combustion (biomass with
coal) is an attractive option/route. Total conversion efficiencies achieved were
22-40% through biomass combustion. Meanwhile, higher combustion efficiency
can be reached via co-combustion or when the plant is more than 100 MWe (Kumar
et al. 2015). Stirling cycle is used for combustion to deliver shaft power directly, but
it is limited only to small outputs. Due to the higher emission of NO,, carbon
dioxide, particulate matter, and formation of higher ash content make this process
unfeasible (Kumar et al. 2003a).

15.2.2.2 Gasification

Gasification is the thermochemical process where biomass is converted into a
mixture of gases with the presence of oxygen, steam, or air at the higher temperature
(>700 °C). Pyrolysis and gasification are known as an extension of combustion in
which gaseous products are enhanced as compared with solid (biochar). However,
the gaseous products are further being condensed and liquid fuel formed. Further,
using oxygen gas as the gasifying agent rather than air improved the calorific value
of product gas and removed nitrogen. There are many controlling parameters such as
rate of heating, the design of the reactor, and post-processing of gases which
produced a clean and high quality of gas through gasification. Gas with lower
calorific value can be achieved through direct burning which can be used as a fuel
for the gas engine and gas turbine. On the other side, production of methanol from
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these gases is the best example of gasification (Ganesh and Banerjee 2001). Biomass
integrated gasification is one of the promising routes where gaseous fuel is converted
into electricity through higher efficiency turbines. Biomass integrated gasification
process has various advantages over the other processes, attributed to its lower
equipment cost and production of clean gas. About 40-50% net conversion
efficiencies can be achieved by gasification for 30-60 MW plant capacity (Kumar
et al. 2015). The produced syngas from the gasification was used for the production
of potential fuels such as methanol and hydrogen, which are used in transport
vehicles. It was observed that indirect gasification or blown oxygen is preferred
for the production of methanol.

Over the time, various gasification routes have been developed for the production
of syngas. These processes are used for the conversion of biomass into fuel such as
ethanol- and hydrocarbon-based fuel by catalytic treatment. Among all the devel-
oped routes, acid-acid synthesis (AAS), Fischer-Tropsch synthesis (FTS), mixed
alcohol synthesis (MAS), methanol-to-gasoline (MAG), methanol-to-ethanol
(MTE), syngas-to-distillates (S2D), and syngas fermentation (SF) are the popular
routes. All the gasification routes, which are used for upgradation of syngas, employ
different kinds of catalysts. These catalysts may have certain negative impacts such
as the presence of contaminants in the raw syngas such as H,S, carbonyl sulfide
(COS), NH3;, hydrogen cyanide (HCN), HCI, tar, and different types of particulate
matter. Therefore, the syngas requires cleaning before upgradation (Woolcock and
Brown 2013). The catalysts such as ZnO and CuO are used for the production of
methanol via acid-acid synthesis (AAS) technology. However, iodide- and iridium-
based catalysts were used for the production of acetic acid from methanol (Zhu and
Jones 2009). Furthermore, the produced acetic acid was upgraded with
hydrogenation process and produced a mixture of ethanol and water. After separa-
tion of water from the mixture, fuel grade ethanol was produced. Methanol-to-
ethanol, methanol-to-gasoline synthesis, and syngas-to-distillates pathways also
produced methanol by converting syngas at the initial stages. All the pathways
reacted with methanol over dehydration catalysts and produced dimethyl ether
(DME) in the methanol-to-ethanol (MTE) pathway.

Dimethyl ether (DME) is converted into methyl acetate through heterogeneous
catalytic carbonylation. Further methyl acetate is again hydrogenated to produce
methanol. However, in case of MTG pathway, dimethyl ether (DME) reacts with the
zeolite catalyst and yields alkenes and a blend of aromatics, which have the boiling
points equivalent to gasoline (Phillips et al. 2011). The methanol dehydration and
hydrocarbon synthesis phases are combined with syngas-to-distillates (S2D)
pathways by the reaction of methanol with appropriate catalysts in a single reactor.
The syngas is then compressed before combining with methanol and reacting over as
metal sulfide catalysts to produce mixed alcohol stream during methanol-to-gasoline
(MAS) route. The mixed stream is then separated into individual components such
as ethanol, methanol, and alcohols. Further, the produced methanol is recycled,
while ethanol is upgraded by distillation process to produce a high-quality fuel.
During Fischer-Tropsch synthesis (FTS), the syngas reacts with metal catalysts such
as cobalt, iron, and ruthenium catalysts to produce alkanes and hydrocarbons waxes.
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Syngas fermentation (SF) routes ferment the cleaned syngas (not cleaned with
catalysts) with Clostridium bacterium (Abubackar et al. 2011). The use of biocata-
lyst combines the carbon dioxide and hydrogen gas in the syngas to yield ethanol.
Upgradation of syngas through biochemical routes has several advantages over
catalytic synthesis process such as high selectivity, consolidation of process steps,
and lower operational pressure and reduced the sensitivity of biocatalysts to sulfur
and nitrogen contaminants in syngas compared with the metal catalyst. However,
lower mass transfer between gaseous feedstock and the microorganism is the major
disadvantage (Koroneos et al. 2008).

15.2.2.3 Pyrolysis

The cracking of biomass or organic materials in the absence or partial presence of
oxygen at moderate temperature (400-700 °C) is known as pyrolysis. Brown (2015)
reported that thermal decomposition of biomass at temperature range 300-700 °C to
produce solid, liquid, and gases is known as pyrolysis. Among all the thermochemi-
cal techniques, pyrolysis can produce solid, liquid, and gas products. The production
of liquid fuel is a major consideration through pyrolysis which can be further
upgraded for extraction of various value-added chemicals. However, recently pyrol-
ysis is used for the production of biochar which can be used as an excellent biochar
for various applications such as adsorption of toxic gases, soil abetments and
fertilizers, and water and wastewater (Mohan et al. 2014).Various process parameters
such as heating rate, temperature, particle size, feed composition, types of reactor,
sweeping gas flow rate, and composition of biomass affected pyrolysis. Temperature,
heating rate, and residence time are the major parameters that influenced pyrolysis.
Further, particle size also affected pyrolysis product yields (Graham et al. 1984).

