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Abstract

This chapter reviews and applies the principle of the circular economy to recent
advances in bioenergy production. Using Ecuador as a case study, we identify a
set of production technologies for both biogas and biodiesel, that may interact
in sustainable circular processes of production and by-product reuse. The main
contribution of this chapter is in highlighting the synergies between different tech-
nologies of bioenergy production and waste reuse, as well as the technological
requirements for implementation within a systemic approach. The example of a
sustainable circular strategy in Ecuador illustrates how an integrated approach to
food production, waste management and bioenergy generation can deliver mul-
tiple social, economic and environmental benefits.
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1.1 Introduction

1.1.1 Energy and Bioenergy

The world’s primary energy production quantified in millions of tonnes of
oil equivalent (Mtoe) has more than doubled from 1973 to 2010. Figure 1.1
shows this dramatic increase from 1973 to 2010, as well as the regional
share of global energy production, highlighting the increases in produc-
tion across Asia, including China, as well as in the Middle East.

Global consumption of primary energy has seen an equally large
increase between 1973 and 2010, rising from 4672 Mtoe in 1973 to 8677
Mtoe in 2010. During this period, natural gas has seen a slight increase
in its respective proportion of total energy consumed, increasing from
14% in 1973 to 15.2% in 2010, whereas the proportion of biofuels and
waste materials have dropped from 13.2% to 12.7%. In absolute values,
the consumption of natural gas has increased from 654.1 to 1318.9 Mto,
whereas biofuels consumptions have increased from 616.7 Mtoe in 1973
to 1101.2 Mtoe in 2010 [1]. The trend in global energy consumption
growth, considered at an annual rate during from 1973-2010, was 1.68%,
consumption of natural gas increasing by 1.91% and biofuels by 1.58%,
suggesting that consumption of these forms of energy will continue to
grow in the future.

= Asia *

# Non-OECD Americas

= Africa

= Bunkers **

= OECD

= Middle east

» Non-OECD Europe and Eurasia
» China

Figure 1.1 Global primary energy producing regions in the years 1973 and 2010.
*Asia doesn't include China.

**Includes international aviation and international marine bunkers.

Source: [1], Formulated by the authors.
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Table 1.1 Fuels used in the generation of electricity*.

Year 1973 2010

Fuel type TWh Percentage TWh Percentage
Total 6115,0 100% 21431,0 100%
Hydro 1284,2 21,0% 3429,0 16,0%
Other** 36,7 0,6% 792,9 3,7%
Coal/peat 2342,0 38,3% 8701,0 40,6%
Oil 1510,4 24,7% 985,8 4,6%
Natural gas 739,9 12,1% 4757,7 22,2%
Nuclear 201,8 3,3% 2764,6 12,9%

*Excludes storage pumps.
**Others includes; geothermal, solar, wind, biofuels, waste materials and heat.
Source: [1], Formulated by the authors.

Of the total global primary energy consumption used in 2010, 17.7%
(equating to 1536 Mtoe) was used in the generation of electricity. The
approximate percentages and amount of power consumption, in Tera
watt hours (TWh) for each fuel type used in generation are presented in
Table 1.1 [1].

In analysing the increase in global electrical generation between 1973
and 2010, the annual growth rate has been 3.45%, whilst generation
from renewable energy sources, such as solar, wind, biofuels, geothermal
amongst others has increased at an annual rate of 8.66%. This increase
in renewable energy generation has been attributed in most cases to the
international concern for mitigating climate change, which has generated
favorable prospects for further development of activities to get the greatest
potential from renewable energy technologies.

To model the global future energy supply, the International Energy
Agency (IEA) has predicted two possible scenarios for the year 2035:

The first scenario, “New Policies,” has been developed based upon the
policies, commitments and plans announced and developed by various
countries and regions across the world. The second scenario has been
developed within a political-climatic framework post-2012, which seeks to
stabilize the concentration of greenhouse gases to 450 ppm of CO, equiva-
lent based upon policies currently under consideration [1]. The expected
outcomes of both scenarios by 2035 are shown in Figure 1.2.
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@ Oil*
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3.480 3472

3212 - o 2815
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Figure 1.2 Primary energy supply in the world by 2035 under different scenarios.

NPS: New Policies 450S: Scenario 450.
*Includes international aviation and international marine bunkers.
**Other includes geothermal, solar, wind, biofuels, waste and heat.
Source: [1], Formulated by the authors.

1.1.2 Ecuadorian Case

Ecuador is the third-fastest-growing economy in Latin America, with one the
lowest unemployment rates in the Americas and across the world. It is one of
the most biodiverse countries in the world, with the rights of nature enshrined
within its constitution. Ecuador is considered one of the richest countries in
terms of mineral resources on Earth, with it being a regional leader in the pro-
duction and exportation of oil. Further, Ecuador is internationally renowned
for its global exportation of bananas, flowers, shrimp and cocoa.

The continuity of a long-term tendency in government policy can be
seen in the National Plan for Good Living (2014-2017), within which the
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importance for synergies between agriculture and bioenergy are evident.
Further, the 4th Goal of the plan is particularly pertinent, to “Ensure the
rights of nature and promote a healthy and sustainable environment”. The
Plan also references the importance of increased diversity in the energy
matrix, promoting efficiency and growth in renewable energies, with a spe-
cific plan of development, which has projected scenarios of use up to 2025.
Clearly demonstrating the commitment of the Ecuadorian government
to sustainable development. In this context, the government and its insti-
tutions promotes the production of first-, second-, and third-generation
energy crops required as raw material for biodiesel production.

This chapter will analyze the economic potential for biodiesel in
Ecuador, whilst also proposing systematic initiatives that could be imple-
mented for the formation of a circular economy strategy. This proposal is
based upon current biotechnological advances, which have provided the
required information used to establish the movement towards sustainable
development of biofuels in Ecuador.

1.2 A Sustainable Circular System in Ecuador

Sustainable production of biodiesel is a goal for Ecuador, where currently
the principal energy crop is palm. To provide an alternative for the sectoral
development of bioenergy in Ecuador, we will analyze the potential for
the production of microalgae within the principal of the circular economy.
The proposed schemes for such production are presented in Figure 1.3,
which will be explained in detail throughout this chapter. The objective
is to highlight the synergies between different bioenergy technologies for
production and the reuse of waste products within these systems. Further,
this chapter will delve into the technological requirements for the imple-
mentation of such a cyclical approach.

A review of the scientific literature has been performed by the authors,
with specific attention paid to literature addressing the elements within the
proposed system (Figure 1.3). These elements include production of biogas
from municipal waste and manure, assessment of the potential for biogas
generation from manure and its conversion to electricity, and the produc-
tion of microalgae using photobioreactor sheets, amongst others.

1.2.1 Biogas

Biogas is the result of fermentation and anaerobic digestion of organic
materials; the implementation of biogas systems often leads to significant
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No

Waste
treatment

Agricultural

Confinement processing

« CO, emission
«Increased

crop water

« Land occupation
« Contamination

Yes

(soil, water)
«Work Recycling Agricultural
(women, children) plant waste

« Organic waste

« New jobs

« Credit incentives

- Organization-landscape
« Low crop water

« Organic waste
« Recycling (paper,

Bio-digester

plastic, glass)
Electricfty Electricity O
generating (

« New jobs
{- Sale of energy

Algae
production

Capture
CO:
«New jobs
Biodiesel plant Biodiesel Algal
ubstrate

« Fuel subsidy

« New jobs

« Food for sheep and poultry
- Soybean imports

Rural algae
production

« Technology transfer
+ New jobs

« Credit incentives == Bio-process O imports (D Bio-products

+ Work at home (female) [ infrastructure O Activities

Figure 1.3 Schematic for sustainable circular system in Ecuador.
Source: [2].

improvements in resource efliciency, whilst reducing environmental
impacts compared to current waste management and agricultural practices
[3]. Apart from reducing greenhouse gas emissions, such biogas systems
can reduce, amongst others, eutrophication and air pollution, and make
better use of crop nutrients [4].

Presently, there is no established means of trading biogas on interna-
tional markets; according to the IEA, as of 2009 100% of global production
was consumed locally. Figure 1.4 highlights electrical generation (gigawatts
hours (GWh)) and gross heat production (terajoules (T])) produced from
global biogas combustion.

The major use of biogas is for electrical generation; however, other
important uses are available for this bioenergy, including industrial con-
sumption and residential uses, as shown in Table 1.2.

Biogas is the first biofuel proposed within Figure 1.3; the purpose of
its production within our circular scheme is for electricity production,
whilst using CO, emitted as a by-product of combustion, as an input for
producing microalgae. The study by Borjesson, Pal & Berglund, Maria,
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Gross electricity

generation (GWh)

M Gross heat
production (TJ)

7

AI‘IO‘IESiCDaS
Biogas
Oceania

Figure 1.4 Renewable and waste energies in 2009.

Source: [5], Developed bythe authors.

Table 1.2 Uses of biogas by region.

Rest of OECD OECD Asia OECD
world Americas Oceania Europe
Unit TJ 1] 1] 7]
Production 327862 221994 32306 354529
Transformation 2351 115800 29692 313044
Electricity Plant 1690 101350 21236 259121
Cogeneration Plant 629 14162 1571 50611
Thermal 32 0 6885 2780
Other 0 288 0 532
transformations
Total Consumption 325260 106144 2605 39747
Industry 20 104546 328 19136
Transport 0 0 0 903
Residential 325027 0 0 2764
Commercial and 160 1586 2146 13381
Public Services

Agriculture/Forestry 38 12 0 3463
Non-energy Use 15 0 131 100

Source: [5], Developed by the authors.
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which compared biogas systems against fossil fuels, concluded that the
introduction of biogas systems may lead to both direct and indirect ben-
efits. Indirect benefits were found to include reduced nitrogen leaching,
reduction in manure-based production of ammonia and methane, and that
other organic wastes and crop residues can be utilized in the production
process, rather than wasted. However, when biogas systems are introduced
to replace other biofuel systems, including for heat and ethanol production
or for burning organic residues, greenhouse gas emissions may increase
[3]. Throughout the biogas production process, it is necessary to estimate
emissions of Co,, which may be mitigated, as well as the potential for elec-
tricity production.

1.2.1.1 CO2 Emissions

In considering agricultural waste management, we considered the work
of Macias-Corral’s et al. [6], who demonstrated the applicability of a two-
phase anaerobic digestion system. This study evaluated the co-digestion
of various waste forms, including municipal solid waste (MSW) and cow
manure (CM) by such a digestion system [6]. Further, the digestion of indi-
vidual residues (MSW and CM) were investigated separately to evaluate
the effect of co-digestion.

Amongst the principal conclusions developed after they character-
ized the waste type treated and the method applied to convert waste into
energy were:

« The use of a reactor for the two-phase anaerobic digestion of
each sample presented an average CH, methane content of
greater than 70%.

 The mixture of 90% of MSW and 10% of CM showed the
highest production of biogas with a productivity of 172 m’
CH,/ton in dry garbage.

o The mix between MSW (90%) and CM (10%) experienced
a weight reduction of 78.3% and a reduction in volume of
98% after 141 days, proving to be the most efficient mixture
of co-digestion.

To quantify GHG emissions within this work, the US Environmental
Protection Agency’s methodology [7] was applied. In this quantification
a data series of livestock numbers and evolution (2004 to 2011) was col-
lated from statistics sourced from the Ecuadorian Institute of Statistics and
Census [8]. From this data series, we have projected livestock numbers to



A SUSTAINABLE CIRCULAR SYSTEM IN ECUADOR 9

2025, considering an equivalent annual rate of increase. These projections
have been developed because when adjustments were made to this series
using tools such as @RISK, the estimates were found to be of poor qual-
ity and differed considerably based upon the statistical criteria used (Chi
-square, Anderson-Darling, Kolmogorov-Smirnov). Therefore, for each
item of the dataset, annual percentage rate changes were applied based
upon the period covered within the dataset to develop the projections
to 2025.

Estimates of GHG emissions were calculated as follows: the Ecuadorian
livestock population was firstly reclassified into five categories (follow-
ing Cuéllar & Webber [9] and EPA [7]). 1) feeding cattle, 2) dairy cows,
3) other meat and dairy cattle, 4) pigs, and 5) poultry. The reclassifica-
tion consisted of transforming physical units (1000kg/ livestock type) of
livestock as per the original data, into animal units. This transformation
profited from using the conversion factors described by Kellogg, Lander,
Moffhtt, & Gollehon [10] and Cuéllar & Webber [9].

Following this transformation from physical units to animal units, we
proceeded to estimate the amount of manure excreted, once again follow-
ing the methodology described by the EPA [7]. For this, we considered
that during the processing of manure two GHGs are emitted; methane
(CH,) and nitrous oxide (N,O). Methane excreted directly by the live-
stock through enteric fermentation are distinct from those emitted from
the processing of manure, which are another important source of GHGs
emissions. However, as part of this work, only emissions produced directly
from the manure processing were considered.

The calculation of CH, and N,O emissions firstly required an estimate
of the volume of manure excreted by each livestock type. The volume of
manure excreted by cattle was calculated using Formula 1:

VSexcreted ;.. wus = Population,,, . xVSxWMS  (1.1)

VS refers to the volatile solid production rate (kg VS/animal/year),
whereas WMS is the distribution of manure by Waste Manure System
for each animal type (percent) and Animal Population represents the
number of animal units per each 1000kg. The formula estimates the
amount of VS excreted within each managed WMS for each animal
type (kg/yr).

To calculate the volume of manure excreted by other animals, the fol-
lowing formula was used:

VSexcreted,,,;,. .. wus = Population xVSx WMSx365.25 (1.2)

animal
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The animal population represents the number of animal units per
1000 kg, VS refers to the volume excreted (expressed in kg per day) by
animal type and WMS is expressed as a percentage which indicates the
type of manure management system used based upon the livestock farm-
ing during the production process. 365.25 is a factor applied to annualize
VS, with VS expressed in kg per day, with the factor correcting it to Kg
per year.

Once these calculations had been made for the total annual manure
excretion of manure, an estimate can be made of the amount of CH , emit-
ted during the management process of the manure. The emissions emitted
from the manure can be expressed in Giga grams (Gg) using the following
formula:

CH, = Z (VSexcreted,,,, .1 wis % By X MCF x0.662) (1.3)
animal, WMS

B, represents the quantity (m*) of CH, emitted per kg of manure excreted
by animal type, with MCF representing the methane conversion fac-
tor by type of manure management system and 0.662 being a factor
which corresponds to the density of methane at a temperature of 25 °C
(kg CH,/m’ CH,).

As mentioned, the amount of CH, was initially expressed in Gg, which
required converting into Tera grams (Tg) of CO, equivalent. This could
also have been expressed in millions of tons of CO, equivalent. To per-
form the conversion to Tera grams (Tg) of CO, equivalent Formula 1.4 was
applied:

(GgCH, x GWP)
1000

Tgequiv.CO, = (1.4)

Following the calculation of CH , emissions, estimates of N,O emissions
were implemented. However, before doing so it was necessary to consider
that there are two types of emissions; direct and indirect. To calculate these
emissions, it was necessary to estimate the amount of nitrogen (N) excreted
per animal type; therefore we applied Formula 1.5:

x WMS x Nex (1.5)

N excreted,,,;,... s = Population,,. .

Animal population represents the number of animal units per 1000 kg
of weight. WMS is expressed as a percentage which indicates the type of
manure management system used based upon the livestock farming during
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the production process. Nex refers to the amount of N excreted (expressed
in Kg) by type of animal per year.

Formula 1.5 permitted the calculation of the volume of N emitted by
cattle, however, and similar to Formula 1.1, this does not consider emis-
sions from other livestock animals. The emissions of these other livestock
types were calculated using Formula 1.6:

Nexcreted,,,;,... wys = Population,,, . XxWMSX Nexx365.25 (1.6)

anima

Animal population represents the number of animal units per 1000 kg.
WMS is expressed as a percentage which indicates the type of manure
management system used based upon the livestock farming during the
production process. Nex refers to the amount of N excreted (expressed
in Kg) by animal type per day. 365.25 is a factor applied to annualize
Nex, with Nex expressed in kg per day, with the factor correcting it to
Kg per year.

Following the estimation of N excretion per animal type, we calculated
direct N,O emissions (Gg) using the following formula:

44
Direct N,O = Z (N excreted,;,. was X EFyps x—=)  (17)
animal, WMS 28

EF, . refers to direct N,O direct emissions per manure processing sys-
tem according to the guidelines of the IPCC and is given by the ratio (kg
N,0O-N/kg N). The constant 44/28 refers to the conversion factor of N,O-N
into N,O.

In addition to direct emissions of N, O, indirect emissions were esti-
mated using Formula 8:

Frac 44
N excretedanimal wus % ——h x EFvolatilization X——|t
’ 100 28
Indirect N,O = Z
animal, WMS Nexcreted ) % Fracrunojfl/ each,WMS < E Xﬁ
animal, WMS 100 runoff /leach 28
(1.8)
Frac,, , indicates Nitrogen lost through volatilization in each
WMS, EF . . indicates the emission factor for the volatilization
(0.010 kg N,O-N/kg N). Frac,,, ... s indicates the Nlost through runoff
and leaching per WMS; EF, . indicates the emission factor for runoff

and leaching (0.0075Kg N,O-N/kg N). The constant 44/28 refers to the
conversion factor of NON to N, O.
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Similar to the estimates of methane emissions, nitrous oxide emissions
from manure management were converted from giga grams to tera grams
(Tg) of CO, equivalent using Figure 1.9:

(GgN,0xGWP)

Tgequiv.CO, =
1000
(1.9)

GWP refers to the global warming potential of N,O.