Based on the process conditions, pyrolysis is grouped into six subcategories and
presented in Table 15.1. However, based on the application of pyrolytic liquid as a
transportation fuel, pyrolysis is divided into four major categories. The slow pyroly-
sis and upgrading of syngas are considered as the first type; fast pyrolysis and
hydroprocessing (FPH) is the second type; catalytic pyrolysis and hydroprocessing
(CPH) is the third, while hydropyrolysis and hydroprocessing (HPH) are considered
as forth type of pyrolysis. Slow pyrolysis has the lower temperature and lower
residence time (5-45 min). Hence, decomposition occurred over the long period.
Slow pyrolysis is operated at lower temperature <400 °C (mostly), which yields a
higher amount of char along with lower yield of liquid, which is the complex mixture
of acids (acetic acids, formic acids, carboxylic acid) and water.

Slow pyrolysis is used for a long time for cooking purposes, but recently it has
been used for the production of potential fuel such as methanol and for fertilizer
production (Shabangu et al. 2014). During fast pyrolysis, biomass is decomposed at
amuch higher temperature (500 °C) and higher heating rate, which converts biomass
into fuel and chemicals within a few seconds. During fast pyrolysis, the liquid yield
is higher compared with biochar and syngas. Biochar and syngas are low value-
added products that are used for combustion for getting heat and power. In fast
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Table 15.1 The summary of a few biomass thermochemical technologies

Conversion
technology

Fast pyrolysis

Slow pyrolysis

Intermediate
pyrolysis

Flash pyrolysis

Vacuum
pyrolysis

Ablative
pyrolysis

Process condition

Smaller particle
size (<3 mm);
short residence
time (0.5-2 s);
moderate
temperature
(400-600 °C) in
the absence of
oxygen;
atmospheric
pressure

Slow heating rate;
moderate
temperature
(350-750 °C);
atmospheric
pressure or desired
pressure; long
residence time;
presence of
nitrogen and
absence of oxygen
gas

Moderate
temperature
(<500 °C);
moderate vapor
residence time
(4-10 s);
atmospheric
pressure

Rapid heating
(<0.5 s); smaller
particle sizes
(<0.5 mm); higher
temperature
(400-1000 °C)

Moderate
temperature
(300-600 °C);
pressure: <50 kPa

Moderate
temperature
(450-600 °C);
atmospheric
pressure; particle
size: 1.4-3.5 mm;

Reactor types

Fixed bed reactor,
tubular reactor,
bubbling
fluidized bed
reactor, auger
reactor, rotating
cone reactor,
ablative
pyrolyzer,
cyclone reactor,
Py-GC/MS
Batch reactor,
semi-batch
reactor, static
batch reactor

Product yield
Liquid:
65-75 wt%
Gas:

13-25 wt%

Solid:
12-19 wt%

Liquid:
30-50 wt%
Gas:

15-30 wt%
Solid:
30-60 wt%

Liquid:
45-55 wt%
Gas:
25-35 wt%
Solid:
15-25 wt%

Liquid:
60-70 wt%
Gas:

10-15 wt%
Solid:
15-25 wt%
Liquid:
45-60 wt%
Gas:

17-27 wt%
Solid:
19-27 wt%
Liquid:
60-80 wt%
Gas:

6-10 wt%
Solid:
12-20 wt%

371

References

Isahak et al.
(2012), Carlson

et al. (2009), Jones
et al.

(2009), Xianwen
et al. (2000),
Thangalazhy-
Gopakumar et al.
(2010), and Lu
etal. (2011)

Williams and
Besler (1993,
1996), Shadangi
and Singh (2012),
Sinag et al. (2004),
and Shadangi and
Mohanty (2014a,
b)

Kebelmann et al.
(2013)

Scott et al. (1985),
Scott and Piskorz
(1984), Liden et al.
(1988), and
Samolada and
Vasalos (1991)

Xu et al. (2009),
Patel et al. (2011),
and Boucher et al.
(2000)

Peacocke (1994)
and Lédé (2003)

(continued)
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Table 15.1 (continued)

Conversion
technology

Hydrothermal
gasification

Combustion

Co-combustion

Hydrothermal/
thermochemical
liquefaction

Carbonization

Hydrothermal
carbonization

Co-firing

Process condition

slightly higher
residence time
High temperature
(600-1200 °C);
presence/absence
of catalyst; small
particle size;
gasifying agents
High temperature,
740-1300 °C; air
mass flow,
0.1-0.5 kg/m*.s

Higher
temperature:
700-1100 °C

Moderate to high
temperature,
250-550 °C;
pressure,

5-25 MPa; heating
rate, 5-140 °C/
min; solvent
required

Low to high
temperature,
400-1200 °C;
heating rate,

4-5 °C/min
Temperature,
250 °C; pressure,
4 MPa; particle
size, 1-10 pm
Biomass:

5-20 wt%

Reactor types

Fixed bed,
moving bed,
fluidized bed, and
entrained flow
gasifier

Fixed bed,
fluidized bed,
circulating bed,
and entrained
flow bed
combustor, drop
tube furnace

Boiler

Parr high-
pressure reactor

Stainless steel
container inside a
furnace,
hydrothermal
carbonization

Boiler

R. K. Mishra and K. Mohanty

Product yield

Gas:
1-2.6 m*/kg

Power and
heat

Power and
heat

Liquid:
60-75 wt%
Gas:

15-20 wt%
Solid:

8-20 wt%

Solid:
20-35 wt%

Biochar:
40-60 wt.%

Power and
heat

References

Parthasarathy and
Narayanan (2014),
Zhou et al. (2009),
and Alauddin et al.
(2010)

Arce et al. (2013),
Nussbaumer
(2003), and Wang
et al. (2014)

Hein and Bemtgen
(1998), Spliethoff
and Hein (1998),
and Nussbaumer
(2003)

Zhang et al. (2009)

Kumar et al.
(1992)

Sevilla et al.
(2011) and Reza
et al. (2014)

Sebastidn et al.
(2011), Savolainen
(2003), and
Zuwala and
Sciazko (2010)
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pyrolysis, smaller particle size (<1.0 mm), moderate temperature (500-700 °C), and
lower residence time (2-5 s) were used for enhancing liquid yield (Bridgwater et al.
1999).

Liquid fuel obtained from pyrolysis is associated with several disadvantages such
as higher oxygen content, which is further upgraded by hydroprocessing process and
results in hydrocarbons and aromatics. The hydroprocessing process is divided into
two types: the first type is known as hydrotreating, while the second type is known as
hydrocracking. The treatment of organic compounds in the presence of pressurized
hydrogen is known as hydrotreating in which oxygen is removed along with
nitrogen, sulfur, and chorine (heteroatoms). However, hydrotreating is a carbon-
efficient process because water is used for removal of oxygen, but it requires a large
amount of hydrogen (Brown and Brown 2013). During hydrocracking, hydrogen is
reacted under more complex conditions to fragment higher modules into fuel range
molecules. Further removal of oxygen can be done by catalytic pyrolysis or
hydroprocessing (CHP) technology. Zeolite catalysts are usually used and homo-
geneously mixed with the biomass, which is placed at the downstream of the reactor
to remove the CO and CO, in the absence of H,. Hydropyrolysis and
hydroprocessing (HPH) are carried out with pressurized hydrogen and catalysts,
and the resultant product could be used as fuel because the high amount of oxygen
content is removed. It was also observed that HPH process is more carbon efficient
than CHP process. The HPH process produced fine grade fuel without any separate
hydrocracking units.

15.2.2.4 Liquefaction

Liquefaction is the process in which water plays a significant role in thermochemical
conversion. The water is used as a catalyst and reactant at a higher temperature,
which results in separating all the organic material into individual compounds.
Liquefaction is advantageous over gasification and pyrolysis because it does not
require dry biomass (Zhang et al. 2009) and it reduced the number of unit operation
required for conversion of biomass into liquid fuel. In this process, biomass is
directly converted into fuel and chemicals.

15.2.2.5 Carbonization

Carbonization is known as an extension of pyrolysis, which is operated at a slower
heating rate and produces a higher yield of solid products compared with liquid and
gas. The production of solid biochar via carbonization is dependent on the operating
temperature (generally lower temperature) (Strezov et al. 2007). Carbonization was
used to produce biochar, which is also used for combustion and cooking purposes.

15.2.2.6 Co-firing

Co-firing is the clean and low-cost technology in which biomass is converted into
electricity efficiently by adding biomass as a partial substitute for fuel in the boiler
(Agbor et al. 2014). Co-firing is also used for improving combustion of fuel with low
energy content. Biomass co-firing varied between 5 and 20 wt.% depending on
boiler capacities and efficiencies (Sebastian et al. 2011). Co-firing technology has a
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Fig. 15.2 End products produced from thermochemical conversion. (Redrawn based on Patel et al.
2016)

positive impact on the environment by reducing the consumption of fossil fuels.
Co-firing of coal or biomass with natural gas improves heat content of the fuel,
combustion efficiencies, and equipment performances.

15.2.2.7 Process End Products

The primary products such as solid, liquid, and gas obtained from the six thermo-
chemical conversion technologies are presented in Fig. 15.2. The produced liquid
fuel from pyrolysis can be used as alternative fuel after suitable upgradation and
directly in the boiler and turbine for power generation. Hydroprocessing unit is
mostly used for the upgradation of the pyrolytic liquid. Hydroprocessing process
provides upgraded fuel with the presence of catalysts and hydrogen. Various value-
added chemicals can be reformed from the liquid fuel. On the other hand, product
gas can be used directly into boiler or turbine for the production of heat and
electricity. It is also interesting that a range of chemicals can be extracted from
product gas (Patel et al. 2016). During gasification, product gases are associated with
the higher calorific value. Therefore, they can be converted into transportation fuel
and power generation (Parthasarathy and Narayanan 2014). Furthermore, the solid
biochar produced through carbonization and slow pyrolysis is used as soil condi-
tioner, insulation, catalysts, beauty products, and fertilizers, besides having the
potential to reduce global warming emission.

15.3 Techno-economic Assessment

Biomass is considered as carbon neutral source due to complete recycling of carbon.
The quality of biomass has made it more attractive for production of power and
energy in recent years. The fossil fuel has more potential as compared to biomass-
derived fuel and energy, but biomass seemed more cost competitive compared with
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fossil fuel worldwide due to its inherent advantages. Therefore, techno-economic
analysis of biomass and biomass-derived fuel through thermochemical process
becomes essential for improved efficiency and commercialization. Also, prediction
of cost for producing fuels and chemicals is the major outcome of the techno-
economic analysis.

Bridgwater et al. (2002) studied techno-economic analysis of thermochemical
conversion technologies such as combustion, pyrolysis, and gasification for power
generation. In addition, they derived standard equations for calculation of capital and
operating costs for each of these technologies. For assessing economic assessment of
specific processes, these equations provide useful information. Various products
such as biofuel, energy, biochemicals, and electricity can be derived from biomass
through thermochemical conversion. Economic analyses of thermochemical conver-
sion products were derived, which helped in evaluating the production cost of each
product. The production cost of the various biomass-derived products such as
biofuel, power, electricity, and biochemical depends on the thermochemical process
adopted. The data reported in this chapter was adopted based on 2014 US $ value,
and 2% inflation was used. The comparisons of the production cost of different
biofuels are shown in Tables 15.2 and 15.3.

15.3.1 Gasification

Gasification is used to convert carbonaceous products into liquid transportation fuel
at a commercial scale. The process helps to overcome prevailing shortage of
petroleum products that resulted in turning coal into diesel for jet fuel application
through the gasification pathway by using Fischer-Tropsch synthesis. Over the time,
the gasification process was upgraded and employed for generation of various
products. Acetic acid synthesis (AAS), which is used for generation of ethanol
from cellulose through gasification (Zhu and Jones 2009), methanol-to-ethanol
(MTE) also used for ethanol production, methanol-to-gasoline synthesis (MTG),
mixed alcohol synthesis (MAS), syngas-to-distillates (S2D), and syngas fermenta-
tion (SF) are the main products. During gasification, materials decomposed at the
high temperature (1500 °C) and formed the mixture of gases such as CO, CH4 H,,
CO,, and light hydrocarbons. The products obtained from the gasification is known
as syngas, which was further converted into generation of power and electricity
through either combustion or upgrading via catalysts into transportation fuel such as
ethanol (Zhu and Jones 2009), methanol (Phillips et al. 2011), gasoline (Swanson
et al. 2010), diesel, and jet fuel (Zhu et al. 2012). In addition, a novel Clostridium
bacterium has the potential to convert switch grass-based syngas into ethanol via
syngas fermentation (Piccolo and Bezzo 2009), thereby combining thermochemical
and biochemical processes to yield cellulose biofuel. Syngas is the product output
from gasification, which can yield high-quality fuel directly or in combination with
catalysts. Furthermore, gasification-derived syngas can be used for the production of
power by using advanced turbines.
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Table 15.3 Comparison of the production cost of electricity from different biomass thermochemi-