1.2.1.2  Potential Electricity Power

The power generation potential of manure was determined by following
the methodology previously applied in Cuéllar & Webber [9], whose high-
level assessment aimed to consider the potential for converting manure
into biogas.

To identify the amount of energy that could be generated from
Ecuadorian livestock manure, the existing animal numbers (per 1000 kg)
described earlier were used. The estimates of energy potential of livestock
manure (Ehiogas[BTU]) considered in billions of BTU per year, was calcu-
lated using Formula 10:

[ BTU |= Population,,, ., x FEB x365.25 (1.10)

hzogas animal

Following Chastain, Linvill, and Wolak [11], FEB . work which indi-
cates the gross energy factor not converted into biogas per animal type,
expressed in thousands of BTU/animal per day. 365.25 is used to convert
FEB from a daily to an annual value.

Using the estimate of unconverted energy to gross biogas energy poten-
tial, the biogas-based electricity potential was calculated. However, to cal-
culate this we must consider the dependence upon the efficiency of the
electric generator during the conversion from biogas to electricity. Biogas
can normally be converted into electric with an efficiency range of 34-40%
for large turbines, and 25% for smaller generators [9, 12, 13]. We followed
Cuéllar & Webber [9] and applied a range of efficiency (#) from 25% to 40%
in determining the e, _[kWh] biogas-based electric potential of Ecuador,

calculated using Formula 1.11:
kWh
x0.000293| —— |x7 (1.11)
BTU

The coefficient 0.000293 allowed for the transformation from BTU units
into kWh; the result of the calculation was expressed in millions of kWh
per year of biogas-based electricity generation.

ebiogas |:k Wh:| = Ebiogas
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The potential environmental benefits of biogas use are generally higher
when used as a replacement fuel for gasoline or diesel vehicles. This is due
to the substantial reduction in air pollutants such as hydrocarbons, oxides
nitrogen, particles, etc. However, when biogas is used to replace fuel oil
or natural gas for large-scale production of heat and electric power, com-
parative reductions in pollutants are small or insignificant [3, 4, 14]. In
consideration of this, in addition to quantifying the energy potential of
manure-based biogas, the amount of CO, emitted during combustion of
biogas, whilst generating electricity was quantified. To calculate this, emis-
sions of CO, produced were determined once again following the work of
Cuéllar & Webber [9], who applied the following formula:

kG c0,total = Wiiages (XWCH, X pCH, X 2.75+ pCO, (1- X%CH,, )
(1.12)

kgco o TEPTEsents the total emissions of carbon dioxide emitted from
combustion of one cubic meter of biogas. X%CH, indicates the percentage
of CH, in a cubic meter of biogas. pCH, represents the density of methane
under normal conditions. 2.75 represents the constant that indicates that
the combustion of 1 kg of pure methane results in 2.75 kg of CO, being
generated. pCO, is the density of CO, under normal conditions; in addition,
it multiplies the factor that indicates the % of CO, in cubic meters of biogas.

Following the estimate of the amount of CO, emitted from the
combustion of one cubic meter of biogas, we determined the amounts of
CO, (kg) emitted, per kWh of electric power generated during combustion.
To do this, the following formula was applied:

Uy (X%CH, X pCH, X 2.75+ pCO, (1- X%CH, )

co, =
Eycra

(1.13)

The numerator of this formula references kg ol which is calculated
by applying formula (12). Whereas the denominator refers to the energy
content according to the percentage of CH, in biogas, multiplied by the
efficiency factor.

With the amount of CO, (Kg) emitted per kWh generated from the
combustion of biogas calculated, it was possible to calculate potential CO,
emissions (tonnes) from potential energy generation from manure. For
this we considered a CH, content of 60% and # = 25%. Further, CO, emis-
sions (tons) were also calculated considering a CH, content of 70% and
1 = 40% by multiplying Z , (the amount of CO, emitted per kWh gener-
ated) by e, [kWh] (kWh generated from livestock manure-based biogas).

biogas
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1.2.2 Biodiesel

In the case of biodiesel, unlike biogas, it is found in international markets,
thanks to large volumes of imports and exports. The major net exporters of
biodiesel are Argentina, Brazil, Indonesia, Malaysia and the United States,
with Argentina being the largest. The origins of biodiesel can be traced to
Argentina and Brazil with soy, soy and rapeseed in the United States and
palm oil in Malaysia and Indonesia [15].

Analysis of agricultural markets using mathematical models and partial
equilibrium modeling suggests that global exports of biodiesel will increase
from 626 million gallons in 2012 to 936 million by 2025 [16]. Malaysia and
Indonesia are modeled to see the greatest growth as net exporters, together
modeled to exceed the Argentinian soy-based exports. Figure 1.5 high-
lights the expected dynamics of international markets between 2010 and
2025, based upon the model FAPRI [16]. The figure demonstrates the shift
in the markets and how present export leaders become increasingly less
important by 2025. For example, in 2010, Argentina had a ratio of market
percentage to percentage number of exporting countries of 3.29 and 3.42
in 2011. However, by 2025 this ratio reduces to 2.06, indicating a clear shift
and distribution of exports caused by growth in Indonesia and Malaysia,
which by 2025 will have a combined ratio of 2.59.

Figure 1.5 also presents additional information, including the profit
margin of biodiesel from shop floor to the FOB price within the European
Union, with an average margin of 20%. The EU is the biggest consumer of
biodiesel worldwide, consuming 84% of global exports in 2012 and 99%
by 2025.
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C— Marketing profit margin (percentage) —
Brazil (times)
-, =sssss Malaysia (times)

Argentina (times)
Indonesia (times)
s Uniited States (times)

70%
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250
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Market power (% sales by country/% producing countries)
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Figure 1.5 Trends of market power and biodiesel margins.
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1.2.2.1 Biodiesel in Ecuador

The second most important energy crop within Ecuador in terms of agri-
cultural land occupied is the African Palm, which in 2006 was found by
the Oil Palm Census to cover 207,285 hectares. From 42.43% of this area,
production was found to be 709,424 (tonnes), corresponding to yields of
8/t/ha/year.

Palm crop have prepared a map of “Agro-ecological zoning of palm
cultivation under natural conditions” [17]. The total area established in
this map highlights an additional 408,938 hectares and represents the
available locations for palm oil extraction at the national level, and dis-
aggregated locations at the provincial level. These maps have shown the
importance of two provinces (Esmeraldas and Santo Domingo), both of
which contain more than 80% of the 42 national plants, with 43% and
38%, respectively.

The cultivated area of African Palm in 2011 had increased to 244,574ha,
of which 98% was solely palm and another 2% mixed cropping, with the
area of productive and harvested palms covering 202,650ha. Annual pro-
duction totalled 2,907,356 tonnes, with yields of 10.34 tonnes per hectare,
representing a 29.25% increase in productivity in 5 years.

In 2012, Ecuador consumed 10.29 billion litres of fossil fuels, of which
4.57 billion was diesel, sold at 0.26 dollars per litre [18]. Figure 1.6 shows
the evolution (2008-2012) in the consumption of the three most important
liquid fuels within Ecuador; the left-hand axis demonstrates the volume of
fuel consumed (millions of litres). The figure shows that liquid petroleum
gas (LPG) sees the lowest growth in demand, growing to only 65.3 million
litres. Whereas in the cases of diesel and petrol, demand is more dynamic
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Figure 1.6 Fuel consumption, diesel price and world biodiesel price.
Source: [16, 18], Developed by the authors
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with petrol consumption seeing an increase of just under 1 billion litres, up
from 2.79 to 3.75 billion litres between 2008 and 2012 [18].

In this section a brief analysis will be made of the trends in diesel
consumption within Ecuador, whilst projecting future consumption
patterns based upon observed trends. Projections will be made of the
expected volume of consumption in billions of litres by 2025; the period
for this analysis is justifiable due to the timeline of the Ecuadorian gov-
ernment’s development strategies. Although fuel demand depends on
various factors such as the number of cars and income level, as well
as international fuel prices, to simplify the analysis and projections we
have assumed a constant growth rate in demand based upon historical
information.

The right-hand vertical axis of Figure 1.6 shows fuel prices in dollars
per litre, with the evolution of import prices and internal sale prices high-
lighted. The difference between these two prices indicates the government
subsidy, which in 2012 totalled 1.6 billion dollars [18]. Figure 1.6 also
demonstrates the international price changes of biodiesel, showing that
the global average price up to 2012 had risen above $1.2 per litre. To proj-
ect the international market biodiesel prices up to 2025, information has
been taken from the model designed by the Food and Agricultural Policy
Research Institute (FAPRI).

In considering data from 2012 and the implementation of the govern-
mental Decree No. 1303 for the promotion of biofuel production, domes-
tic Ecuadorian demand for biodiesel in the mix of premium diesel with
5% biodiesel (dieselB5) has been about 232 million litres, and if the mix
requires 10% biodiesel (dieselB10) consumption would be around 465 mil-
lion litres.

In order to project import prices and internal sales to 2025, the rate of
annual performance was assumed to follow historical information, whilst
projections of global biodiesel prices from the FAPRI model will be used
[16]. Figure 1.7 shows the expected evolution in area available for energy
crops across Ecuador, as well as the required amount of biodiesel to meet
the characteristics of dieselB5 and dieselB10.

1.2.3 Microalgae Biodiesel

The production of biodiesel requires three steps to convert biomass to bio-
diesel; biomass production, extraction of lipids and the transesterification
to obtain the biodiesel. There exists a range of technologies available for
the production of biomass from microalgae including photoautotrophic
production, heterotrophic production and mixotrophic production [19].
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Figure 1.7 Potential demand of biodiesel and available are for energy crops.
Source: Data series 2004-2011[18][8], Projections to 2025 made by author.
Developed by the authors
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Figure 1.8 Photobioreactor sheet.
Source: [21]

The production of algal biomass aligns perfectly with the principal of
the circular economy; the production of algal biomass would be fertilized
with CO, emitted from the combustion of biogas as part of the electrical
generation process. This CO, would then be converted to O, via the process
of photosynthesis; as such we consider that photoautotrophic production
would be the most appropriate technology within our proposed system.
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1.2.3.1 Biomass Production

The recovery of microalgae biomass generally requires one or more solid-
liquid separation processes, which is a particularly challenging phase of
the algal biomass production process [20] accounting for 20-30% of pro-
duction costs. The processes involved within production include floccula-
tion, filtration, flotation, and centrifugal sedimentation, some of which are
energy intensive [19].

Within photoautotrophic production exist a diversity of production
systems including open pond, closed photobioreactor and hybrid [19]. As
part of the proposed circular economy, analysis will be made of microalgae
production from photobioreactor sheets [21] as well as in open ponds.

The purpose of using the photobioreactor sheets is that they can be
directly supplied with the CO, produced from biogas combustion, allow-
ing for harvesting of algae every 5-7 days from the vertical panels with
approximate humidity values between 25-50%. The first large-scale pro-
duction of microalgae using photobioreactor sheets is in Spain; however,
technical results are still confidential. The next stage after production and
harvesting of microalgae biomass is lipid extraction, permitting processing
into biodiesel.

1.2.3.2  Lipid Extraction

A number of viable options are available for the conversion of algae bio-
mass; such conversion considers the same processes used in the conversion
of terrestrial biomass to energy.

These processes depend upon the biomass source, conservation options
and the end use [19]. According to L. Brennan and P. Owende, we can
separate conversion technologies of algae biomass into two basic catego-
ries, thermochemical and biochemical (Figure 1.9).

Following Figure 1.9, it appears that the most appropriate conversion
technique would be thermochemical, with the processes identified for
obtaining the biodiesel being thermochemical liquefaction and pyrolysis.
Of these two, the process that is suggested for the circular system is ther-
mochemical liquefaction. Thermochemical liquefaction is a low-tempera-
ture (300-350C), high-pressure (5-20 MPa) process aided by a catalyst in
the presence of hydrogen [22], converting wet algal biomass material into
liquid fuel [23]. However, reactors designed for thermochemical liquefac-
tion and fuel-feed systems are extremely complex and therefore expen-
sive [19], but are advantageous in their ability to convert wet biomass into
energy [24], and one can consider that this process is a net producer of
energy [25].
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Figure 1.9 Potential algal biomass conversion processes.
Source: [19].

1.3 Microalgae versus Palm Oil in Ecuador

As part of this investigation, it is vital to compare the production of bio-
diesel from both microalgae and palm sources. As part of this analysis
consideration will be made of environmental, technological and economic
factors of both biodiesel sources. In this analysis we have considered four
possible scenarios for the production of biodiesel;

S1 - access to capital and constraints on land availability for energy
crops;

S2 - same as S1, but with the addition of tax incentives

S3 - constraints on land availability for energy crops, with limited access
to capital, but with a government fund supporting 80% of total
investment

S4 - same as S3, but with the addition of tax incentives.

In considering the environmental impacts from the production of these
two sources of biodiesel, the quantity of CO, emitted through produc-
tion of biogas, and the combustion of biogas in producing electricity were
calculated. The technical factors have been highlighted previously with a
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new alternative for the production of algae biomass using photobioreactor
sheets. Economic factors considered relate to a cost-benefit analysis using
as indicators, net present value and both private and public cost-benefits
[2]. The analysis of biomass production considers various microalgae pro-
duction systems, with technical data for transesterification taken from
Kovacevic and Wesseler [26].

1.3.1 Palm Oil

To estimate the production of biodiesel from palm it is necessary to quan-
tify the production and extraction processes of lipids and the transesteri-
fication for biodiesel data, which is provided by Kovacevic and Wesseler
[26], who considered rapeseed oil in the European Union.

Considering the proposed scenarios for analyzing the potential of
the proposed move towards a sustainable system, it is vital to consider
the surface area available for energy crops in Ecuador, as well as the
performance of products and by-products. These have been estimated for
the period 2013 to 2025, along with the estimated costs of production at
each stage; biomass production, extraction and transesterification of lipids
for biodiesel. Figures 1.10 and 1.11 present revenues and estimated costs of
palm biodiesel production in Ecuador.

Figure 1.10 demonstrates the yields (t/ha) generated from palm pro-
duction for biomass, lipids and glycerol. The figure also highlights the
potential income in USD/ha for both biomass cake and glycerol, whereas
Figure 1.11 presents the expected temporal variation in capital and
operational costs for each of the three phases associated with biodiesel
production.
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Figure 1.10 Yields and revenues from palm oil biodiesel production and by-products.
Source: [26, 27], Projections to 2025 based [8]. Developed by the authors.
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Figure 1.11 Capital and operational costs of palm based biodiesel production to 2025.
Source: [26, 27], Projections to 2025 based [8]. Developed by the authors.

1.3.2 Microalgae Oil

In the case of biodiesel production from microalgae, it is necessary to
quantify the positive effects of this crop within the proposed circular sys-
tem. For this, the environmental benefits of this proposal will be analyzed,
considering CO, emissions and the energy potential for processing of both
solid urban waste and cattle manure. The following figures demonstrate
total Ecuadorian cattle numbers up to 2025, estimates of potential CO,
mitigation and the monetary equivalent from carbon credits. Further, the
amounts of energy in KWh, which can be generated from biogas anaerobic
digestion, along with the monetary equivalent of the electricity produced
were all calculated.

Figure 1.12 shows the cattle population in Ecuador up to 2011 and
projected beyond to 2025. The units within the figure correspond to the
number of animals multiplied by the conversion factors, allowing for the
conversion of stock weights in 1000 kg to animal numbers. Figure 1.13
highlights the estimation of CO, emissions from manure management and
projected emissions up to 2025, based upon the change in cattle numbers
as seen in Figure 1.12. In addition to CO, emissions, it also provides a
trend of potential income, received in lieu of CO, emissions through the
application of co-digestion systems (MSW and CM) as proposed by this
circular system strategy proposal.

Figure 1.14 presents the potential energy produced from biogas pro-
duction from the co-digestion of MSW+ CM,; it shows the energy gen-
erated (millions of kWh) from motors with various efficiency ranges
(25-40%). In addition, the figure also quantifies monetarily (mil-
lions USD) the potential electric production from biogas production.
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Figure 1.12 Ecuadorian cattle numbers (1000kg) to 2011 and project up to 2025.
Source: [8], Developed by the authors.
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Figure 1.13 Emissions of CO, equivalent and potential revenues from mitigation in

Ecuador up to 2025.
Source: Data 2004-2011 [8]; Projections to 2025 made by author; methodology and formulas used in
calculation [7], Developed by the authors,

Figure 1.15 shows the CO, emissions from the combustion of biogas
during the process of electric generation with regards to CO, emissions
from cattle manure management, the values in the graph are presented
in millions of tons of CO,,.

For the proposed circular strategy and the production of microalgae, we
analyzed two algal biomass production systems, as well as the extraction
processes for lipids and transesterification, finding that they are equivalent
in both alternative systems. Capital and operating costs have been taken
and adapted from the work of Kovacevic et al. [26].
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Figure 1.14 Potential revenues and potential energy production (KWh) from biogas
production in Ecuador.

Source: Data 2004-2011 [8]; Projections to 2025 made by author following methodology and formulas
of [9], Developed by the authors.
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Figure 1.15 Emissions of CO, from biogas combustion and emissions of CO, equivalent.
Fuente:Methodology and formulas of [9], Developed by the authors.

1.3.2.1 Microalgae in Open Ponds

Figure 1.16 presents the projected values of the capital and operational
costs (USD/ha) for the production of microalgae in open ponds. It also
shows the costs for each of the three phases within the production of bio-
diesel, whilst highlighting the high operational and capital costs of this
production system.

Figure 1.17 demonstrates the yields from microalgae in open ponds, as
well as yields from other products during production of biodiesels. The
yields of biomass, lipids, glycerine and biodiesel are expressed in tons per
hectare. Additionally, to yields, estimates of the potential revenue made
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Figure 1.16 Capital and operational costs of microalgae based biodiesel production to
2025.
Source: [26], projections to 2025 based upon[8], Developed by the authors.
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Figure 1.17 Yields and incomes from by-products of microalgae based biodiesel
production.
Source: [26], projections to 2025 based upon[8], Developed by the authors.

from by-products such as biomass cake and glycerol have been included
in USD/ha.

1.3.2.2  Microalgae in Laminar Photobioreactor

Figure 1.18 details the capital and operating costs for producing microal-
gae in photobioreactor sheets, rather than in open ponds. As with open
ponds, the operating costs represent the greatest cost in the production
process.

Figure 1.19 presents estimated yields and income from photobioreactors
sheets. Yields of biomass, lipids, glycerine and biodiesel are all expressed
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Figure 1.18 Capital and operational costs of microalgae2 up to 2025.
Source: [21, 26], projections to 2025 based upon [8], Developed by the authors.
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Figure 1.19 Yields and incomes from the by-products of microalgae2 based biodiesel

production

Source: [21], projections to 2025 based upon [8], Developed by the authors.
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in tonnes per hectare, whilst the potential income from biomass cake and

glycerol are shown in USD per hectare.

One of the by-products of biodiesel production is biomass cake, which
even after lipid extraction contains high levels of both protein and carbo-
hydrates. This cake could therefore in theory provide an important input
as animal feed; as such it is important to identify the potential availability
of this feed, as presented in Figures 1.20 and 1.21.

Figure 1.20 shows the potential quantities of animal feed from both
palm and microalgae biodiesel production in millions of tons for scenarios
S1 and S2. In addition, monetary quantification of the potential revenue
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Figure 1.20 Scenarios 1 and 2- potential revenues and tons of biomass cake based animal
feed.

Source: Mathematical model developed in GAMS and results from Excel solver, projections to 2025
based upon[8], Developed by the authors.
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Figure 1.21 Scenarios 3 and 4 - potential revenues and tons of biomass cake based animal
feed.

Source: Mathematical model developed in GAMS and results from Excel solver, projections to 2025
based upon [8], Developed by the authors.

from the sale of this feed is shown; these values are expressed in millions of
dollars. Figure 1.21 shows the same elements as Figure 1.20, but represent
values estimated from application of scenarios S3 and S4.

Figure 1.22 presents potential feed consumption per 1000 kg of cattle in
Ecuador for the four proposed scenarios.
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Figure 1.22 Potential animal feed availability per animal unit in Ecuador.
Source: Mathematical model developed in GAMS and results from Excel solver, projections to 2025
based upon [8], Developed by the authors.

1.4 Discussion

Detailed financial analysis of biodiesel production technologies have been
made by Vega-Quezada, C. et al. [2], the results of which are extremely rel-
evant to our own. Of the four scenarios implemented for the development
of the bioenergy sector in Ecuador, scenario 4 should be considered the
most probable based upon present trends, as the production of microalgae
in open ponds was found to be relatively unprofitable both publicly and
privately in scenarios 1, 2 and 3.

Table 1.3 shows income and monetary expenses for the production of
biodiesel from palm; the MSW in this case has not been quantified because
the data were limited on the treatment of MCW and the amounts gener-
ated per year. In the case of CM, emissions of CO, equivalent by 2025 were
found to be 155.52 million tonnes, which in Ecuador represents an oppor-
tunity cost between $810-928 million, as the production of biodiesel from
palm is not considered, or is not compatible with initiatives of a circular
system and is unsustainable in terms of MSW treatment. As for the pro-
duction of biodiesel, it was found that 100% of the potential surface area
available for energy crops would be occupied by 2025, with the amount of
biodiesel produced meeting only 90% of domestic demand for biodiesel
B5. It is estimated that the Net Present Value (NPV) in terms of private
investment for the production of biodiesel from palm is $2.6 billion.

Table 1.4 presents the estimated revenues and expenditures for the
development of microalgae based biodiesel, as part of the proposed
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Table 1.3 Individual revenues and expenditures associated with proposed

initiatives.
Activity Quantification Costs/Benefits
Urban organic CO, emissions
. & and leachates | N/A (=) N/A (-)
residues .
to subsoil
Agricultural | Livestock manure | \ oo o) i tonnes | 810-928 million
organic CO, equivalent .
, 2 of CO, equivalent dollars (-)
residues emissions 2
Use of 161,855 ha and
Biodiesel African Palm satisfaction of 90% of a1
. . . 2.6 billion (+)
production production internal demand for

biofuels

Developed by the authors.

Table 1.4 Revenues and expenditures as part of the proposed circular system.

Activity Quantification Costs/Benefits
Livestock Manure storage cost | N/A
Sector
Synergy of Mitigation of Reduction 155.52  [810-928 million dollars
MSW +CM| emissions of CO, million tonnes of (+) obtainment of
equivalents CO, equivalents CER
Electricity Anaerobic digestion |44.28-70.84 Mwh  [2.39 billion dollars (+)
Generation (ROU+ROA) Plant investment (-)
Biogas combustion |52.91 million tonnes [ 246-279 million
of CO, x biogas dollars (=)
combustion
Biodiesel Algae production in | Use of 26,100 4.36 billion dollars
Production | photobioreactor hectares and
sheets supply 112% of
internal demand
for biofuels
CO, absorption 52.91 million tonnes [ 246-279 million
during biogas CO, x biogas dollars (+)
combustion combustion
Rural algae N/A N/A
production
Livestock feed 8.42 billion tonnes

Developed by the authors.
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circular system. Unlike for palm production, there are potential syn-
ergies between MSW + CM for electricity generation based upon
microalgae.

Unlike the production of biodiesel from palm, CO, emissions from
manure management in the livestock sector could be mitigated to the finan-
cial benefit of $810-928 million, which could become an income through
the development of carbon credits. Electricity generation from biogas has
been estimated to be between 44.28 to 70.84 gross MWh, which is equiva-
lent to revenues from electricity cogeneration of $2.39 billion, excluding
investment and operational costs of the plant. The combustion of biogas
produces an estimated 52.9 million tonnes, which could be deducted from
revenues from carbon credits.

The production of biodiesel from microalgae in photobioreactors sheets
shows promising results considering that CO, emissions from biogas com-
bustion can be absorbed fully, mitigating the emissions’ negative impact.
Under the conditions set in scenario 4, the area required for production
of biodiesel would cover only 18% of the available surface area for energy
crops, whilst meeting 112% of internal demand of biodiesel B5 by 2025.
In terms of monetary benefits, NPV is estimated to be $4.36 billion; also,
8.4 billion tons of microalgae-based animal feed could be made available
to the livestock sector at low prices, incentivizing manure collection and
transportation from the nearest processing plant.

1.5 Conclusion

This chapter is limited to a theoretical assessment of the potential to
produce biodiesel from microalgae with existing technologies. It can be
inferred that the analysis of the elements as a whole provides greater ben-
efits for the development of the bioenergy sector that the sum of individual
benefits. The scope of this chapter has been exemplified by a specific ini-
tiative; a circular building system for biofuels presents promising results
in technological, environmental, social and economic terms, allowing the
conclusion that the proposed system is feasible.
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Abstract

Gasification is a favourable technology for distributed power generation. However,
commercialisation and scale up have been hampered by problems associated with
tar formation. Tars are detrimental to operational efficiency as they can condense
downstream initiating corrosion and blockages, thus resulting in a reduction in an
overall yield during the gasification process. So far there are two main routes to
reduce tar formation, namely thermal tar cracking at higher gasification tempera-
tures, or catalytic tar cracking by using different types of heterogeneous catalysts,
depending on the reaction system’s configuration. Nevertheless tar still represents
a potential issue during gasification, therefore further studies have been focused
on trying to find a relationship between biomass composition and tar formation
and composition. In this chapter we discuss various alternatives for biomass pre-
treatment as a way to reduce tar formation during gasification through compo-
sitional manipulation. Engineering solutions provide a primary route to reduce
tar formation, but further integrated processing offers increased system efficiently
generated using tailored feedstocks. This may be achieved by harvesting energy
or products from pre-treatment stages aimed at reducing tar formation and ash
composition.
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2.1 Introduction

Fossil fuel reserves are in decline and there are negative environmental
impacts associated with its use as an energy source. As a consequence there is
a necessary focus on exploiting renewable and sustainable energy resources.
One source of renewable energy is biomass and gasification is a promising
way of converting biomass into usable energy carriers. Biomass gasifica-
tion is a technology which is appropriate across a range of scales, including
off grid electricity generation. Carbon dioxide emissions from biomass are
accepted as neutral because of the comparatively fast rate of carbon fixation
during growth [1]. Furthermore renewable energy supplies in the form of
liquid, gas and solid fuel are reliant on biomass as a feedstock [2].

Gasification is a conversion technique whereby biomass is broken
down, mainly into the gaseous components CO, H,, CO,, CH, H,0O and
N,, a mixture known as synthesis gas or syngas. In addltlon to the primary
gaseous products a tar, ash and char fraction are produced during gasifica-
tion [3]. The gasification process can occur in a variety of reactor types,
however it is widely accepted that the most efficient reactors currently in
use are fluidized bed reactors [4]. The process conditions include a low
air/oxygen environment and temperatures between 700-1500 °C. Though
combustion methods and technologies have increased in efficiency, gasifi-
cation potentially has promise as a conversion route with an even higher
efficiency rating especially when used in gas turbines, fuel cells or catalytic
reactors [1].

Gasification is also an initial process step in some liquid fuel processes.
These include the production of Fischer Tropsch fuels, some of which can be
blended into current transport fuel distribution systems [5]. Methanol and
dimethyl ether production also depend upon gasification as an initial pro-
cess step, these products are both promising clean liquid fuels for the future,
able to potentially replace diesel and petrol in the transport sector [6].

However the gasification process is hampered by processing challenges
including the formation, condensation and further accumulation of tar.
Tar formation is thus a major issue with regards to implementing gasifica-
tion technologies. Tar condensation can occur onto mechanical surfaces,
blocking equipment and causing corrosion, which is detrimental to the
overall operational efficiency [3, 7]. In addition the produced gases require
cleaning to remove tars before they are utilised in downstream processing,
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which can be expensive and time consuming [8]. Examples of the inter-
national development of gasification technology at large commercial scale
include Lahti Energy, in Finland; Essent, in Netherlands, and Agnion
Technologies in Germany, therefore efficiency improvements including tar
reduction, would potentially have large and positive commercial impacts.

Some operational and technical influences on tar production are cov-
ered in other works and not detailed in this chapter. The primary technical
and operational influences on tar formation chemistry [9] during gasifi-
cation include temperature [10], pressure [11]; run parameters such as
gasifying medium [12], air to fuel ratio (equivalence ratio) and residence
time [13], and the inclusion of catalysts [14] such as carbonates, oxides and
hydroxides of alkali metals [15].

This study examines published research regarding the influence of bio-
mass composition upon tar formation. We review various pre-treatment
and processing options that alter biomass composition and impact upon
tar production during gasification. The final section of this chapter consid-
ers future processing options that may reduce tar productivity and improve
gasification efficiency.

2.2 Tar Composition

Tar is a generic term used to encompass the mainly aromatic and oxygen-
ated compounds contained in the syngas coming from the gasification of
solid waste or biomass. Milne et al. [16] pointed out that there are many
definitions of tar and provided a broad diversity of compounds that can be
found in the tar fraction. Li et al. [3] described tar as the condensable frac-
tion of the organic gasification products, which are further described as
being primarily aromatic hydrocarbons, including benzene. Fushimi et al.
[17] listed the primary tar components such as levoglucosan, furfural and
5-methylfurfural (5-HMF). However in general tar can be referred to as
‘all the organic compounds, produced under thermal or partial-oxidation
regimes (gasification) of any organic material, and it is also known to be
largely aromatic [16].

Some authors [18] have grouped tar compounds into five sub categories
according to their molecular weight (Table 2.1). These categories are use-
ful for appreciating the diversity of chemical species found in tars and for
implementing the correct analytical procedures when undertaking analy-
sis of the tar fraction.

Tar formation has been widely associated with the process temperature;
Elliott proposed a scheme associating the tar compounds formation with
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Table 2.1 The tar subcategories as reviewed by Li et al.,* elucidated by Ponzio
et al.,”” Benzene is a dominant component of classes 2-5.

Representative
Tar class | Class name Property compounds
1 GC undetectable Heavy tars Remaining fraction
(very heavy) undetected by when the GC
GC detectable tar is
subtracted from the
total tar.
2 Heterocyclic Tars containing | Pyridine, phenol,
aromatics hetero atoms. cresols
3 Light aromatic Light single ring | Toluene, ethylbenzene,
(1 ring) hydrocarbons xylenes
4 Light poly aromatic | Condense atlow | Indan, indene,
hydrocarbon temperature naphthalene, methyl
compounds and naphthalene,

(2-3 rings) concentration biphenyl,
acenaphthylene,
acenaphthene,
fluorine,
phenanthrene,
anthracene

5 Heavy poly aromatic | Condense at high | Flouroanthene, pyrene,
hydrocarbons temperatures chrysene

(>3- rings) and low

concentrations

GC = gas chromatography.

the increase in the gasification temperature from 400 up to 900 °C. This
diagram has been modified during the years since its publication by Milne
and Evans [16, 19, 20]. A more recent tar formation trend according to the
process temperature, has been reported by Basu, 2006 (Figure 2.1).

The increase in the temperature of lignocellulose results in the trans-
formation of solid cellular material into an intermediate liquid; the fur-
ther increase in the temperature, leads to the non-equilibrium liquids to
produce volatile organic compounds (VOC’s) [21]. Oxygen content tars
or primary tars are generated during feedstock decomposition at around
400 and 500 °C, and include cellulose-derived products, analogous hemi-
cellulose derived products and lignin-derived methoxyphenols. These
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Figure 2.1 Tar formation pathway according to the process temperature.

compounds are further broken down and the fragments are recombined
resulting in secondary tars including double bounded compounds such
as phenolics and olefins. Methyl derivatives or tertiary tars are produced
between 650 and 1000 °C, and finally condensed tars are composed mainly
by aromatics and are formed at temperatures above 750 °C [16, 22]. One
relevant parameter for a gasifier operation is the condensation tempera-
ture of tar compounds contained in the produced syngas, this parameter is
known as tar dew point [23]. In general at temperatures below 350 °C tar
compounds initiate to condense, and the condensation trend increases as
the syngas temperature is decreased.

2.3 Tar Formation Cell Wall Polymers and Ash
Composition

Plant cell wall material is the most abundant renewable biological resource
on earth with an annual production of approximately 160 x 10°tonnes [24].
Lignocellulosic material is primarily composed by cellulose, hemicellulose
and lignin. In terrestrial plants these polymers coexist in a complex micro-
fibril structure, contributing with 14-28% lignin, 40-51% cellulose and
28-37% hemicellulose [24]. Interspecies variation of those compositional
percentages can impact upon tar production during gasification [25, 26].
The respective contributions to tar production are shown in Figure 2.2.

Rabou et al. [23] reported that the primary cell wall polymers differ in
their contribution to tar formation. For example aromatic and phenolic
compounds, that can be found in major proportions as tar compounds, are
derived from lignin. Yu et al. [27] supported this statement by reporting
that lignin contributed to the formation of more tar compounds compared
to cellulose.

Conversely Worasuwannarak et al. [26] found that gasifying pure cellu-
lose generated substantially more tar compared to pure lignin or a variety
of biomass feedstocks. The authors theorised that the interaction of lig-
nin and cellulose eventually produces a reduction in tar formation and an
increase in char formation. Water and esters were produced at the expense
of tar due to interactions between lignin and cellulose.
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Figure 2.2 Contribution of tar compounds from lignocellulosic material.

Following pyrolysis, cellulose primarily produces water soluble tars and
the production of these is decreased substantially if cellulose and lignin are
pyrolysed together. Work by Fushimi ef al. [17] illustrated this process and
the work is in agreement with Worasuwannarak et al’s [26] work. It was
observed that water insoluble tar is increased by a cellulose-lignin interac-
tion [17]; however the proportion of water insoluble tar is small compared
to water soluble tar. The impact of hemicellulose upon tar formation is not
significant according to Hosoya et al. [28] and Worasuwannarak et al. [26]
linked its presence to an increase in reaction water following gasification.

2.3.1 The Impact of Plant Type and Blending Upon Tar
Production

According to Rabou et al. [23] tar production depends largely upon the
type of gasification employed rather than the composition of dry feedstock
(including ash composition). However, some authors do report intra spe-
cies variation in tar production and attribute it to variations in cell wall
composition; this is particularly evident when lower temperature gasifica-
tion was implemented.

Lv et al’s [25] work examined a range of biomass feedstocks that dif-
fered in the cellulose and lignin composition. Thermogravimetric analysis
(TGA) was used to discover a potential link between cellulose composition
and tar formation. It was found that the species with the highest cellulose
composition such as bagasse produced the higher levels of tar, whereas
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rice husk with the lowest cellulose level produced the lowest tar yield.
Furthermore species with intermediate cellulose levels were positioned
intermediately with regards to tar formation within the tar production
range. It was also observed that at higher temperatures, tar levels declined
but the hierarchy of species specific cellulose levels to tar formation was
resilient to this. Therefore a relationship between the cellulose content in
lignocellulosic materials, can be correlated with tar formation during the
gasification process.