cal conversion technologies

Feedstock

Energy
crop

Energy
crop

Woody
biomass
+ coal

Woody
biomass
+ coal

Woody
biomass

Woody
biomass

Torrefied
biomass

Torrefied
biomass
Coal
Coal
Biomass
Biomass

+ natural
gas

Biomass

Location
UK

UK

The
Netherlands

The
Netherlands

The
Netherlands

The
Netherlands

The
Netherlands

The
Netherlands

The
Netherlands
The

Netherlands
UK

Brazil

Brazil

Technology
Organic
Rankine
cycle based
CHP system
Biomass
gasification
(downdraft
gasifier)
based CHP
system
Supercritical
pulverized
coal-fired
(PC) boiler
Supercritical
circulating
fluidized bed
(CFB) boiler
Subcritical
CFB boiler
Subcritical
bubbling
circulating
bed (BFB)
boiler

1GCC
without CO,
capture
IGCC with
CO, capture
1GCC
without CO,
capture
IGCC with
CO, capture
Fast
pyrolysis,
diesel engine
Indirect
co-firing of
biomass-
derived gas
with natural
gas

Biomass
sole plant

Adapted from Patel et al. (2016)

Power
output
MW)
0.15

0.15

500

500

250

75

1-20

150

24

Base
year

2013

2013

2011

2011

2011

2011

2008

2008

2008

2008

2002

2003

2003

Production
cost ($/MWh
in 2014 USD)

48-60.2

104.04-116.30

86.91-133.30

89.77-146.34

173.82-318.68

246.20-434.56

99.78-144.26

141.89-197.19

93.8

129.84

88.78-177.56

73.36

166.87

References

Huang et al.
(2013)

Huang et al.
(2013)

Domenichini
et al. (2011)

Domenichini
et al. (2011)

Domenichini
etal. (2011)
Domenichini
et al. (2011)

Meerman
et al. (2013)

Meerman
et al. (2013)

Meerman
et al. (2013)

Meerman

et al. (2013)
Bridgwater
et al. (2002)

Rodrigues
et al. (2003)

Rodrigues
et al. (2003)
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Fischer and Pigneri (2011) estimated the techno-economics study of power
generation from gasification pathway in Vanuatu and reported that small-scale
gasifiers with readily available raw material supply could be more economical,
than similar-sized diesel engine for power generation. Generally, gasifiers are
operated at higher pressure or sometimes at normal atmospheric pressures as well.
The production cost of the various products such as methanol fuel, ethanol fuel,
Fischer-Tropsch fuel, and NH3 has been presented in Table 15.2, which is derived
from pressurized or atmospheric gasifiers. From Table 15.2, it can be concluded that
the atmospheric-based gasifier plant is more economical than the high pressurized
gasifier-based plant (Sarkar et al. 2011). The production costs of methanol operated
at atmospheric and pressurized gasifiers are $0.29/kg and $0.45/kg, respectively,
with a 2000 dry tonnes per day capacity. It was also observed that production cost of
dimethyl ether (DME), NH3, and Fischer-Tropsch fuel displayed the similar trend.
The capital costs of pressurized equipment are much higher than atmospheric
equipment and are one of the possible reasons for the higher price.

According to Bridgwater (1995), the pressurized systems are four times higher than
atmospheric systems for a power plant with a capacity of 20 MW. The capital cost of
the atmospheric gasifier is much lower than pressurized gasifiers which may be one of
the possible reasons for the higher price. The pressurized systems are fourth times
higher than atmospheric systems for 20 MW capacities of power plants (Bridgwater
1995). Due to the complex feeding section, higher feeding cost is another possible
reason for the higher production cost of pressurized systems. At higher capacities of
plants, the atmospheric system is more prominent than pressurized systems.

The lignocellulosic biomass such as agricultural residue, forest waste, woody
biomass, and various energy crops are the major feedstocks for gasification. There-
fore, the economics related to gasification are associated with the types of biomass.
Thus the production of hydrogen fuel from agricultural residue has the higher
production cost of about $1.29-1.33 per kg, while forestry biomass has a lower
production cost of about $1.17-1.13 per kg, showing a direct correlation with
biomass feedstocks used. Huang and Mcllveen-Wright (2006) reported that mixing
of biomass with coal (co-gasification) seems a most promising approach because the
volatile content of biomass enables the autothermal gasification. Cormos (2013)
studied on co-gasification (biomass and solid waste with coal) in a polygenerated-
based integrated gasification combined cycle (IGCC) with carbon capture and
concluded that the product produced from IGCC contains H,, synthetic natural gas
(SNG), and liquid fuel. By increasing co-production cost with power directly
affected the plant payback period. Further, the payback period can be controlled
by producing a higher yield of SNG and Fischer-Tropsch fuel with power.

15.3.2 Combustion

Different types of the boiler can be used for generation of power from biomass
through combustion. Supplying biomass as feedstock in pulverized coal-fired
(PC) boiler provides the lower electricity cost compared with fluidized bed boilers
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(Table 15.3). Comparison of different fluidized bed boilers indicates that circulating
fluidized bed boilers produce electricity at a lower cost than the bubbling circulating
bed (BCB) boilers. Moreover, cost of electricity (COE) produced from subcritical
boilers is more costly than that from supercritical boilers (PC and CFB). The
comparison with various fluidized bed boilers and circulating fluidized bed boilers
produced the electricity or power at a reduced cost than bubbling fluidized bed
boilers. The higher cost of biomass transportation results in increased cost of
electricity produced from solely biomass-based power plants. Since coal transporta-
tion is comparatively cheaper, the co-firing of biomass with coal could reduce the
production cost of electricity (Table 15.3). Due to higher installation cost of the
conventional power generation plant, the biomass has higher breakeven electricity
selling price than the cogeneration plant. Production of power and heat by cogene-
ration gives the more economical solution. An analysis of biomass-based combined
heat and power (CHP) showed that higher cost of electricity could be adjusted by a
production of heat (Huang et al. 2013). The production cost of organic Rankine cycle
(ORC)-based combined heat power plant has the higher initial capital cost compared
with gasification-based combined heat and power plant (Patel et al. 2016). However,
organic Rankine cycle (ORC)-based combined heat power (CHP) plant agrees with
economic profits such as lower electricity price compared with gasification-based
combined heat and power unit. The higher amount of production of heat from
organic Rankine cycle (ORC)-based combined heat power (CHP) plant is the
possible reason which helps improving economic performance significantly
(Huang et al. 2013).