Qin et al. [29] found that the comparatively lignin rich sawdust feed-
stock generated a higher percentage tar yield when compared to the rela-
tively cellulose rich (lower lignin) corn stalks at temperatures up to 800 °C.
At temperatures higher than 800 °C the gasification of cellulose rich corn
stalks resulted in higher tar yields. Furthermore the high cellulose com-
position corn stalks produced a tar with a higher percentage of aliphatic
compounds, whereas the sawdust produced tars with a higher percentage
composition of aromatic compounds. This was attributed to the mono-
mer structures comprising the most dominant relative cell wall polymers
(lignin for saw dust and cellulose for corn stalks). It is notable that Qin
et al. [29] reported that high molecular mass tars prevailed at higher tem-
peratures (900 °C in this case). In some agreement with this Brage et al.
[30] also found that temperature and feedstock were the two most impor-
tant variables with regards to tar production. However, the feedstocks that
they examined were coal and generalised biomass, so an analysis of intra
species variation was not undertaken.

Contradictory research conclusions reflect the complexity of tar pro-
duction. At lower temperature gasification the cellulose and lignin levels
are key to tar production. Broadly concluding the relationship between cell
wall polymer composition and tar production during gasification is multi-
variate (including ash) and rigorous multivariate analysis of experimental
data may well lead to a better understanding. Once equipped with such
knowledge the possibility of blending or selecting feedstocks with cell wall
polymer configurations suited to low tar production may be more viable.
Aligning optimum conditions to optimum process conditions may be a
suitable methodology for optimising low tar production.

2.3.2 Blending

As previously mentioned authors report a drop in tar production using
lignin and cellulose blends compared to pure components. Plant cell
walls already contain a mix of these polymers (along with hemicellulose).
However if there exists a ratio of lignin to cellulose that would optimise low
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levels of tar formation then pre-treatments, breeding or biomass blend-
ing could be exploited to those ends. So the work by Fushimi et al. [17]
and Worasuwannarak et al. [26] may have implications for biomass pre-
treatments or selection prior to gasification. In a blending system cell wall
polymer composition may potentially be optimised for low tar production,
below that presented by either raw material when gasified in isolation and
exploiting the cell wall polymer interactions described. Using blended bio-
mass Pinto et al. [31] reduced the negative impacts of a high silica and alkali
metal composition by blending biomass feedstocks prior to gasification.
However, tar formation was also lowered (in some instances), for exam-
ple blended rice husk with straw produced lower levels of tar formation
compared to straw alone. So blending could perhaps have positive implica-
tions for both reducing ash (which has a negative impact upon equipment
through slagging and fouling) and tar formation during gasification.

Variation in cell wall constituents occurs in purpose grown bioenergy
plant genotypes as well as the highly diverse wild type flora. Hodgson
et al. [32] found highly significant differences between Miscanthus gen-
otypes with regards to lignin, cellulose and hemicellulose composition.
Genotypes with an optimum blend of cellulose and lignin aimed at the
lowest tar production potential may be worth examining as strains suitable
for gasification. Alternatively blends could be made as described above.

A reduction in polymerisation of the cell wall components can be imple-
mented by the use of enzyme [33] and chemical [34] pre-treatments. This
may be a method of tuning the cell wall compositions if they are deemed
to be a primary influence upon the tar production. There may be options
with regards to this for feedstock blending.

2.3.3 Ash Composition

Ash composition can be sub divided into the ash that is a contaminant due
to harvesting and processing, known as introduced ash [35] and inherent
ash contained within the biomass.

Introduced ash is introduced from the soil during harvesting and post-
harvest processing. In the case of herbaceous biomass the feedstock needs
to be cut; it may be made into windrows (rows of cut biomass ready to
lift for baling) and baled in some form for handling, transport and stor-
age. There are various operational options available relating to these activi-
ties and these impact upon the introduced ash composition. Bonner [36]
reports that the mean ash composition of corn stover varies between
11.5-28.2% depending upon the techniques selected for this part of the
value chain. Hand cut whole plant corn stover has an ash composition of
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5-7% [37]. The highest ash compositions were found to be associated with
mowing and wheel raking for windrow creation. The lowest ash composi-
tions were associated with shred flail and raking into windrows using a
hydraulically driven basket rake [36].

Levels of inherent ash are influenced by plant group. In general woody
biomass tends to contain lower levels of ash compared to herbaceous bio-
mass (such as grasses) (37). The ash composition of biomass is negatively
correlated with tar production [38], Skoulou et al. [38] found that leached
(partly de-mineralised) biomass had a higher level of tar production com-
pared to untreated biomass, the difference was highly substantial at 850 °C
but the difference in tar production was reduced on increasing the tem-
perature to 950 °C. They proposed that the metal component catalysed the
destruction of the heavier tar components. The presence of carbonates,
oxides and hydroxides of alkali metals in the reactor help to decompose
tars [15]. However, the advantages attributed to this catalysis are countered
by the advantages of a low ash feedstock such as reduced particulate mat-
ter emissions as well as the reduced slagging and fouling attributed to ash
thermal behaviour [39, 40]. A balance between the substantial problem of
tar formation [41] and ash related issues needs to be considered.

2.4 Thermochemical Pre-treatments for Gasification

2.4.1 Torrefaction

One of the most efficient and promising pretreatments for promoting tar
reduction during gasification is torrefaction. The advantages of this pre-
treatment are multifaceted for gasification. Torrefaction is the heating of
biomass under low oxygen conditions and at atmospheric pressure. The
heating rate is less than 50 °C min™' and torryfying temperatures vary from
200 °C-300 °C [42].

Torrefaction decreases the volatile composition and drives off moisture
increasing the efficiency of gasification [1]. In addition torrefied biomass
can be milled with energy costs that are three to seven times lower than
the energy costs associated with milling the original biomass [42, 43]. With
regards to tar formation Dudynski et al. [44] carried out biomass air gasifi-
cation of ordinary wood pellets, torrefied wood pellets and sawdust in an
industrial fixed bed gasifier. They reported that the torrefied pellets were
associated with significantly lower tar yields compared to the other feed-
stocks, followed by sawdust and ordinary pellets. In order to maintain effi-
ciency (having lost the volatiles which can act as a gasification fuel) Prins
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et al. [1] advised feeding the volatiles into the out-coming syngas, to act as a
chemical quench. The overall efficiency was addressed by this process step.

2.4.2 Slow Pyrolysis

Slow pyrolysis is a biomass conversion method that employs temperatures
of approximately 300-500 °C with a long residence time (hours), in low/
zero oxygen. Moisture and volatiles are driven off to provide the primary
product which is a charcoal. The system can employ a batch or a continu-
ous feed. Figure 2.3 is an example of the pilot scale batch slow pyrolysis unit
located at the Institute for Biological Environmental and Rural Science,
Aberystwyth University, UK.

In a similar system to a torrefaction to gasification dual process, the
Netherlands Energy Research Foundation (ECN) developed the CASST
system (clean air sustainable syngas technology [23]). In this system an
alternative dual pyrolysis process set up was implemented. Instead of tor-
refaction ECN implemented a slightly raised pyrolysing temperature of
350 °C, providing a low temperature slow pyrolysis. The charcoal that
is produced is de-volatised and when subjected to gasification gener-
ates a syngas, a ten-fold reduction in tar production was reported [23].
According to Rabou et al. [23] the system encountered problems and the
specific details were not discussed.

Slow pyrolysis generates char. The addition of char into a gasifier can
reduce tar vapours significantly according to Devi et al.’s’s review [45]. The

Figure 2.3 A batch fed pilot scale slow pyrolysis unit, located at the Institute for Biological
Environmental and Rural Sciences at Aberystwyth University (http://beaconwales.org/).
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char is also mostly gasified as well so a renewable resource is required. It
may be possible to exploit a fraction of the feedstock for this route. There
is some consensus that too much char is required for practical applica-
tion [23]. However a proportion of the gasification feedstock could take
this route and if the waste heat can be rescued from char production
(Figure 2.4), as proposed by Roberts et al. [46], and used to supplement
biomass drying for both char and gasification feedstocks, the benefits
might combine into a suitable system. Biomass blending and densifica-
tion with biochar has been done before [47]. The blending of biomass with
biochar would potentially lower the O/C ratio (which is high in biomass
resulting in over oxidisation during gasification) benefitting efficiency as
well as reducing tar generation. A dual conversion edition is described
later in this work.

2.4.3 Intermediate Pyrolysis

Intermediate pyrolysis is conducted at temperatures of ~400-500 °C in
zero/low oxygen conditions. A solids residence time of 1-30 minutes
(hence intermediate) and a heating rate of 1-1000 °C s™ is employed.
Aston University in the UK have been instrumental in advancing this pro-
cess. The chars produced by intermediate pyrolysis also have a high carbon
content and low volatile composition and have been successfully gasified as
reported by Sattar et al. [48], but no data comparing tar production follow-
ing gasification of pyrolysed with none pyrolysed feedstocks is reported.

One attribute of intermediate pyrolysis is the generation of oil with a
high calorific value; the oil fraction easily separates into organic and aque-
ous phases; the organic fraction has some beneficial characteristics com-
pared to oil generated from fast pyrolysis including improved viscosity and
heating value [48]. These qualities may be the result of a relatively pro-
longed residence time and contact with char [48, 49]. Following the extrac-
tion of volatiles to generate separate oil and char fractions, it is likely that
the chars can be gasified with low tar production, based upon the results of
gasifying slow pyrolysis derived charcoal (Figure 2.4). Further comparative
studies are a research opportunity in this area.

2.4.4 Fast Pyrolysis

Fast pyrolysis produces char, gas, oil and an aqueous fraction. The process
involves the implementation of a rapid heating rate (>1000 °C s™), a low/
zero oxygen environment, temperatures ~500 °C and a short solid resi-
dence time in the reactor (~1 s).
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The fast pyrolysis process favours oil production. Its use as a precursor
process to gasification was examined by Svoboda et al. [50], Sakaguchi et al.
[51] and Zhang et al. [52], but the impact on tar production was not reported.

Boateng et al. [53] gasified char generated following fast pyrolysis of
switchgrass. The charcoal generated during fast pyrolysis was low in tar
producing organic compounds because those organic compounds had
already been volatised and collected as a an oil product. Boateng et al. [53]
reported that there was little evidence of any tar production in the form of
cendensable gases following gasification.

Fast pyrolysis yields of dry milled biomass produces ~ 20-40 wt % char-
coal in the product stream. However the removal of the bio oil does mean
that the volatile fraction is reduced. This would impact on the efficiency
of the gasification process because the volatile fraction provides a suple-
mentary fuel during gasification prins [1] (in addition to contributing tar).
However it may be viable for the oil to be used as a supplementary burner
fuel or adding into the gasifier as a feedstock. Svoboda et al. [50] used a
spray mechanism to inject a bio-oil and charcoal slurry into a gasifier but
did not report on related tar production.

A suggested process flow is presented in Figure 2.5, that combines fast
pyrolysis with gasification. This is based upon research that shows that
high temperature gasification (achievable with a pyrolysis oil supplemen-
tary fuel) results in lower tar production [10] and the addition of char to
the feedstock lowers tar production [45].

The primary pre-processing and compositional influences upon tar for-
mation are detailed in Table 2.2.

2.5 Processing Options that Exploit Conversion
Route Integration

If there is a sufficient supply of sustainable biomass, combining process
routes may be a beneficial and efficient option. These systems can be
designed to potentially reduce tar formation in the gasification step by
reducing the volatile composition and exploiting that volatile composition
in another energy or product generating process. Kamm and Kamm [54]
detailed many biorefinery options and some may potentially reduce tar
production during gasification.

In what Kamm and Kamm [54] describe as a green biorefinery model
(Figure 2.6), wet herbaceous biomass is subjected to screw-pressing. A
press fluid is generated and that fluid can be fed into anaerobic digest-
ers (AD) to produce biogas that can be scrubbed to methane to power
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Table 2.2 Some components and treatments that increase and decrease tar pro-
duction during gasification.

Impact upon tar
formation during
Variable gasification References
Cell wall Cellulose Increase Worasuwannarak
composition et al. [24]
Lignin Increase Yu et al. [18, 26]
Thermochemical | Torrefaction Decrease Dudynski [44]
pre-treatment (reduction
of volatiles)
Slow pyrolysis | Decrease Devi et al. [45]
(addition of
char)
Ash composition Decrease Skoulou et al. [38]

Proteins
Press juice ® Soluble
sugars
y
- Biogas | | Products |
freen biomass, pressed] CHP heat and power ‘ Fuels, feeds, chemicals
generation ' '

h

Cellulose
.
Lignocellulose

Figure 2.6 Integrated processing using multiple products may be an efficient way to
manipulate biomass in order to reduce tar production during gasification. Based on
Kamm and Kamm [54].

a combined heat and power (CHP) unit. The remaining fibrous fraction
has essentially been partially demineralized, depolymerised and the sugar
compositionhas been partially pressed out.

The Kade system was developed by the Institute of Biological
Environmental and Rural Science (Aberystwyth University) in partnership
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with AMW Partnership (UK). The system developed following research
regarding the Integrated Generation of Solid Fuel and Biogas from Biomass
system (IFBB) developed at Kassel University, Germany [55]. In this sys-
tem waste biomass (Juncus effuses dominant biomass) generated during the
conservation management of wetland landscapes was screw pressed. The
fluid fraction from this procedure was digested using anaerobic digestion
to generate biogas. Reed (high dry matter) was subjected to slow pyrolysis
and the waste heat from the procedure was rescued and used to dry the
fibrous fraction stream from the screw-pressing procedure [46]. The dry
fibrous fraction (from screw-pressing) had a significantly reduced min-
eral composition. This fibrous fraction (65%) was blended with the slow
pyrolysis char (25%) and waste wood chips (10%) to generate a solid fuel.
Having been relieved of a significant amount of minerals (pressing) and
following blending the emissions profile of the densified fuel was much
improved (Figure 2.7) [56].

The blend that was devised for combustion had a reduced mineral com-
position and was blended with a char. Both these attributes are well suited
for optimised gasification. The lower mineral/ash composition is favour-
able for reducing slagging and ash fouling. The loss of the tar cracking
potential of the ash may be counteracted by the addition of char which is
associated with tar reduction. Potentially this may be a well-balanced gas-
ification fuel. As gasification runs in parallel with anaerobic digestion the
energy balance of the whole system benefits substantially.

2.6 Conclusion

Cellulose and lignin appear to contribute to tar formation during gasifi-
cation. Understanding the multivariate interactions between ash, cellu-
lose, hemicellulose and lignin with regard to tar production may provide
a promising potential route to understanding the impact of feedstock
composition on tar formation during gasification. The overall feedstock
composition may be manipulated by implementing pre-treatments and
developing integrated processes.

A very efficient and promising thermochemical pre-treatment for
lowering tar production during gasification appears to be torrefaction.
Combining torrefaction with thermal recovery may be a route to efficiently
optimise tar reduction during gasification.

Biomass composition aimed at reducing tar formation may be promising,
but broad consensus from the highly experienced Energy Research Centre
for the Netherlands, is that engineering solutions are primary in tar control
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and biomass composition is secondary. However, integrated processing
that harvests energy or products from process stages aimed at reducing tar
production and ash related fouling (through demineralization) is a process
outlook that potentially offers increased whole system efficiently.
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Foreseeable depletion of traditional fossil fuels resulted in wide recognition of
bioethanol as an efficient alternative for gasoline as transportation fuel. Ethanol
production from corn is limited due to the fact that another feedstock is needed
to produce it. Among all these feedstocks, lignocellulosic biomasses are most
promising because of their abundance, low cost and high carbohydrate content.
At commercial scale, bioconversion of lignocellulosics to ethanol needs efficient
pretreatment methods for complete delignification of the biomass. A suitable
pretreatment method results in an increased concentration of fermentable sugars
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process. The main aim of the pretreatment step is to increase the digestibility of
the total available fermentable sugars in the biomass. The method and condition
of pretreatment should be selected appropriately according to the subsequent
steps of saccharification and fermentation. This chapter will review various pre-
treatment technologies for maximum conversion of the holocellulosic fraction to
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3.1 Introduction

Energy security along with increase in CO, emissions concerns has intensi-
fied the need for non-petroleum-based alternative energy sources. Biofuels
(bioethanol or biodiesel) are a renewable and suitable primary energy
resource which has potential to provide alternative transportation fuels in
the near future [1]. In the present scenario, bioethanol production relies
on ethanol from starch but there are noteworthy debates about its sustain-
ability. In these circumstances, bioethanol production from lignocellulosic
biomasses is the most promising alternative as they do not challenge food
crops in a direct way and they are also abundant and less expensive com-
pared to conventional agricultural feedstocks. Worldwide annual produc-
tion of lignocellulosic feedstocks has been estimated around 1x 10" metric
ton [2].

Basically, lignocellulosic biomasses are composed of holocellulose
(hemicellulose and cellulose), lignin and extractives. Composition of
each biomass depends on its origin [3, 4]. The major component is cel-
lulose, which is a linear crystalline p-D-glucose polymer and has a rigid
structure which is very difficult to break [5]. The cellulosic fraction of
the biomass is converted into glucose monomer by the chemical or enzy-
matic method of hydrolysis [6]. Hemicellulose is a heteropolymer which
is composed of both linear and branched chain of D-glucose, D-xylose,
D-mannose, D-galactose, and L-arabinose. Since its structure is not crys-
talline, it is easier to hydrolyse comparatively [7]. Lignin is the most rigid
3-D polymeric component of the plant cell wall which consists of three
different phenyl propane precursors as its monomeric unit, which are
non-biodegradable [8].

Biological conversion of lignocellulosic feedstocks to ethanol offers
multiple benefits but still its development is hampered by some techni-
cal and economic obstacles [2]. Some of the important factors needed to
improve ethanol production economy are: a) efficient biomass utilization
to obtain high productivity, ethanol yield, and high ethanol concentration
after fermentation in the distillation feed; b) to reduce energy requirement,
process integration should be considered [9, 10]. Biothanol conversion
from lignocellulosic feedstock mainly involves: cellulose and hemicellu-
loses hydrolysis to fermentable sugars, sugar fermentation and recovery
and purification of alcohol to meet fuel specifications (Figure 3.1). The
task of converting lignocelluloses hydrolysis into fermentable sugars is
still problematic technically because of the cellulose digestibility hindera-
tion by various compositional, physicochemical and structural factors. A
pretreatment step is done to obtain potentially fermentable sugars from
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Figure 3.1 Overall process scheme for bioethanol production from lignocellulosic
biomass.

lignocellulosic biomass. The main aim of pretreatment is lignin structure
degradation and disruption of crystalline structure of cellulose to enhance
the enzymatic accessibility during hydrolysis [6]. Currently, pretreatment
research is focused mainly on identification, evaluation, demonstration
and development of approaches which can show an efficient and effec-
tive subsequent hydrolysis step with reduction of the treated biomass
with lower enzyme loading and reduced bioconversion times. Numerous
approaches for pretreatment are being investigated on different feedstocks
types. Several review articles provide a general overview in this context
[11-14]. Biomass pretreatment is considered as a crucial step in bioethanol
production and adds huge amounts to overall costs in the process. Mosier
et al., [6], have described it as the second most expensive unit cost (after
feedstocks cost) in the bioethanol production process based on enzymatic
hydrolysis.

As it is known that different lignocellulosic feedstocks have different
physico-chemical properties, it is compulsory to select suitable pretreat-
ment technologies based on their properties. The pretreatment method has
a large influence on subsequent steps in the ethanol conversion scheme in
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terms of digestibility of cellulose, toxic compounds generations which are
potential inhibitors of the fermentation process, power requirements for
stirring and energy requirement in the downstream process [9]. Various
studies have shown that parameters like chip size requirement, pentose
recovery, toxic compounds concentration and minimum energy demand
are the significant factors in an effective pretreatment process [15]. This
chapter will review all available pretreatment technologies, their advan-
tages and disadvantages for lignocellulosic biomass and analyze the inter-
related factors between all three steps, i.e., pretreatment, hydrolysis and
fermentation.

3.2 Pretreatment Methods for Lignocellulosic
Biomass

Pretreatment of lignocellulosic biomass is directed to reduce crystallinity
of cellulose present in the biomass, increase the accessible surface area of
biomass for hydrolysis, hemicelluloses removal and lignin barrier breakage
(Figure 3.2). During the pretreatment step, cellulose becomes more acces-
sible to hydrolytic agents which facilitate rapid conversion of polymeric
carbohydrate into its monomeric fermentable sugars with more yields.
There are various pretreatment methods to fractionate, solubilize, and
hydrolyze the biomass and separate all three components (cellulose, hemi-
cellulose, and lignin). On the basis of different forces or energy consumed
in the whole process, these are categorized into a) physical or mechanical;

- Vapors/gas includes
Chemicals .
chemicals

A4 A4

Solid (cellulose,
Lignocellulosic Pretreatment hemicellulose
biomass and residual)

A 4
A

Liquids
(oligosaccharides
and chemicals)

Mechanical and
heat energy

Figure 3.2 Design of pretreatment technology for bioethanol production from
lignocellulosic biomass.
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b) physico-chemical; c) chemical, and d) biological methods for lignocellu-
losic biomass pretreatment. Mechanical pretreatment mainly increases the
accessible surface area for hydrolysis by biomass size reduction. Physico-
chemical methods occur at high temperature and pressure; therefore high
control is required of operating conditions [16]. Chemical methods loosen
the network of holocellulose and lignin structure and/or dislocate lignin
and hemicellulose. Biological pretreatment methods involve no chemicals
and cause delignification of lignocellulosic biomass [17].

3.2.1 Parameters for Effective Pretreatment of Lignocellulosics

There are various factors which influence biodegradability of lignocellu-
losic biomass. The surface area which is accessible for hydrolysis is related
to crystallinity of cellulose, hemicellulose and lignin content.

1. Cellulose crystallinity: Cellulose crystallinity is considered as one of
the most important factors in the determination of the hydrolysis rate of
cellulosic substrates which are relatively refined. Cellulosic microfibrils
contain amorphous and region both. Around two-thirds of cellulose exist
in crystalline form. Cellulase enzyme readily hydrolyzes amorphous por-
tion of crystalline cellulose, which are more accessible in contrast to less
accessible crystalline portion [7]. Therefore it is believed that digestibility
of lignocellulosic biomass increases with reduction in cellulose crysal-
linity [18]. However, cellulose crystallinity is not the only factor which
decides the lignocellulosic biomass digestibility; other factors also con-
tribute to it [19].

2. Effect of surface area accessibility: Based on previous studies, it has
been found that there is a good correlation between pore volume (total
surface area which is accessible) and cellulose digestibility [20]. This cor-
relation can be used to improve the hydrolysis process by lignin removal.
There are two types of surface areas present in lignocellulosic biomass, i.e.,
external and internal. External surface area is linked with particle shape
and size, while internal surface area is related to cellulosic fibres capillary
structure.

3. Effect of lignin: Lignin present in lignocellulosic biomass is responsible
for structural rigidity, integrity of biomass and swelling of material. In lig-
nocellulosic biomass lignin covers cellulose and hemicelluloses [18, 19].
The presence of lignin covers the enzyme accessibility to cellulose and
hemicelluloses which reduces hydrolysis efficiency. Lignin is considered
as the most important factor for recalcitrance of lignocellulosic biomass.
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Therefore, an efficient delignification process improves the rate and extent
of the hydrolysis step [20].

4. Effect of hemicellulose: In lignocellulosic biomass, hemicellulose is
present as a physical barrier which prevents the cellulose fibre from hydro-
lysis. In studies, it has been found that hemicellulose removal increases
mean pore size of biomass and increases probability and accessibility of
cellulose hydrolysis) [18, 19]. In hemicellulose, the degree of acetylation is
another important factor, as acetyl groups and lignin are attached to hemi-
celluloses matrix and hinder breakdown of polysaccharide [7].

Other than these parameters, there are several other points which need
to be taken into consideration for an economic and effective pretreatment
process [13]:

1. Effective for multiple crops: Some pretreatment methods have been
found suitable for specific biomasses. For instance, alkaline pretreatment
methods (lime, ammonia recycling percolation and ammonia fiber expan-
sion) have been found effective on delignification of agricultural residues
but less effective for recalcitrant substrate like softwoods [19]. Although
acid pretreatment methods are expensive relatively, they are very effective
on a wide range of lignocellulosic biomass [6].

2. Digestiblility of pretreated solids: Cellulose obtained after pretreat-
ment should be highly digestible, having a yield of more than 90%. In addi-
tion, residence time should be less than 3 days and enzyme loading not
greater than 10 FPU/g of cellulose preferably [13].

3. No significant sugars degradation: Around 95% of fermentable holo-
cellulosic sugars should be obtained through the pretreatment step.

4. Minimum generation of toxic compounds. Harsh conditions during the
pretreatment process result in hemicellulose degradation partially and gener-
ation of toxic compounds. It affects hydrolysis and fermentation steps further
[21]. The amount of toxic compounds depends on the raw material used and
the pretreatment condition harshness. These compounds can be classified
as follows: a) carboxylic acids; b) furan derivatives; c) phenolic compounds.
Major furan derivates are 5-hydroxymethylfurfural and 2-furfuraldehyde,
which derive from hexose and pentose sugar degradation, respectively [22].
Carboxylic acids include acetic acid, formic acid and levulinic acid. Phenolic
compounds consist of alcohols, aldehydes and ketones [23].

5. Biomass size reduction: Prior to pretreatment, milling or grinding the
biomass into smaller particle size is energy intensive and costly.
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6. Pretreatment reactor: It should be less costly (by minimizing its vol-
ume, keeping reasonable operating pressure and for corrosive chemicals,
appropriate material of construction should be applied).

7. Disposal challenges: Compounds and biomass formed during or after
pretreatment should not face disposal or processing challenges.

8. Low moisture content: At high dry matter content, feedstock use would
minimize energy consumption.

9. Fermentation compatibility: Recovery of sugar or sugar concentration
should be compatible with the hemicellulose (xylose and arabinose) fer-
menting organism.

10. Lignin recovery: Lignin recovery after the process should lead to sim-
plified downstream processing and it should be able to convert into other
valuable products [13].

11. Minimum heat and power requirements: Energy demands for pre-
treatment should be minimum and/or should be thermally integrated.

3.2.2 Important Pretreatment Methods
3.2.2.1 Physical or Mechanical Methods

1. Mechanical comminution: Particle size reduction is needed to make
handling of material easy and to enhance a specific surface area. This can
be obtained by milling, chipping or grinding. Mechanical pretreatment
is done usually as a primitive step in bioethanol production. Particle size
which is desired is dependent on the subsequent steps which will be fol-
lowed during the entire process. The size of raw material is kept usually
between 10 to 30 mm in the case of chipping and 0.2 to 2 mm in milling
or grinding [15]. Processes like vibratory milling, colloid milling, hammer
milling, and two-roll milling are used to enhance lignocellulosic biomass
digestibility compared to traditional ordinary ball milling [12]. Various
factors like capital and operating costs, possibilities of scale-up, and equip-
ment depreciation are crucial for this process. However, requirement of
high energy input makes it economically non-feasible [24].

2. Extrusion: In this process, lignocellulosic biomass is first treated at a very
high temperature (>300 °C), after that shearing and mixing is carried out to
modify the physical and chemical structure of cellulose. Screw speed and
barrel temperature are two factors which are believed to be responsible for
disruption of lignocellulosic biomass and cause fibrillation, defibrillation
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and fibre shortening [25]. This results in increased arability of polysaccha-
rides to further attack. Bioreactor parameters must be highly efficient dur-
ing this process. In one of the recent studies, application of enzyme during
this process was found effective for bioethanol production [26].

3. Ultrasonic: This method is investigated only at lab scale for lignocellu-
losic biomass although for sludge treatment it is a well-known technique. In
the experiments, the effect of this pretreatment method has been shown on
a model compound (carboxy methyl cellulose), not on any lignocellulosic
biomass [27]. Results show that when cellulosic suspension is treated with
energy by irradiation, enzymatic hydrolysis enhances by approximately
200%, though mode of action is still unknown. Therefore it is assumed that
hydrogen bond of crystalline structure of cellulose breaks upon supplying
with adequate amount of energy. In a 2003 study by Bochek et al. [28],
energy supplied was 130 KJ/g of model compound, which is significantly
high compared to hydrogen bond of cellulose (0.12 KJ/g).

3.2.2.2 Physico-chemical Methods

1. Steam explosion: This is also referred to as autohydrolysis and is the
most commonly used method (catalyzed or uncatalyzed) for lignocellu-
losic biomass pretreatment [19, 29, 30]. In this method, chipped or grilled
biomass is treated for some time (30 s-20 min.) to high pressure saturated
steam in a batch or continuous process. Pressure is reduced suddenly after
treatment, which causes explosive decompression of biomass with hemi-
celluloses degradation and lignin matrix disruption. This method com-
bines both chemical and mechanical forces due to autohydrolysis of acetyl
group present in hemicellulosic portion of biomass. It is started at very
high temperature (160 °C-260 °C), which results in the formation of acetic
acid from acetyl group [31]. At high temperature, water acts as an acid also.
Various factors which influence this process are residence time, reaction
temperature, moisture content in biomass, and particle size of raw mate-
rial. To improve the results, acid or alkali has been tested. Combined effect
of time and temperature can be represented by R = t exp™'%*7> where
R is severity parameter [32]. Steam explosion has many advantages over
other processes (Table 3.1). It includes [33]:

« high recovery of sugars

 lower capital investment and environmental impact
« more energy-efficient process

« possibilities of using larger particle size

« addition of acid or alkali catalyst

o feasibility at industrial scale
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This process is less effective for softwoods due to the presence of low
acetyl group content, therefore catalyst needs to be added in the hemi-
cellulosic part of raw material [15]. SO, or H,SO, addition is found most
effective for softwood pretreatment but formation of inhibitory compound
is one of the main drawbacks of this method [34, 35].

Major disadvantages of this method are formation of toxic compounds
which affect hydrolysis and fermentation and energy consumption [6].
A separate detoxification step is required due to formation of by-products.
Activated charcoal treatment is used to remove these, which increases the
overall cost of the process.

2. Liquid hot water: This is a type of hydrothermal pretreatment and does
not require any catalyst addition and rapid decompression. To maintain liq-
uid state of water, high pressure is used at high temperature. Hydrothermal
pretreatment, Hydrothermolysis, aqueous fractionation, solvolysis or
aquasolv terms are also used for this process. Temperature ranges from
170 °C-230 °C and pressure (>5 MPa) is used for usually 15 minutes dur-
ing the process [2].

Liquid hot water pretreatment process removes hemicelluloses from
lignocellulosic biomass which increases cellulose accessibility. Slurry
obtained after pretreatment contains liquid and solid fractions. Liquid
fraction contains hemicelluloses derived sugars and solid fraction contains
cellulose. Better pH control (4-7) minimizes non-specific degradation of
sugars and avoids toxic compound formation [6].

Liquid hot water can result in high hemicellulosic sugar fraction in the
form of oligomers mostly and reduces by-product formation. Residence
time and reaction temperature are most significant factors in this process.
To promote effective contact between liquid hot water and biomass, three
different methods have been developed, i.e., cocurrent, countercurrent and
flowthrough.

In the co-current method, biomass slurry and water is heated to the
desired temperature and held for optimized residence time, after which it
is cooled down. In the countercurrent method, slurry biomass and liquid
hot water move opposite to each other. In the flowthrough method, bio-
mass is kept stationary and liquid hot water is passed through it [36, 37].

As no catalyst or corrosion resistant material is required in this process,
it is considered economical. The main advantages are high pentose sugar
recovery and lower toxic compound generation, but high water demand
and high energy requirement make it non-feasible at industrial scale.

3. Ammonia based pretreatment/ Ammonia fibre expansion (AFEX):
This is another type of pretreatment process in which liquid ammonia is
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used to treat biomass at temperature (90 °C-100 °C) for a limited time (30-
60 min.) which follows rapid pressure release [38]. This results in physical
disruption of lignocellulosic biomass fibres and decrystallization of cellu-
lose to some extent. Due to swelling caused by rapid expansion of liquid
ammonia, this process can either modify or reduce effective crystallinity
of cellulosic fibre and lignin matrix [20]. It increases digestibility of bio-
mass by deacetylation process [39, 40]. Toxic compounds are not produced
using it; therefore washing with water is not compulsory. Woody biomass
is less effective than agricultural residues and herbaceous biomass. Shao
et al. [41] showed that ammonia fibre expansion treated biomass yielded
1.5-3-fold higher sugar recovery compared to untreated biomass. Cellulase
addition if done sequentially results in 15-20% higher hydrolysis of starch
compared to simultaneous addition of enzyme. After 72 h of hydrolysis,
70% glucan was converted.

4. CO, explosion: In this method, CO,is utilized as supercritical fluid,
i.e., fluid exhibits gaseous mass temperature properties apart from solvat-
ing power of liquid. This process removes lignin efficiently in both hard-
wood and softwood [42]. Supercritical CO, at high pressure is used in
this method. Co-solvents such as ethanol can be added to improve del-
ignification. Supercritical CO, is used mostly in non-extractive purposes
as an extraction solvent because of its advantages such as low-cost avail-
ability, non-inflammability, non-toxicity, easy recovery and environment
friendly [43]. CO, from carbonic acid in aqueous form increases rate of
hydrolysis. CO, molecule size should be compatible to NH, and H,O as it
can penetrate pores which are accessible to them. Disruption of cellulose
and hemicelluloses and increment in surface area accessible for enzymatic
attack occurs in this process. This method is cost effective compared to
ammonia-based pretreatment methods and toxic compound generation is
much lower compared to steam explosion [44].

5. Oxidative delignification: three types of oxidative delignification has
been explained

A. Using oxidizing agents such as hydrogen peroxide (H,0,) or
peracetic acid (C,H,0,).

B. Ozonolysis

C. Wet oxidation

A. Using oxidizing agents such as hydrogen peroxide or peracetic acid:
Most commonly used is hydrogen peroxide. At 25 °C-30°C, 1-2% H,O, is
effective in recovery of most of the hemicelluloses and 50% of lignin can
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be dissolute using it, which is fivefold higher than NaOH [45]. During this
process, several reactions occur like electrolytic substitution, breakage of
alkyl or aryl ether linkage, side chain displacement or oxidative breakdown
of aromatic nuclei. This method is found effective for pretreatment of rice
hulls which has shown 96% sugar conversion after hydrolysis [46].

B. Ozonolysis: Ozone is a very effective oxidizing agent. In this method, lig-
nocellulosic biomass is pretreated with ozone. Ozone does not affect holocel-
lulose portion; it degrades only lignin by attacking its aromatic ring structure.
Various types of lignocellulosic biomasses have been treated using ozone.
Some of them are baggase, peanut, rye straw, cotton straw, wheat straw, pop-
lar sawdust, pine and peanut [15, 47]. This process is performed usually at
room temperature (around 30 ‘C) and pressure. Inhibitory compounds are
not generated during this process; therefore saccharification and fermenta-
tion process does not get affected. Ozone gas is passed through the substrate
vessel (fixed bed, packed bed or stirred semi-batch reactors) [47, 48].