15.3.3 Pyrolysis

Fast pyrolysis produced several types of products and by-products from the biomass
such as pyrolytic liquid, which can be further synthesized into transportation fuels or
several other value-added chemicals. In addition, fast pyrolysis is used for power
generation with the combined diesel engine (Patel et al. 2016). Rogers and Brammer
(2012) evaluated production cost of bio-oil from the energy crop such as Miscanthus
and willow through fast pyrolysis and found to be $12-26/GJ with variable feed-
stock and plant size. Consumption of electricity and surplus char selling are the two
major factors that strongly affected production cost of pyrolytic liquid from pyroly-
sis. All the processing and handling of biomass is carried out by using electricity
which increases the production cost. It was studied that the produced pyrolytic liquid
can be used in a diesel engine for power production in the plant, which in turn
reduced the dependence on fossil fuel. The study also confirmed that about 18% of
produced pyrolytic liquid would be consumed (Patel et al. 2016). The selling of solid
residue (biochar) is the best possible solution to reduce the overall production cost up
to 18%, but the selling price of the biochar is market dependent.

The product output obtained from the fast pyrolysis (pyrolytic liquid) and
hydroprocessing (upgraded fuel such as transportation fuel) has been studied by
several researchers. These studies were based on the initial production cost of
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pyrolytic liquid derived from biomass, through pyrolysis and improvement in cost of
pyrolytic liquid for upgraded fuel, such as transportation fuel by adding hydrogen
and catalysts. Wright et al. (2010) evaluated production cost of naphtha and diesel
fuel produced from the pyrolytic liquid and reported that the production cost of
upgraded fuel would be $0.56-0.82 per liter, with 2000 dry tonnes per day plant
capacity (Table 15.2). However, the alteration in production cost depends on
hydrogen price and cost of catalysts. The production cost of hydrogen from outside
the system is much cheaper than that produced from the process itself. The
production cost of transportation fuel is critically affected by two main factors,
i.e., price of biomass and rate of conversion yield. Brown et al. (2013) studied that
production cost of upgraded fuel (gasoline and diesel produced from fast pyrolysis
and hydroprocessing) was $0.68 per liter with 2000 dry tonnes per day of plant
capacity. This also falls within the range proposed by Anex et al. (2010). It was
found that production of electricity for the fast pyrolysis and diesel engines seemed
to be a realistic option. The electricity production costs of a fast pyrolysis and diesel
engine system range from around $0.14/kW h (base year 2002) at 1 MWe to around
$0.07/kW h (base year 2002) at 20 MWe (Bridgwater et al. 2002). However, this is
higher than in an established combustion system and lower than any other novel
biomass power generation system (Bridgwater et al. 2002). The fast pyrolysis
process and diesel system are not sufficient and capable of production in higher
capacities. The lower rate of conversion of feedstock into liquid fuel which results in
higher electricity production cost and grinding of biomass which results in higher
consumption of electricity are two main reasons for the lower efficiencies.

However, disposable products obtained from process, produced heat, several
other by-products, selling of solid residue (biochar, coal), produced water, or
cogeneration of various value-added chemicals along with power are the other
potential solutions which can improve the economy of generation of power from
biomass fast pyrolysis and diesel engines (Gnansounou and Dauriat 2010). In
addition, system decoupling (more than one engine added in series) is another
potential possible solution for improving the economy of the power generation
from biomass fast pyrolysis and diesel engine. The production cost of electricity
through decoupling system is more proficient than traditional closed coupled
systems because of economic benefits of pyrolysis plant (Gnansounou and Dauriat
2010). On the other hand, the decoupling system has the potential to fulfil the
requirements of power load at all times because both processes are operated
independently.

Slow pyrolysis of biomass results in the solid residue (charcoal) and liquid
(methanol) (Shabangu et al. 2014). Production of solid residue from slow pyrolysis
is dependent on the temperature. However, lower temperature reduced the
production cost. Furthermore, biochar production cost affected the cogeneration
plants’ profits at the lower temperature due to higher char yield. Shabangu et al.
(2014) estimated that selling of biochar provided 70% of the plant revenue, while
30% revenue came from methanol at the lower temperature (300 °C). However, in
case of 450 °C, it was the opposite. Gasification of biomass is another possible
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solution for cogeneration of biochar. Price of char does not affect the revenue in
gasification process because char yield is lower than slow pyrolysis.

15.3.4 Liquefaction

Conversion of biomass into fuel and energy can be done through thermochemical
means such as pyrolysis, combustion, liquefaction, and gasification. Pyrolysis is
being used along with hydroprocessing (for upgradation of fuel), while gasification
is being used with Fischer-Tropsch synthesis and hydroprocessing. The biochemical
process is being used with various types of bacteria and enzymes. Anex et al. (2010)
estimated that production cost of liquid fuel ranged from $0.53/L to $1.45/L
of gasoline (based on 2007) with 2000 dry tonnes per day capacity plant, while it
was assumed that price of biomass feedstock is $82.7 tonnes per day. Some specific
process parameter such as temperature, heating rates, oxygen feed flow rate, and
types of gasification system does not seriously affect the production cost through
different pathways. In addition, implementation of different pathways significantly
affected the production cost of various products. Due to lower initial capital invest-
ment, direct liquefaction has the lower cost ($0.56-0.975/L) compared to gasifica-
tion and biochemical pathways. Production of liquid fuel from bio-oil through direct
liquefaction via fast pyrolysis by adding hydrogen showed lower production cost as
compared to direct production of hydrogen by pyrolysis. However, upgradation of
bio-oil to transportation fuel produced from pyrolysis is not well defined; therefore,
it is relatively less popular and less used. However, it has potential to replace the
fossil fuel completely or partially if used properly such as blending with fossil fuel.
Hence, before large-scale implementation, this process requires further develop-
ment. Upgradation of liquid fuel produced from gasification increases production
cost ($0.53-1.64 per liter compared with pyrolysis).

Trippe et al. (2013) studied straw biomass for production of gasoline by dimethyl
ether (DME) synthesis and production of diesel by Fischer-Tropsch synthesis. Based
on the techno-economic analysis, they concluded that 38% and 39% of total energy
efficiencies were required for biomass to the final product. The production cost of
gasoline produced from DME synthesis is $0.82/L, while diesel and gasoline
through Fischer-Tropsch synthesis are $0.88/L. The capital cost of the liquefaction
through pyrolysis and biochemical routes is more economical than gasification route
at the lower and the higher temperature situations. Furthermore, the production cost
of liquid fuel via biochemical route is relatively higher than gasification route, which
offers lower operating cost.

Swanson et al. (2010) have compared the production cost of transportation fuel
with two gasification situations with equal syngas synthesis process. The low
temperature was being used as the first scenario in the fluidized bed gasifier, and
the higher temperature was being used in an entrained flow gasifier. Based on the
product yield of products, it was concluded that high-temperature route has the lower
production cost compared with lower temperature route; however, capital cost is
more at higher temperature condition. The conversion of lignocellulosic biomass
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through liquefaction pathways yet needs to be commercialized. It is important to
mention that the production cost of a pioneer plant is 60—90% higher than those of
nth plant, while capital cost of a nth plant is much lower (double of nth plant) than
pioneer plant (Swanson et al. 2010). Biosyncrude is another intermediate for con-
version of biomass into biofuel or pyrolytic liquid; however, it is still under research
(Patel et al. 2016). It will take some time to compete with existing literature.
Biosyncrude is a mixture of liquid and biochar (solid residue) produced from fast
pyrolysis. In Germany, they investigated the first-time production of biosyncrude at
an estimated production cost of $14.4/GJ with 600 tonnes per day capacity plant.
However, the production cost of biosyncrude in Germany is higher than other fuels
such as natural gas ($9.06/GJ) and conventional fuel such as coal ($6.18/GJ) (Patel
et al. 2016).

15.3.5 Co-firing

Due to environmental benefits, co-firing of biomass with coal or natural gas could be
one of the interesting thermochemical technologies compared with the combustion
of only coal (Agbor et al. 2014). Co-firing of coal with biomass or plastic waste in
fluidized bed technology can be a good route due to fuel flexibility nature. The effect
of blending (biomass or plastic waste) up to 20% in a co-firing system (circulating
fluidized bed reactor) is found to be negligible for the performance of the co-firing
system when blending of biomass or plastic equated with systems fueled by coal
(Mcllveen-Wright et al. 2006).The techno-economic analysis of biomass-based
co-firing plants with coal-fired plants confirms that the capital cost and operating
cost are the two major factors to be considered while co-firing biomass with coal or
plastic waste. De and Assadi (2009) evaluated economic analysis of biomass
co-firing with various parameters like biomass-to-waste ratio, the price of
feedstocks, total plant capacity, and distribution of biomass density around the
plant. They reported that when the cost of biomass is higher than coal, co-firing
cost will increase due to increase in the rate of co-firing; therefore, electricity cost
also increases.

15.4 Comparison of the Economics of Different Technologies

The economy of biomass-based fuels is attributed to the end products, which are
produced by using different conversion pathways. Production of hydrogen via
pyrolysis and gasification followed by steam reforming is one of the best examples.
The production cost of gasified hydrogen is more economical than the hydrogen
produced from pyrolysis and steam reforming. The comparative study confirmed
that power generation from fast pyrolysis with diesel engines is more economical
than electricity and power produced through the gasification process. Various
researchers have compared the production cost of hydrogen through gasification
and steam reforming process. It was confirmed that pyrolytic liquid or bio-oil
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gasification process is not as economical as the bio-oil reforming processes (Zhang
et al. 2013). The bio-oil gasification capital cost is higher than reforming pathways
due to the higher cost of the gasifier (entrained flow). However, the lower capital cost
is observed between reformers and air separation. Furthermore, cleaning of gases
become more complicated in gasification when compared with the reforming system
(Zhang et al. 2013). Mcllveen-Wright et al. (2006) studied the techno-economic
analysis of generation of electricity from the supercritical boiler by combustion and
gasification. They reported that supercritical gasification boiler is more economical
(46.5%) compared to the supercritical combustion system. Supercritical boiler
gasification system required lower investment cost of production of electricity than
combustion system. Supercritical boiler combustion has the investment of
$2150-2400 per kW, and supercritical boiler gasification system has $1350-1450
per kW. Electricity production cost from combustion system is reported to be
$68-78/MWh, while for gasification system $49-54/MWh (Mcllveen-Wright
et al. 20006).

The gasification technology combined with fermentation process was compared
with conventional enzymatic hydrolysis — combined with fermentation process for
the production of high-grade fuel (ethanol). It was noticed that gasification with
combined fermentation technology required higher ethanol production cost than
ethanol produced from enzymatic hydrolysis with fermentation process (Piccolo
and Bezzo 2009). Higher capital cost, high energy recovery expense, and moderate
ethanol yield are the major issues responsible for the higher cost. However, there is a
much better application for the broad range of production of ethanol via gasification
and fermentation technologies.

15.5 Life-Cycle Assessment (LCA)

Biomass-derived end product produced from the thermochemical process has the
potential to mitigate generation of greenhouse gas emission which comes from
various sources such as transportation and industries. LCA is a useful tool to explain
various impacts which are categorized quantitatively and qualitatively throughout
the life cycle of the end products. There are three significant global system
boundaries for conversion of biomass into fuel or power via thermochemical process
biomass into useful products (end product), which are:

1. Phase 1: Planting of biomass, harvesting, and transportation
2. Phase 2: Plant site operation and upgradation of fuel if required
3. Phase 3: Demolition of plant and recycling of the plant

Based on the availability of data, Phase 1 and Phase 2 have been studied extensively
by the various researchers. Life-cycle assessment of fast pyrolysis, gasification,
combustion, and co-firing process is extensively available. However, there is lack
of literature on liquefaction and carbonization. A number of the analytical tool such
as greenhouse gases, regulated emissions, and energy use in transportation
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(GREET), SigmaPro, GHGenius, Tools for Environmental Analysis and Manage-
ment (TEAM), etc. were used by various researchers for collection of data (Mann
and Spath 2001; Hsu 2012; Roberts et al. 2009). Two software, Eco-indicator 95/99
and CML (Centre for Environmental Studies, Leiden University, Netherlands), are
widely used to evaluate the environmental impacts of various feedstocks based on
the system boundary (Faix et al. 2010). In this study, the life-cycle analysis was done
on conversion of lignocellulosic biomass into end products via thermochemical
technologies. Among all the existing thermochemical technology, life-cycle analysis
on pyrolysis was done by several authors. During the life-cycle assessment of
biomass, three significant parameters such as system boundary, functional units,
and environmental impact are considered.