Two major factors influence this process: type of lignocellulosic biomass
and moisture content. In a recent study done by Miura et al. [49], the effect
of wet disk milling and ozonolysis on Cryptomeria japonica (Japanese
cedar) was shown to improve sugar recovery upon enzymatic saccharica-
tion. Ozone consumption reduced when moisture content reached greater
than 40%, which resulted in reduction of lignin removal from biomass.
Glucose and xylose recovery was 68.8% and 43.2%, respectively. The
requirement of a large amount of ozone makes the process expensive and
non-feasible at industrial scale [15].

C. Wet oxidation: This method is suitable for biomass having high lignin
content. Biomass is treated with water and oxygen or air for 30 minutes at
a temperature above 120 °C [50]. Variables affecting this process are reac-
tion time, temperature and oxygen pressure [51]. When the temperature
reaches more than 170 °C, process becomes exothermic, which makes it
self-sufficient with respect to heat [51]. This approach for pretreatment cat-
alyzes acid formation from oxidative reaction and hydrolytic reaction. All
the portion of lignocellulosic biomass (cellulose, hemicelluloses and lig-
nin) gets affected during the process. Hemicelluloses degrade into very low
molecular weight sugars which are soluble into water. Cellulose degrades
partially and lignin undergoes cleavage. Due to degradation, the surface
area of cellulose becomes highly accessible for hydrolysis. Additions of
alkaline agents (e.g., Na,CO,) help in hemicellulose solubilisation and
decrease formation of toxic compounds [52].

In a study on common reed (Phragmites australis), around 51.7% hemi-
celluloses solubilization and 58% lignin solubilisation was obtained; 87%
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cellulose retained in solids. At optimized condition (185 °C for 12 minutes);
cellulose digestibility was improved more than three times in comparison
to untreated biomass as a control. 82.4% glucose conversion was achieved,
which was processed further during simultaneous saccharification and fer-
mentation. Using it, ethanol concentration of 8.7 g/L was achieved, which
was 73% of theoretical yield [53].

In another study on rice husk, alkaline peroxide was used for wet oxi-
dation. Raw material was soaked in 1% (w/v) H,O, solution at room tem-
perature overnight. It resulted in 67% hemicellulose solubilisation and 88%
lignin degradation. It gave a 13-fold increase in glucose recovery [54]. High
pressure, high temperature and large reaction vessel requirements limit its
use. The cost of oxygen and catalyst make it non-economical.

6. Microwave: This method is widely used because of easy operation and
very high heating efficiency. Time varies from 5 minutes to 20 minutes. It
modifies cellulose ultra structure and causes degradation of hemicellulose
and lignin by improving the enzymatic susceptibility of biomass [55]. Alkali
especially NaOH has been found the most suitable reagent for rice straw
using this method [56]. In case of switchgrass low energy was required for
pretreatment for an extended time where the sugar yield was found 70-90%
[57]. An orthogonal design was developed to optimize this process where
ethanol yield was found 148.93 g/kg of wheat straw. From untreated biomass,
this yield was 26.87 g/kg of biomass [58]. In another study on Miscanthus
sinesis, sugar recovery increased significantly using ammonium hydroxide.
75% lignin was removed and 41% total reducing sugar was obtained in case
of oil palm empty fruit bunch fibre in alkaline condition [59].

Homogeneous heating and reduced reaction time are the main advan-
tages of this process. It is a promising method because of short time, energy
saving and minimum toxics generation. To modify cellulose native struc-
ture with hemicellulose and lignin degradation, it is one of the best meth-
ods to use [60]. Reagents can be used to enhance the overall yield.

3.2.2.3 Chemical Methods

1. Acid based: Acid pretreatment is one of the most widely used pre-
treatment methods. It causes lignin and hemicellulose solubilisation and
an improvement in cellulose accessibility. Formation of inhibitory com-
pounds like furfural, 5- hydroxymethyl furfural, phenolics, etc., are major
limitations of this process. It can be categorized into two types:

A. Weak acid hydrolysis
B. Strong acid hydrolysis
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A. Weak acid hydrolysis or dilute acid hydrolysis: For lignocellulosic
biomass, it is one of the most effective techniques. There are two ways for
approaching this process [27]:

a. High temperature, continuous flow process: used mainly for
low solids loading when T > 160 °C and substrate concentra-
tion is 5-10 wt. %.

b. Low temperature, batch process: used mainly for high-
solids loading when T < 160 °C substrate concentration is
10-40 wt.%.

Dilute sulfuric acid is sprayed onto the lignocellulosic biomass. Mixture
is held at 160 °C-220 °C for a few minutes. Hemicelluloses hydrolysis
occurs, which releases soluble oligomers and monomeric sugars from cell
wall matrix into hydrolysate. Removal of hemicellulose enhances enzy-
matic digestibility and porosity. Maximum digestibility coincides with
complete removal of hemicellulose [61]. Organic acids like maleic acid,
fumaric acid, etc., can be used for this pretreatment method in place of
inorganic acids [62]. This method has shown good performance in recov-
ering hemicellulosic sugars but these sugars might be further converted to
furan compounds furfural and 5-hydroxymethyl furfural which are strong
inhibitors of microbial fermentation. Also, acids can be corrosive in nature.
This method is most suitable for lignocellulosic biomass having low lignin
content, as lignin is not removed in this process.

B. Strong acid hydrolysis: Sulfuric acid and hydrochloric acid have been
used widely for treatment of lignocellulosic biomass as they are very pow-
erful reagents for cellulose hydrolysis [15]. Enzymes are not needed after
concentrated acid hydrolysis for saccharification. Advantages include
feedstock flexibility, high monomeric sugar yield and mild temperature
requirement. Drawbacks are the corrosive nature of the acids and for
economy, recycling of acid is needed. Several industries are in the process
of commercialization of strong acid hydrolysis treatment of lignocellulosic
biomass for bioethanol production.

Concentrated acid requires corrosion resistant equipments as they are
corrosive and toxic in nature. For industrial scale, dilute acid treatment
is more feasible. Various reactors such as plug flow reactor, flowthrough
reactor, countercurrent reactor, shrinking bed reactor and percolation are
developed for this process. Acid pretreatment can be again categorized
using two different approaches. First is high temperature, short reaction
time, and second is low temperature, longer reaction time (30-90 minutes).
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High sugar recovery has been reported using dilute H,SO,. Various
other acids such as HC], HNO,, H,PO,, oxalic acid, formic acid, acetic acid
and maleic acid have been tested. Lee et al. [63] used oxalic acid for treat-
ment of corn cobs; 13.1% of total sugar was obtained and a much lower
amount of inhibitory compound was formed. Using maleic acid, 10% sugar
was obtained and a high amount of inhibitory compound was formed. Kim
et al. [38] performed two-stage hydrolysis in which aqueous ammonia was
used in the first stage and dil. H,SO, was used in the second in percolation
mode. Total reducing sugar yield was 90.8%, which indicates that this com-
bination resulted in better lignin removal and high sugar yield. Eulaliopsis
binate is a perennial grass found in India and China, when treated with
dilute H,SO, at optimum condition, 21.02% sugar, 3.22% lignin and 3.34%
acetic acid was obtained. Low amount of inhibitory compounds were
formed. 78% sugar yield was obtained upon treatment of corn stover with
dilute H,SO,. Cheapness of H,SO, and HCl makes the process economical.
The main drawbacks of acid hydrolysis are:

o High energy input requirement as high temperature is
needed.

« Corrosion resistant specific reaction vessel required because
of the corrosive nature of acids.

« Inhibitory compound generation.

2. Alkali based: Alkali removes mainly the lignin portion of lignocellu-
losic biomass which increases reactivity of the remaining holocellulosic
part. Alkali treatment acts on hemicelluloses by removing acetyl group and
various uronic acid substitutions which reduces the enzymatic accessibil-
ity to hemicellulose and cellulose [7]. Mechanism of alkaline hydrolysis is
based on intermolecular ester bonds saponification which crosslink xylan
hemicelluloses and lignin [15]. Various reagents used for alkali pretreat-
ments are:

A. Calcium or sodium hydroxide: Lime (Ca(OH),) or NaOH is used
widely. Salts are formed using these compounds which can get incorpo-
rated in the substrate. Hence, it needs to be recycled or removed [64].
Process conditions are kept relatively mild and reaction time can be very
long. Mild conditions prevent lignin condensation, which results in high
solubility of lignin, especially for biomass having low lignin content (soft-
wood, grasses, etc.). Mild conditions also prevent sugars degradation to
furan compounds and organic acids. Oxygen or air addition to the reaction
mixture improves the delignification process significantly [7].
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B. Aqueous ammonia based: Pretreatment of lignocellulosic biomass with
aqueous ammonia reduces lignin content at elevated temperatures and
also removes some hemicelluloses while doing decrystallisation of cellu-
lose. Ammonia pretreatment techniques include

o Ammonia fibre expansion method (AFEX)

« Ammonia recycle percolation (ARP)

» Aqueous ammonia soaking or soaking in aqueous ammonia
(SAA)

The AFEX process is explained briefly earlier in physico-chemical meth-
ods. In ARP, flow-through column reactor is used for biomass pretreat-
ment with aqueous ammonia. Liquid flows through the reactor column
at high temperature; the column is packed previously with lignocellulosic
biomass. The reactor system should be pressurized slightly to prevent flash
evaporation [65, 66]. Solid fraction which is rich in cellulose and hemicel-
luloses is separated after reaction from liquid. Then liquid fraction is flown
through steam heated evaporator for ammonia recovery. Ammonia is then
recycled back to reactor inlet and separated fraction is passed into a crys-
tallizer. The washing step is carried out after crystallization to extract the
sugars retained in solid matrix.

SAA is carried out at low temperature and removes the lignin present in
biomass efficiently by minimal interaction with hemicellulose. Due to this,
surface area and pore size is increased. Then retained cellulose and hemi-
cellulose can be further hydrolyzed to fermentable sugars by commercial
cellulase and xylanase mixtures. In a study by Kim et al. [67], 15-30%
aqueous ammonia was used to treat destarched barley hull at tempera-
ture 30-75 °C for 12 h-77 days. Solid liquid ratio was 1:12 with no agita-
tion. Solids were recovered after soaking by filtration. Then it was washed
and analyzed. 66% lignin solubilisation, 83% glucan and 63% xylan was
observed after biomass treatment with 15% aqueous ammonia at 75 °C for
48 h. Ammonia cost and its recovery drives the cost of the process [68, 69].
Biomass pretreatment economics are also strongly influenced by total
sugar yield.

In alkali-based pretreatment, NaOH is used most widely. Ca(OH), based
pretreatment has the additional advantage of low cost of reagent and less
safety requirements compared to other alkali-based pretreatments. Also,
it can be easily recovered from hydrolysate obtained by reaction with CO,
[6]. Pretreatment process combinations have also been tried for significant
recovery of sugars, e.g., includes combination of lime treatment with oxi-
dative delignification process. High downstream processing costs make it a
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costly process (Table 3.2). For washing of calcium and sodium salts, a high
amount of water is needed, which is difficult to remove.

3. Organosolv: Organic or aqueous organic solvent mixtures are used
in combination with inorganic acid catalysts for delignification in this
method. Various organic solvent mixtures have been used like triethylene
glycol, ethylene glycol, ethanol, methanol, tetrahydrofurfuryl alcohol and
acetone [70]. Acetylsalicylic acid, salicylic acid and oxalic acid can also be
used with or without addition of organic acids at higher temperatures [71].
Wheat straw pretreatment resulted in 70% hemicelluloses recovery and
65% lignin removal by glycerol-based autocatalytic pretreatment [72]. 98%
cellulose retention was also obtained using this method. In another study,
modified organosolv method was performed; first ethanol was used under
mild conditions which followed H,O, treatment in horticultural waste.
This resulted in 26.9 g/L reducing sugar recovery in hydrolyzate [73]. This
hydrolysate medium was fermented using Saccharomyces cerevisiae which
produced 11.7 g/L ethanol. Hideno et al. [74] studied Japanese cypress
(Chamaecyparis obtusa) and found that the application of the ball milling
process and alcohol-based organosolv pretreatment improved the enzy-
matic digestibility significantly and reduced the severity of process con-
ditions of organosolv treatment. Alcohol-based organosolv pretreatment
and short-time ball milling had a synergistic effect.

Organosolv pretraetment has been used extensively for high-quality
lignin extraction (value-added product). Due to efficient lignin removal,
around 90% sugar was recovered after enzymatic hydrolysis of treated bio-
mass. The main drawback of the organosolv process is solvent and catalysts
cost (Table 3.3). Solvent removal and recovery can reduce the operational
cost considerably [15]. As organic solvents are inflammable, safety mea-
sures should be impeccable. Uncontrolled use can be the cause of fires
and explosions. This additional cost makes the process non-economical.
Organic solvents have shown an inhibitory effect on enzymatic hydroly-
sis; therefore their removal is required prior to hydrolysis, which increases
operation cost [6].

4. Tonic liquids: In this method, biomass with ionic liquids in a ratio of
1:10 w/w is used. Temperature ranges from 100°C to 150 ‘C. The antisol-
vent (e.g., ethanol, methanol and water) use the soluble biomass regen-
eration and then subject it to enzymatic saccharification for production of
fermentable sugars. Ionic liquids behave like a salt which is a combination
of small inorganic anions and large organic cations. At relatively low tem-
perature (room temperature), it exists as liquid. At high temperature, room
temperature ionic liquids have the ability to form hydrogen bonds with
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cellulose as anions like formate, acetate, chloride or alkyl phosphonate are
present in it. It has enormous potential for substrate production achiev-
ing more than 90% digestibility of cellulose [75]. Ionic liquids or room
temperature ionic liquids (RTIL) which remain in the biomass can show
interference with activity of hydrolytic enzymes and downstream fermen-
tation processes, which affect sugar yield and ultimately ethanol [76, 77].
Ionic liquids can be regenerated by flash distillation from antisolvents [78].
At industrial scale, recycling methods should be energy efficient. Toxicity
to microorganisms and enzymes to be used during ethanol production
should also be considered for using this method [13, 79]. Additionally, to
recover lignin and hemicelluloses after cellulose extraction from solutions,
some technology should be developed. These are some major limitations to
ionic liquids use for bioethanol production from lignocellulosics. Despite
these flaws, it has great potential in biorefinery industries, although no
industry employs it for pretreatment as of now.

3.2.2.4 Biological Methods

Traditional methods (physical, chemical and physico-chemical) for pre-
treatment of lignocellulosic biomass require extensive amount of energy
and are not environmental friendly. Therefore, biological pretreatment
came into existence because of its efficiency, economy and environmental
friendly behavior. Hemicellulolytic enzyme (mostly xylanase) is used for
pretreatment of hemicellulosic part of biomass and cellulolytic (cellulase)
enzymes are used for cellulosic treatment of lignocellulosic biomass. Most
commonly used microorganisms for pretreatment are ubiquitous filamen-
tous fungi which are isolated directly from soil or living plants. White
rot fungi are most effective. Some of the common examples of white rot
fungi are Ceriporia lacerate, Pycnoporus cinnarbarinus Pleurotus ostreaus,
Cyathus stercolerus, Ceriporiopsis subvermispora, and Phanerochaete chrys-
osporium. These fungi produce lignin peroxidase which is manganese
dependent. This enzyme degrades the lignin part of biomass. Brown rot
fungi attack only the cellulosic part while soft rot fungi and white rot fungi
attack the whole biomass except the hemicellulosic part. High delignifica-
tion efficiency has been shown by white rot fungi on various lignocellulosic
feedstocks [39, 80]. An effective and significant lignin removal has been
reported by fungus Ceriporiopsis subvermispora, on various feedstocks by
combined action of laccase and manganese peroxidase [81]. 24.2-56.5%
glucose yield was obtained, which was 2-3 times higher.

Phanerochaete chrysosporium was used for the pretreatment of rice
husks which resulted in 44.7% of total reducing sugars [82]. White rot
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basidiomycetes (e.g., Lepista nuda, Trametes versicolor, Phanerochaete
chrysosporium, Fomes fomentarius, Ganoderma resinaceum, Euc-1, Irpex
lacteus, and Bjerkandera adusta) were used for wheat straw treatments by
submerged and solid state fermentations. Fungal strain Tinea versicolor
was used for enzymatic hydrolysis which proved best among all these [83].
Streptomycin griseus was found effective for treatment of both softwood
and hardwood [84]. Hydrolysis and fermentation at high substrate con-
centration leads to enhance inhibitors concentration during the process.
Treatment with some enzymes like laccases has been found effective in
prevention of formation of inhibitory compounds [25]. Phenolic com-
pounds recovery from the leaves of Larrea tridentata was found 33% more
using combining biological treatment and methanol extraction methods
in comparison to only methanol extraction [85]. Advantages of biologi-
cal method of pretreatment include: no chemical involvement, low energy,
low capital cost and environmental friendly behaviour (Table 3.4). A major
limitation to use of biological pretreatment is the hydrolysis rate which is
much less [15]. Hence, more research is required on various isolates like
basidiomycetes fungi for quick and efficient delignification property.

3.3 Conclusion and Future Perspectives

Various pretreatment methods for lignocellulosic biomass to improve
bioethanol production process have been described in this chapter. These
methods should make the biomass accessible to hydrolytic reactions where
cellulose crystallinity, its accessible surface area, lignin degradation and
hemicelluloses removal are the main substrate-related parameters which
affect the hydrolysis process. Table 3.1 summarizes the effect of different
pretreatment technologies on the lignocellulosic structure. In this study,
process economic impact of the different pretreatment methods has also
been shown, which is related to capital and operating cost in Table 3.2.
Among all the methods described above, chemical and physico-chemi-
cal methods are most effective and promising for industrial applications
currently. Comparison of some of the important pretreatment routes is
presented briefly in Table 3.3 while positive and negative aspects of all
methods are described in Table 3.4. It has been concluded from this study
that pretreatment reactors cost is often inversely proportional to pretreat-
ment catalyst recovery or ethanol product recovery cost, i.e., they are often
counterbalanced. However, these results serve only as a guide and should
not be considered as a basis, as variation in the development state of each
technology was not made. To increase sugar yields, efficient conversion of
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hemicellulosic sugars is an important task which reduces overall ethanol
production cost.

A major bottleneck in pretreatment technology is the presence of lig-
nin, a major inhibitor of cellulose and hemicelluloses hydrolysis. Extensive
research has been done for the development of various processes to over-
come this problem. From this study, it is concluded that no treatment
technology is able to convert 100% biomass into monomeric fermentable
sugars. Biomass loss is always there, which affects the final yield of process
and increases bioethanol cost. Hence, extensive research is needed in this
area either to develop a new efficient treatment technology or to upgrade
an existing process for promising results.
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Abstract

Bioethanol is becoming a better alternative to fossil fuels. Production of etha-
nol by using edible feedstock such as grains, sugarcane etc., became a point of
concern in terms of the food supply and demand. In such a scenario lignocellu-
losic biomass that includes nonedible feedstocks opened up a new avenue for the
second-generation bioethanol production. Lignocellulosic bioethanol production
is composed of three major steps: pretreatment, enzymatic hydrolysis and fermen-
tation. The main factor restraining the commercialization of bioethanol lies in the
development of the enzymatic hydrolysis step. During the enzymatic hydrolysis
step carbohydrates (cellulose and hemicelluloses) polymers get converted into free
monomeric sugars. The major problems associated with enzymatic hydrolysis are
cost of the enzyme, higher incubation time for complete degradation of carbo-
hydrates, inhibition of enzyme activity in the presence of phenolic compounds
and thermal inactivation of cellulase enzyme. The present article discusses recent
trends and development of the enzymatic hydrolysis process for cost-effective bio-
ethanol production. In this review the authors cover the following points: devel-
opment of cellulase-producing organisms, the enzyme production process, the
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improvement or enhancement of enzymatic hydrolysis and its future prospects for
commercial lignocellulosic bioethanol production.

Keywords: second-generation bioethanol, lignocellulosic biomass, cellulase
enzyme, enzymatic hydrolysis

4.1 Introduction

The steady increase in energy demand and the limiting of fossil fuels are
creating an energy gap which poses a serious need for alternative energy
sources. The best way to fill this energy gap is the use of sustainable sources
of energy, i.e., renewable. Bioethanol is one such promising renewable
energy source which is capable of replacing fossil fuels usage partly because
of its higher energy density, greater air-fuel ratio, more specific energy and
heat of vaporization [1].

Bioethanol is differentiated as first- and second-generation ethanol based
on the raw material used. First-generation bioethanol is derived from food
crops such as corn and sugar cane while second-generation converts ligno-
cellulosic biomass. But due to controversy of food versus energy, ethanol
production from lignocellulosic substrates has gained significant interest
as a wide variety of feedstocks can be used as materials with no significant
competition with the food chain. The majority of the process cost of ethanol
production is dependent on the cost of raw material and in such a scenario,
lignocellulosic biomass has made the process commercially feasible.

Lignocellulosic bioethanol production highly depends on two promis-
ing steps, which are pretreatment and saccharification. Pretreatment is the
critical step of removing the lignin because the extent to which the biomass
becomes accessible to the enzyme for saccharification highly depends on
the type of pretreatment employed. Apart from the pretreatment process,
another significant step is the efficient hydrolysis during saccharification
of lignocellulosic substrates as it is the rate limiting step towards techno-
economical feasibility of lignocellulosic bioethanol. Enzyme cellulase cata-
lyzes the hydrolysis of cellulose by breaking the 1, 4-f-glycosidic bonds
in between the cellulose chain of biomass. Complete use of carbohydrate
components in lignocellulosic biomass is reliant on the improvement or
development of cost-effective/cheaper technologies for cellulase produc-
tion, and also on the development of enzymatic hydrolysis of carbohydrate
components to monomeric sugars (hexoses and pentoses). A previous
study revealed that enzyme production is the most expensive step in lig-
nocellulosic ethanol production [2]. It covers approximately 40% of the
total cost. So, for commercial lignocellulosic bioethanol production
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development of cost-effective cellulase production technology is needed.
Therefore, the present chapter discusses the current status of enzymatic
hydrolysis to provide insight into the hydrolysis/saccharification process.

4.2 Hydrolysis/Saccharification

The saccharification process, i.e., the hydrolysis of cellulose and hemicel-
luloses, can be carried out mainly in two ways, i.e., biological (enzymatic)
and chemical (acidic). The acidic reaction is done by using either dilute
or concentrated acid. The enzymatic process has several benefits such as
low toxic compound generation, high product yield, less chemical require-
ments, etc. (Figure 4.1).

4.2.1 Cellulase

The cellulases enzyme system is a mixture of endo-f-glucanase (EC 3.2.1.4),
exo-f-glucanase (EC 3.2.1.91) and 3-glucosidase (EC 3.2.1.21). Cellulase
acts on cellulose in the following manner: endo-f-glucanase acts randomly
inside the cellulose chain, exo-f-glucanase acts on the external end of the
cellulose chain and S-glucosidase degrade cellobiose into glucose or free
monomeric sugar (Figure 4.2).

Individual enzymes are not capable of degrading the cellulose chain to a
monomeric unit, hence synergistic action leads to a proper saccharification.

/5 N

Dilute acid hydrolysis T ____-

a) Carried out at 200-240 °C to n, ;L [aW Lt
disrupt cellulose crystals L ", \ Y
b) Hexose and pentose degradation e ’\
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Figure 4.1 Saccharification process for lignocelluosic material.
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Figure 4.2 Schematic representation of cellulase mediated hydrolysis.

Major synergism has been noticed firstly between endo and exo-f-
glucanase and secondly between exo-fS-glucanases which act from both
reducing and nonreducing end. 3-glucosidase overcomes catabolic repres-
sion by preventing accumulation of cellobiose.

4.2.2 Screening of Cellulase-producing Microorganisms

There are several bacteria and fungi microorganisms capable of produc-
ing cellulase for the saccharification. Bacteria have a very low growth rate
and require anaerobic growth conditions, therefore fungal cellulase have
been mostly used for the given purpose (Table 4.1). The fungal cellulases
production system works on the repressor/inducer phenomena where cel-
lulose or other oligosaccharide act as inducers while glucose or other easily
metabolized carbon sources act as repressors.

Trichoderma and Aspergillus are the most studied microorganisms for
cellulase production. The crude enzyme extract of these microorganism are
available for commercial use. Trichoderma produce endo-f-glucanase and
exo-f-glucanase in higher quantity and f-glucosidase in lower quantity. In
the case of Aspergillus, it produces endo-f-glucanase and f3-glucosidase in
higher quantity and exo-f-glucanase in lower quantity. It was reported that
Trichoderma reesei QM-9414 is one of the best cellulase producers [13].
Later it was subjected to mono-colony isolation to obtain Trichoderma
reesei KY-746. The mutated version gave higher cellulase activity [13].

Aspergillus niger is an important fungal strain for higher cellulase
production. Aspergillus niger is a group of nine genera, and among them
some possess higher potential of cellulase production. Different sci-
entists have reported various media for cellulase production by using
Aspergillus niger [14-16]. Abostate et al. [17] reported isolation of five
potential Aspergillus sp. for cellulase production. They reported maximum
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endo-B-glucanase production in the case of Aspergillus MAM-F23. A
previous study reported use of sorghum straw as a potential substrate for
cellulase production [18]. Using A. niger under submerged fermentation,
maximum cellulase production (0.77 IU/mL) was reported using sor-
ghum straw as substrate, and lowest cellulose production (0.28 IU/mL)
was reported using wheat straw as substrate. Maurya et al. 2012 [19] used
Trichoderma reesei NCIM 992 for cellulase production under solid state
fermentation. Kurup et al. (2005) compared cellulase production by dif-
ferent bacteria using water hyacinth as substrate. They found maximum
cellulase production of 216 FPU/gds. Amira et al. 2012 [20] found higher
xylanase activity (14.41 FPU/mg) using Aspergillus niger under solid state
fermentation. Kumar ef al. 2012 [21] reported maximum CMCase produc-
tion (7.814 U/mg) from Paenibacillus polymyxa. Nair et al. 2008 [22] iso-
lated 34 fungal strain strains for cellulase and xylanase production and they
reported maximum cellulase production using Trichoderma sp. SBS60 and
maximum xylanase production using Aspergillus sydowii SBS45. Ali and
El-Dien 2008 [23] reported use of two different strains (Aspergillus niger
and Aspergillus nidulans) for fungal cellulae production on water hyacinth.

4.2.3 Cellulase Production

Initial cellulase production was attempted on liquid culture but due to
accumulation of free sugar catabolic repression took place, which ham-
pered the cellulase synthesis during the microbial growth. Fed batch
or continuous mode culturing can overcome the issue but adds to the
overall cost.

Cellulase production on the agro industrial residues through solid
state fermentation (SSF) is one of the promising technologies in terms of
reduced processing cost. Carbohydrate moieties present in these cheap
residues act as a carbon source for fungal growth. For cellulase produc-
tion different substrates, such as wheat bran, rice straw, corn cob, sorghum
straw, groundnut shell, cotton flower, saw dust, eater hyacinth, etc., have
been reported [17, 24]. Table 4.2 shows the cellulase production under
solid state fermentation by different fungal strains.

4.2.4 Factors Affecting the Cellulase Mediated Hydrolysis

Cellulase mediated hydrolysis consists of primarily three steps:
Adsorption of cellulase enzymes onto the surface of the cellulose

1. Bioconversion of cellulose to fermentable sugars
2. Desorption of cellulase
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Table 4.2 Cellulase (CMCase) production by different fungal strains under SSF
condition.

Microorganisms CMCase activity (IU/gds) Reference
Aspergillus niger 25.20 [25]
Fungal strains CG-10 29.04 [26]
Bacillus licheniformis 2.11 [27]
A. niger NRRL 567 425.3 [28]
Trichoderma atroviride 90.43 [29]
Aspergillus niger HN-1 416.3 [30]
Aspergillus awamori 19.00 [31]
Aspergillus fumigatus 75 526.30 [32]
Trichoderma sp. 172.31 [33]
Humicola insolens TAS-13 18.98 [34]

3. The governing factors for these steps are mainly substrate
concentration, enzyme dosage and reaction conditions.

At low substrate concentration the reducing sugar yield and reaction
rates are increased but at high substrate concentration the reducing sugar
yield and reaction rates are decreased. At high substrate concentration
the decrease in the reducing sugar yield and reaction rates are due to end
product inhibition of cellulase enzyme. Mojovic et al. 2006 [35] reported
lower substrate concentrations were more suitable in order to avoid sub-
strate inhibition. The authors found that at 16% suspension of corn flour
the glucose yield was 76%, while when a 40% suspension was hydrolyzed
the yield was only 50.2%.

High enzyme dosage enhances the reducing sugar yield but at the
same time significantly increases the processing cost. Therefore, selec-
tion of optimum parameters such as temperature, pH, and incubation
time at low enzyme dosage can be one approach to overcome the issues.
Mahamud and Gomes [36] reported use of crude Trichoderma cellulase
for enzymatic saccharification of alkali pretreated sugarcane bagasse.
They reported maximum degree of hydrolysis (37.29%) at 50 °C. Ahmed
et al. [37] reported that enzymatic saccharification of alkali treated
bagasse rapidly increased up to 8 h and the rate of this increase was
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Table 4.3 Effect of additive on cellulase mediated hydrolysis.

Additives Reference

Addition of Ca(II) and Mg(II) results in lignin- metal [42]
complex formation

poly(ethylene oxide) polymer (PEO) and poly(ethylene [45]
glycol) (PEG)

Surfactants and bovine serum albumin [46]
(Tween 20, Tween 80, Triton X-100, Agrimul and SDS)

Ammoniation and various N compounds [47]

substantially reduced at later stages. Han et al. [38] reported maximum
reducing sugar yield (341.87 mg/g dry substrate) from alkali pretreated
wheat straw at 55 °C using cellulase produced from Penicillium waks-
manii. The variation in temperature was due to different species used
for cellulase production. Moreover, the hydrolysis rate was influenced
by the duration of the hydrolysis process [39]. Saha et al. [40] achieved
maximum reducing sugar yield (554 mg/g dry substrate) after 72 h of
saccharification of dilute acid pretreated wheat straw at 45 °C. In the
case of alkali pretreated wheat straw maximum reducing sugar yield
(343.95 mg/g dry substrate) was obtained after 30 h of enzymatic sac-
charification [38].

Jeya et al. 2009 [41] reported optimization of enzymatic sacchari-
fication of alkali-treated rice straw by using CCD based RSM. The
authors found a maximum saccharification rate of 88% at an enzyme
concentration of 37.5 FPU/g-substrate after optimization of the hydro-
lysis parameters. Liu et al. 2010 [42] used CCD based RSM for opti-
mization of enzymatic hydrolysis of recycled pulp. Phuengjayaem and
Teeradakorn, 2011 [43] reported that maximum yield of glucose was
0.366 g/g dry substrate at the optimal condition: 1.0-2.5% of the acid
pretreated sweet sorghum straw, 30 FPU/g-substrate of cellulase, pH
3-5, at 30-50 °C in 96 h. Higher reducing sugar yield in short incuba-
tion time is required for improved process economics of bioethanol
production [44].

Lignin has also an adverse effect on cellulases. It affects the whole pro-
cess by nonproductive adsorption and irreversible binding of enzymes
which limits the accessibility of cellulose to cellulase. Various methods
have been used to eliminate lignin inhibition (Table 4.3).
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4.3 Future prospects of enzymatic hydrolysis

The saccharification process, though it seems similar, faces various bottle-
necks which are both technical and economical. Technical problems associ-
ated with the process are inefficient cellulase adsorption and efficacy due to
limited accessible substrate surface, end product inhibition and lignin, while
economic issues are related to cost of raw material, cellulase enzyme, etc.
Hence, the current cellulase mediated hydrolysis problem needs to be taken
care of for further advancement of lignocellulosic-bioethanol technology.
Use of genetically modified cellulolytic organisms by cloning cellulase cod-
ing sequences into bacteria, fungi and plants is recommended to increase
the cellulase yield and productivity under stress conditions. Even genetically
engineered raw materials with higher carbohydrate content and low lignin
content could reduce the cost. Simultaneous saccharification and fermen-
tation (SSF) is also considered to be cost-effective by overcoming the end
product inhibition. There is a serious need to understand the mode of action
of the critical factors that control interactions between biomass, cellulase and
inhibitory compounds. This knowledge will provide a new avenue to identify
better pretreatment and saccharification strategizes as per industrial needs.
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Abstract

Pretreatment is the most critical and expensive step for the production of bio-
ethanol in the case of lignocellulosic biomass rather than the starchy biomass.
Pretreatment methods can be divided into four major types, namely physical,
chemical, physico-chemical and biological. An effective pretreatment process of
biomass aims for removal/breakdown of lignin to make the complex polymeric
carbohydrate molecule accessible to hydrolyzing agents like acids or enzymes
along with minimal loss and/or degradation of monomeric sugars, negligible
production of inhibitory and toxic products, reduction in energy demands, and
with reduced corrosion, time consumption and process costs. Biological pre-
treatment can be considered as a greener way for degradation and/or removal of
hemi-cellulose and lignin seal by various microbes among all other pretreatment
methods. Fungus like brown rot attacks on cellulose while white and soft rot fungi
attack both on cellulose and lignin. Basidiomycetes white rot fungi were found
most effective in delignification. The present chapter reviews different lignocel-
lulolytic bacteria and fungus for their efficacy and the enzymes they produce.