15.5.1 Feedstocks

Type of feedstock is an important parameter during conversion of biomass via
thermochemical technology. Biomass comprises mainly of hemicellulose, cellulose,
and lignin; however, based on the type of feedstocks, their concentrations of these
components vary. The higher percentage of cellulose in biomass and the lower
percentage of lignin are suitable for this process. There are many reported works,
where the potential of some of the popular biomass such as energy crops, forest
residues, and agricultural residues was carried out to find out their efficiency of
conversion. Furthermore, depending on the cultivation and collection methods, a
specific feedstock has the specific environmental impact.

Energy crops are classified under third-generation biomass and are developed in
such a way to produce useful and lower energy supply source. The advantage of
these crops is that these can be genetically modified to increase their property which
can result in higher fuel yield (Lépez-Bellido et al. 2014). However, the use of
various herbicides and pesticides are the major drawbacks of these types of agricul-
ture crops which could result in resistant weeds and insects that may be more unsafe
for nongenetically modified agriculture crops (Maggi and Delmon 1994). Forest
residue is another important source for thermochemical conversion of biomass
which is produced from harvesting of timber extraction operations, wood waste
from lumber mills, or from dead wood. Concerning heating value and moisture
content, forest residue is equivalent to wood, though they differ in their ash content.

Agriculture residue is the third lignocellulosic biomass which comes from the
unused portions of wheat, corn, rice, bagasse, etc. after they are harvested. Some
biomass such as corn stover, wheat straw, and rice husk have been in use for a long
time due to their lower moisture and higher heating value. Due to the seasonal
availability of the biomass, their cost increases because some of the crop residues are
used for cattle fodder and composting. By addition of certain portions of these
wastes into soil, level of groundwater and quality of the soil were improved (Nguyen
et al. 2013). Thus, life-cycle analyses of these biomass feedstocks become essential
for the production of fuel and chemicals.
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15.5.2 Phase Involved in the System Boundary

The numbers of phases that are involved with system boundaries are based on the
end products. Conversion of lignocellulosic biomass via thermochemical process
has three major phases. The requirement of input and output feedstock of biomass is
shown in Fig. 15.3. Life-cycle analyses of Phase 1 and Phase 2 are the major interests
of several researchers. However, some researchers reported from the cradle to the
grave at all phases in the system boundary. The first phase of system boundary
involves collection or cultivation of biomass flowed by transportation of biomass to
the plant site. Change in use of land, application of fertilizers and pesticides, carbon
sequestration, removal of biomass residue from the soil, and transportation distance
from the storage site to plant site are the major aspects. Change in land use has
greater effects (direct and indirect) on the environment. Direct change in land use
comprises conversion of forest or grassland into cropland for biofuel or power
production, while the indirect use of change in land comprised when
non-croplands were converted into cropland because existing cropland was used
for power and biofuel production (Lange 2011). Most of the studies on life-cycle
analysis do not include land change, which results in the change in carbon content in
the changed land (cultivated area) for the feedstock.

Kimming et al. (2011) proposed the use of set-aside land for harvesting purpose
for energy crops as maintaining carbon stocks on soil is not good due to legislative
and practical reasons. Conventional crops have lower greenhouse gas emission
compared with energy crops due to the application of fertilizer and pesticides.
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Skowroniska and Filipek (2014) suggested that production of 1 kg of NPK (nitrogen,
phosphorus, and potassium) required 9.91 MJ of energy. However, most of the
energy is required for nitrogen production. The production of fertilizer facility leads
to the formation of nitrogen oxide, methane, and carbon dioxide emissions which put
an extra burden on the environment (Skowroniska and Filipek 2014). To overcome
the issues of food scarcity, use of agrochemical (chemicals and fertilizers) increases
the production rate of crops within the same land. The use of frequent fertilizer and
chemicals degrades the quality of the soil as well as atmosphere. Skowrorniska and
Filipek (2014) again suggested that replacement of chemical fertilizers with organic
fertilizers such as compost is an excellent alternative.

Extraction of the biomass residue from the soil leads various types of pollution and
also degrades the quality of the soil. The biomass residues contain lots of mineral
matter and nutrients which have the positive effect on the quality of the soil. Gabrielle
and Gagnaire (2008) reported that significant extraction of biomass residue (agricul-
tural residue or energy crops) from agriculture soil reduces the ability of volatilization
of NHj; due to significant drops of immobilization of mineral fertilizer. Hence, straw
management is essential for the production of fuel, chemicals, and power; therefore,
the life-cycle analysis of biomass straw is essential (Gabrielle and Gagnaire 2008). The
transportation of biomass from husbandry site or forestry site to plant site is an
important characteristic of system boundary. In most of the cases, it was assumed to
be carried out near the plant which reduced transportation cost and environmental
impacts. About 30-200 km distance was considered in this study. Mostly distance
depends on the biomass size facility. Therefore, it is essential to estimate overall life-
cycle assessment of greenhouse gas emission of a conversion pathway.

The second phase of system boundary comprises biomass pre-treatment such as
crushing, chipping, grinding, and drying. However pre-treatment process varies
from process to process. The distribution of particle size of biomass and water
molecules depends on the type of thermochemical conversion process. Thus, type
of conversion technology also has an adverse effect on the overall variation of
environmental impacts. Combustion, gasification, pyrolysis, and co-firing
technologies are preferred majorly due to the availability of data. In addition
construction materials used for equipments depend on various process conditions
such as temperature, pressure, the rate of heating, etc. For example, highly viscous,
corrosive, and polar nature of bio-oil makes it mandatory to store it in the stainless
steel vessel. The extraction of iron ore and manufacture process of these types of
vessels results in the higher emission of greenhouses gases (Martinez et al. 2009).
Thus, reduction of greenhouse gas emission of this phase become essentially
challenging.

15.5.3 The Functional Units

The functional unit is one of the most critical parts of the life-cycle assessment
analysis and required clear and exact definition. It does not measure physical
products but measures function of end products. The selection of the functional



15 An Overview of Techno-economic Analysis and Life-Cycle Assessment of.. . 391

units is very crucial because it works as the locus point of all evaluated environmen-
tal impacts. In addition, selection of appropriate functional unit is not direct, and
variation in functional unit conceives the problem during the life-cycle inventory.
Depending on the scope and aim of the work, various researchers have used different
functional units. The calorific value of end product, transportation distance, the
weight of the feedstock, and the area used for the cultivation of the feedstock was
chosen widely by different researchers. Also, based on the system boundary, authors
have chosen functional units. Comparing the various units is a very difficult task, but
it is possible if all units can be converted into the same unit and provided the same
boundary condition is maintained for all life-cycle analysis (Singh et al. 2010).

15.6 Environmental Impact Assessment

Environmental impact assessment (EIA) is one of the utmost difficult tasks executed
after defining all the system boundaries and inventory requirement of products or
processes. For the calculation of its multiple impacts on ecosystem, human health,
and resource depletion, Eco-indicator 99 and Eco-indicator 95 are usually used.
These impacts are further categorized into different types of environmental effects.
Global warming potential, acidification and eutrophication, ozone layer depletion,
human health into smog and toxic substances (heavy metals, carcinogens, and
pesticides), and resource diminution into solid waste and energy consumption are
the main subdivided ecosystems. Environmental impacts evaluated by the different
researchers are presented in Table 15.4. Global warming potential is one of the major
study areas, while human health and resource diminution have less importance when
compared with the ecosystem. The potential of global warming is reported
pursuantly CO, equivalent which includes CH,4, N,O, and CO, emissions. Similarly,
acidification and eutrophication are evaluated in kg SO, equivalent and kg PO,
equivalent, respectively. Sebastidn et al. (2011) suggested that production of
fertilizers has significant greenhouse gas emission compared with biomass planting
because at the time of cultivation of biomass, net emission of CO, is zero due to
photosynthesis.

Pre-treatment of biomass is an energy-intensive process and completely
connected with the types of thermochemical pathways. Crushing, grinding, chip-
ping, making of pellet, and drying are the major pre-treatment steps. Agriculture
residue contains 10-20 wt. % moisture which is lower than forest residue and whole
forest (40-50 wt. %) (Kumar et al. 2003b). Hence, consumption of energy differs
with the moisture content of the types of feedstock. Iribarren et al. (2012) reported
that pre-treatment of the poplar biomass had the utmost environmental impact
compared to other unit operations used in fast pyrolysis system because of direct
use of the conventional fuel. Distribution of the particle size varies on the process
requirement. In fast pyrolysis lower particle size is preferred due to higher heat and
mass transfer, while the use of higher particle size reduced liquid yield and increases
biochar yield (Iribarren et al. 2012). Royo et al. (2004) estimated that size reduction
of 25 mm to 3 mm biomass required 443 MJ per dry tonne energy consumption,
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while size reduction of 300 mm to 25 mm of biomass required 157.5 MJ per dry
tonne energy. Environmental impact assessment is subjected to the types of the
operating conditions like temperature, heating rate, feed composition, type of reac-
tor, etc. In addition, a material is used for the plant construction and manufacturing
of equipment related to greenhouse gas emission. During co-firing, increase in the
percentage of biomass reduced environmental impact. However, it decreases the
overall efficiency of the boiler in the production of power and electricity (Sebastidn
et al. 2011). Rafaschieri et al. (1999) studied poplar energy crops in a pressurized
fluid bed gasifier at various gasification conditions and reported that replacing
oxygen by air as an oxidizer reduced environmental impacts. This is why consump-
tion of electricity was higher for the separation of oxygen and results in the genera-
tion of greenhouse gases.

15.7 Conclusions

Since techno-economic analysis of different types of biomass via thermochemical
conversion technology has been started recently, most of the study focused on the
specific product series for one product. There is a lack of integrated techno-economic
analysis for multiple pathways of product cogeneration. Hence, this gap can be filled
by studying techno-economic assessment of different types of biomass via thermo-
chemical conversion technology in the near future. However, it is noticed that
techno-economic analysis of pyrolysis technology has been studied extensively,
but upgradation of pyrolytic liquid for transportation fuels or other purposes still
needs more detailed study. The production of fuels through pyrolysis seems the best
possible pathway of future research as it has the economic and environmental
benefits. The production of power and energy for different types of biomass looked
for more advanced techno-economic assessment. There are a large number of studies
done for techno-economic analysis of fast pyrolysis, combustion, gasification, and
co-firing, but advanced research is still required for economic analysis. It was also
found that numerous studies were conducted on co-firing to explain the stoichiomet-
ric ratio of biomass along with the plant capacity, but there is a lack of techno-
economic analysis on carbonization process.

In the last few years, life-cycle assessment through thermochemical technology
on lignocellulosic biomass has been studied; still there is enough scope to carry out
more study in this area. Among all pyrolysis technology, fast pyrolysis of lignocel-
Iulosic biomass was reported extensively. Furthermore, there is a deficiency of the
comparative analysis of diverse pathways based on environmental metrics, which is
the major constraint of life-cycle assessment studies. The data availability and life-
cycle assessment framework from start to end are the main reasons for varying the
system boundaries. A number of programs are available for life-cycle assessment;
however, their database varies on location to location, climate, and types of process.
Hence, for meaningful life-cycle assessment, a standardized approach is needed.
Environmental impact categories (human health, resource depletion and threats to
the ecosystem, and global warming potential) are the most emphasized areas of
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research. Furthermore, direct change of land was studied by very few researchers,
but the indirect changes in the land were completely absent in the literature. Thus,
more study is needed on the indirect changes in land in the near future. Production of
fertilizers and its application are the main contributors to global warming. Therefore,
there is a need to develop plant species that require low maintenance and chemicals.
Recently, various policies are implemented for use of biofuel in order to reduce
environmental pollution in place of fossil fuel. An appropriate and common method
is required which provides the comparative analysis of end products and types of the
pathways. It was also notable that selection of types of pathways is mainly dependent
on the types of feedstocks, ends products, and geographical condition. Therefore,
more techno-economic analyses were required to investigate the formation of single
products by different types of pathways.
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