Keywords: Bio-ethanol, starchy biomass, lignocellulosic biomass, pretreatment,
glucose

5.1 Introduction

Due to the unexpected depletion of the world’s energy supply, interest in
alternative sources of energy has increased globally (John et al., 2011).
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Among all other liquid biofuels used for motor vehicles, bioethanol is the
most widely used (Demirbas et al., 2005). Bioethanol is a burning biofuel
that does not contribute to global warming because the carbon dioxide pro-
duced by the combustion of ethanol is consumed by growing plants and can
be considered as a zero carbon source of energy. Currently, most bioethanol
is produced from food and feed crops such as sugar cane (Brazil, South
Africa) and corn starch (United States), which is leading to an imbalance in
food security. Hence, lignocellulosic materials such as agricultural wastes or
residues, energy crops, pulp paper industry waste, kitchen waste and munic-
ipal waste rich in carbohydrates have been of great interest in the world of
research into bioethanol production and found to be a promising substrate
(Sarkar et al., 2012). The use of this lignocellulosic substrate as raw mate-
rial for biofuel production requires some processing prior to fermentation
by microorganism, as the microorganisms are unable to convert complex
lignocellulosics into biofuels. They can only utilize the simpler fermentable
sugars. The processing steps involve: firstly size reduction to increase the
surface area, then pretreatment to delignification or breaking the crystal-
line structure of cellulose, after that hydrolysis of carbohydrates to break
polymeric chains of cellulose/hemicellulose into monomeric fermentable
sugars. Pretreatment and/or hydrolysis are the major cost-consuming steps
involved in bioethanol production (Taherzadeh et al., 2007). Hence it has
become important to look for the development of new processes or improve-
ment in existing technologies for the conversion of other readily available,
low-cost substrate into the simpler fermentable sugars (Zabed et al., 2014).
Several pretreatment methods have already been developed by researchers
around the world, which include physical, chemical, physico-chemical and
biological pretreatments. The major goals of pretreatment methods are:

« Maximum delignification

o Maximum breakdown of crystalline structure of cellulosic
polymer

o Minimum toxic and inhibitory product formation

« Minimum degradation of carbohydrate

» Economically cheaper in cost

+ Reduced requirement of recovery of spent chemicals

« Ecofriendly

» Maximize renewable sources

 Production in large quantity

« Potential environment benefits

(Parveen Kumar et al., 2009)
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For a particular lignocellulosic biomass a specific or combination of
two or more pretreatment methods is required to achieve the goals of pre-
treatment. Each pretreatment method has different advantages and disad-
vantages over others. The selection of a particular pretreatment method
depends on the type of lignocellulosic biomaterial and the goals of pre-
treatment. This chapter focuses on the biological pretreatment methods.
The advantage of biological pretreatment is that it requires milder reaction
conditions, i.e., pH near to neutral, room temperature, atmospheric pres-
sure, ecofriendly, maximize renewable sources, production in large quan-
tity, potential environment benefits, doesn’t require any recovery of spent
chemicals (Parveen Kumar ef al., 2009). The only disadvantage is that it is
quite slower as compared to other pretreatment methods. Bioethanol has
been produced from different lignocellulosic materials (John et al., 2011)
like crop residues (Kim and Dale 2004), municipal solid waste (Mtui and
Nakamura 2005), forest product industry wastes (Kadar et al., 2004), and
leaf and yard waste (Lissens et al., 2004) as well as dairy and cattle manures
(Wen et al., 2004).

There are several challenges involved in making the process of bio-
ethanol production from lignocellulosic materials economical and
feasible. Unlike sucrose and starch-based ethanol production the ligno-
cellulosic materials require different processing to make the carbohy-
drates accessible to the hydrolyzing agent. Therefore, the first challenge
is the pretreatment of lignocellulosic materials to break the crystalline
structure of cellulose and to remove lignin, thus improving the yield
of fermentable sugars. The second challenge is to hydrolyze the ligno-
cellulosic biomass with maximum yield of fermentable sugars at low
cost. The final challenge is to ferment the pentose sugars along with
hexose sugars which account for more than 20% of the total carbohy-
drate content of lignocellulosic biomass. The most commercial yeast S.
cerevisiae and Zymomonas mobilis are unable to ferment pentose sugars.
Pachysolen tannophilus, S. stipitis and Candida shehate can ferment pen-
tose sugars, but limited due to of low ethanol tolerance and poor ethanol
productivity (Saha et al., 2003).

5.1.1 Different Source for Bioethanol Production

In contrast to fossil fuels, bioethanol is a renewable energy source, which
can be produced by the sugars fermentation. The use of corn starch, sugar-
cane or cereal-based ethanol production technologies may create a prob-
lem with food security as they come under the category of food crops and
their production for energy will compete with the limited agricultural
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land required for food and feed production. For the economical produc-
tion of ethanol, lignocellulosic materials, like crop’s remnants, grasses,
sawdust, wood chips, solid animal waste, and industrial waste could have
huge potential (Sun & Cheng, 2002). Woody crop residues, rice husk and
bagasse can be considered for the production (Ravindranath et al., 2005).
The waste water from food and agro-based industries accounts for 65-70%
of the total industrial waste water in the form of organic load (Pachauri &
Sridharan 1998).

5.1.2 Lignocellulosic Materials

Lignocellulosic biomass has the huge potential to extensively reduce the
production cost because it is cheaper than corn and sugarcane and is also
available in abundant quantity. Lignocellulosic feedstock includes agricul-
tural residues (wheat straw, corn stover, rice straw, bagasse, grasses, etc.),
forest residues, wood-based industrial waste and other low-value biomass
like municipal solid waste. Lignocellulosic biomass are mainly composed
of cellulose, hemicellulose and lignin; the close association of all these
makes a complex crystalline structure of lignocellulose. Table 5.1 shows
the amount of cellulose, hemicellulose and lignin in different lignocellu-
losic materials. Figure 5.1 shows the general structure of lignocellulosic
material.

Table 5.1 Composition of different lignocellulosic biomass (Jorgensen et al.,
2007).

Lignocellulosic biomass | Cellulose (%) | Hemicellulose (%) | Lignin (%)
Switch grass 45 314 12
Coastal Bermuda grass 25 35.7 6.4
News paper 40-55 25-40 18-30
Grasses 25-40 35-50 10-30
Corn cobs 45 35 15
Softwood 45-50 25-35 25-35
Hardwood 40-55 24-40 18-25
Paper 85-99 0 0-15
Wheat straw 30 50 15
Leaves 15-20 80-85

Cotton seed hairs 80-95 5-20
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Figure 5.1 Structural of cell wall of lignocellulosic biomass (Daniela et al., 2011).

5.1.3 Cellulose

Cellulose is found in the cell wall of all plants and is characterized as
the structural component of the plants in the form of cellulose micro-
fibrils. It represents the major component of plants and is the most
abundant biomaterial in the world. It is the linear polymer of glucose
monomer linked together by S(1>4) glycosidic bonds (see Figure 5.2).
Cellulose present in the secondary wall of higher plant ensures a range
of 7,000-14,000 degree of polymerization in contrast to primary wall
which has approx. 500-6,000 degree of polymerization (Richmond, 1991;
Clarke et al., 1996). Each anhydroglucose unit constructs a chain configu-
ration and cellobiose is the repeating unit of cellulose chain. The chemi-
cal reactivity of cellulose is determined by the main functional groups
present in it, i.e., hydroxyl groups and glycosidic bonds (Fan et al., 1987).
The free hydroxyl groups of cellulose macromolecule forms a number of
intra- and intermolecular hydrogen bonds to give different ordered crys-
talline arrangements (Hermans et al., 1949). These intra- and intermolec-
ular hydrogen bonds form a highly ordered crystalline macro-molecular
structure of cellulose. Approximately 100 cellulose chains together form
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Figure 5.2 Structural of cellulose (Beguin et al., 1994).

the elementary fibrils of the diameter range 4-5 nm. Elementary fibril on
combination forms microfibril of 10-30 nm diameter (Fengel & Wegener,
1983, Zhang & Lynd, 2004, Fan et al., 1987). Four principal allomorphs of
cellulose have been identified: cellulose I, II, III, IV (Fengel and Wegener,
1983) and can be differentiated by its characteristic X-ray diffraction pat-
tern. Advances in characterization of cellulose ultrastructure have shown
that within all four allomorphs, subgroups exist. Cellulose I is the natu-
ral form of cellulose and apparently most abundant. It has a highly com-
plex three-dimensional structure and is not yet fully resolved due to the
coexistence of two different crystalline forms, cellulose Ia and I (Atalla,
& Vanderhart, 1984). Cellulose I can undergo an irreversible transition to
form a stable crystalline form, cellulose II, through two different processes:
regeneration and mercerization. Treatment with ammonia or certain amine
like ethylene diamine converts the cellulose I or cellulose II into cellulose
III. Cellulose II on treatment with glycerol at high temperature transforms
into cellulose IV (Chanzy et al., 1978, Chanzy et al., 1979).

5.1.4 Hemicellulose

Hemicellulose is the second most abundant polymer of plant biomass. It is
bound with cellulose and lignin component by covalent and non-covalent
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Figure 5.3 General structure of Hemicellulose [web: 4].

bonds in the cell wall (Saha et al., 2003). Hemicellulose is a complex car-
bohydrate as compared to cellulose (Figure 5.3). Hemicelluloses are easily
soluble in alkaline solution while cellulose is insoluble. Based on the com-
position and intra-structural bonding hemicelluloses are categorized into
xylans, heteroxylans, galactomannan etc. The composition of all these frac-
tions varies in different wood species. Softwood hemicellulose is mostly
composed of glucomannan while hardwood hemicellulose is made up
of xylans mainly. In some softwood like larchwood, a significant amount
of arabinogalactan is found while in other softwood less than 1% arabi-
nogalactan is found (Alén et al.,, 2000). Arabinogalactan is partly and
fully soluble in water. In general, grasses contain 20-40% arabinoxylan
(arabino-40-methylglucurono-xylan) with different ratio arabinan and
xylan (Clarke et al., 1997).

5.1.5 Xylan

The general structure of xylan is shown in Figure 5.4. Pure deacety-
lated xylan forms crystalline hexagonal platelets with different layers
of approximately 5nm thickness. Side groups of acetyl or arabinose or
uronic acid inhibit the formation of strict molecular order of xylan.
X-ray diffraction pattern shows a trigonal unit of xylan monohydrate,
and with an increase in moisture, increase in cell size can be observed
(Fengel and Wegener, 1983).

Hardwood hemicellulose is generally made up of xylans dominantly
(Saha et al., 2003) and joined with groups of 4-O-methylglucuronic acid
(Me-GluU) with an (1-2)-glycosidic linkage with xylose units. O-acetyl
substitutes many —~OH groups at C2 and C3 of xylose units. Hardwood
xylans have very short chains with two to three branching points, linked
together at C3 of backbone. The average degree of polymerization of
xylan lies in the range of 100-200. Smaller amounts of rhamnose and
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Figure 5.4 General structure of xylan [web: 5].

galactouronic acid are also found to be associated with the main chain
of hardwood xylan (Clarke et al., 1997). In contrast to hardwood, soft-
wood lacks acetyl group and is composed of arabinofuranose units linked
by a-(1-3)-glycosidic bonds to the xylan backbone. Xylans with higher
molecular weight contain increased number of arabinose units and more
branching points. Arabinofuranose units are esterified with p-curamic
acid and ferulic acid (Fengel and Wegener, 1983).

5.1.6 Lignin

Lignin can be characterized as a polyphenolic material growing pri-
marily from enzymatic dehydrogenetive polymerization of three
phenyl-propanoid (p-hydroxycinnamyl alcohols) units named trans-
coniferyl alcohol, trans-sinapyl alcohol and trans-p-coumaryl alcohol.
It is an amorphous structure due to highly cross-linked structural units
(Figures 5.5 and 5.6). The degree of polymerization of lignin ranges from
450-500. Lignin serves a dual purpose in the woods. It acts as binder
between cells and imparting rigidity to the cell walls. It can also be defined
as thermoplastic high molecular-mass material considering its polymeric
properties (Alén, 2000; Wayman & Parekh et al., 1990). Lignin in the plant
cell wall is also responsible for the resistance towards microbes and chemi-
cals (Himmel et al., 2007).

Different molecular structures of lignin have been found in softwood,
hardwood and grasses. Normal softwood lignin is mainly derived from
the guaiacyl units mostly originated from trans-coniferyl alcohol (90%)
and the remainder consists of trans-p-coumaryl alcohol. Hardwood lignin
is also known as “guaiacyl-syringyl lignin” and is composed of trans-
coniferyl alcohols and trans-sinapyl alcohols in varying ratios. Grass lig-
nin is termed as “guaiacyl-syringyl lignin”, though it additionally contains
significant amount of trans-p-coumaryl alcohol derived structural ele-
ments (Sakakibara & Sano, 2000). The building blocks as mentioned above
are linked together by ether (C-O-C), carbon-carbon (C-C) or ester bonds
(C-O-0O-C). Out of all the linkages present two-thirds are of ether type link-
ages between phenolic ring and one of the side chain carbon at a different
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Figure 5.5 Partial structure of a hypothetical lignin molecule from European beech
(Fagus sylvatica). The phenylpropanoid units that make up lignin are not linked in a
simple, repeating way. The lignin of beech contains units derived from coniferyl alcohol,
sinapyl alcohol, and para-coumaryl alcohol in the approximate ratio 100:70:7 and is
typical of angiosperm lignin. Gymnosperm lignin contains relatively fewer sinapyl alcohol
units (Nimz et al., 1974).
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Figure 5.6 Structure of lignin (Perez et al., 2002).
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position (3-O-4, a-O-4, y-O-4). The second most dominating linkages are
the carbon-carbon linkages between two phenolic rings or between side
chain carbon and phenolic ring or between two side chain carbons. The
ester linkages are found typically less than 10%. Phenolic hydroxyl, ali-
phatic hydroxyl, methoxyl and carbonyl are the most common functional
groups found in the lignin. Isolated lignin shows maximum solubility in
dioxane, acetone, methyl cellosolv, tetrahydrofuran, dimethyl formamide
and dimethyl sulfoxide (Alén, 2000).

5.1.7 Lignin Carbohydrate Interactions

Different studies have shown a close and tough association of hemicellu-
lose and lignin; this interaction could be physical or chemical. This asso-
ciation between hemicellulose and lignin is termed as lignin carbohydrate
complex. Different covalent linkages such as benzyl ether, benzyl ester and
phenyl glycoside etc. are found in this lignin carbohydrate complex. In
hardwoods mainly ester and glycoside linkages are observed whereas in
softwoods all kinds of linkages are found. Side groups of hemicellulose such
as L-arabinose, D-galactose and 4-O-methyl-D-glucuronic acid and main
chain end groups of xylan and glucomannan form linkages with functional
groups. Glycosidic bonds involve the reducing end group of hemicellulose
chain and the hydroxyl group of lignin. Ether and ester bonds are formed
at a-carbon location in phenyl propane units. Ether linkages in the com-
plex of lignin and carbohydrate are much more stable than all the other
type of linkages. Range of the molecular weight of these complexes varies
from 600-15,000 (Alén, 2000; Fengel & Wegener, 1983).

5.2 Pretreatment

5.2.1 Pretreatment

The abundance of lignocellulosic biomass with low cost and high carbohy-
drate content, nearly equal to the starch content of corn and other grains,
makes it attractive feedstock for bioconversion to ethanol. The heteroge-
neous composition and complex structure of lignocellulosic biomass along
with the recalcitrant nature of cellulose poses the major difficulties in the
bioconversion scheme of biomass to ethanol. The highly crystalline struc-
ture of cellulosic fibers makes it very resistant to acid and enzyme-based
hydrolysis (Grohman et al., 1993). Thus, pretreatment becomes the impor-
tant process in the bioconversion of lignocellulosic materials. The major
goal of any pretreatment method is to alter or eliminate structural and
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compositional obstacles to hydrolysis in order to improve the hydrolysis
rate and increase the yield of fermentable sugars from carbohydrate con-
tent of lignocellulosic biomass (Mosier et al., 2005). The effect of pretreat-
ment on lignocellulosic biomass for accessibility of hydrolytic enzyme.
A suitable pretreatment process must have the following properties:
(i) increase the formation of sugars or ability to subsequently form sug-
ars by hydrolysis, (ii) carbohydrate degradation or loss must be avoided,
(iii) toxic compound formation should be avoided which may inhibit the
subsequent hydrolysis or fermentation process and (iv) it must be cost
effective (Silverstein et al., 2005). The pretreatment facilitates the acid or
enzyme catalyzed hydrolysis by promoting the physical and chemical dis-
ruption of lignocellulosic matrix. Pretreatment can have significant infer-
ences on the assembly and productivity of the rest of the process and finally
on economics (Mabee et al., 2006). Recently various techno-economic
studies have been executed to assess the cost and performance of pretreat-
ment technologies (Hamelinck et al., 2005, Eggeman & Elander et al., 2005,
Chen et al., 2007). Studies show that pretreatment is an important factor
involved in the success of the cellulosic bioethanol production technology,
since it defines the extent to and cost of conversion of cellulose and hemi-
cellulose to bioethanol. There is a large scope in lowering the cost of pre-
treatment process and it could only be possible through extensive research
and development approaches (Chandel et al., 2007a). The major challenge
in cellulosic bioethanol production is to make the pretreatment process of
lignocellulosic material cost effective (Hamelinck et al., 2005). There are
many different methods of pretreatment process such as mechanical pre-
treatment ( Rivers & Emert, 1987), steam explosion (Brownell & Saddler,
1987, Zhang et al., 2008), ammonia fiber explosion (Alizadeh et al., 2005,
Teymouri et al., 2004, Teymouri et al., 2005), supercritical CO, treatment
(Kim & Hong, 2001), alkali or acid pretreatment (Silverstein et al., 2007,
Martin et al., 2007, Champagne, 2007), biological pretreatment (Patel et al.,
2007), etc. Different pretreatment methods and their applications are given
in Table 5.2.

5.3 Microbial Pretreatment Process

5.3.1 Fungi

Fungus is the group of eukaryotic organisms which are highly important
in different biological applications. Many fungal species are normally used
in biological pretreatment e.g., brown, white and soft rot fungi. Brown
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rots mainly attack cellulose, whereas white and soft rots attack both cel-
lulose and lignin. Some enzymes are required to break the cellulose pres-
ent in the lignocellulosic material. Hydrolysis of cellulose is carried out
by cellulase enzyme, which is a mixture of endoglucanases which helps
in the generation of free chain ends of molecule, exoglucanases enzyme
which breaks the molecule by removing cellobiose units and cellobiohy-
drolases using f-glucosidase, which hydrolyses cellobiose to produce
monomer of glucose/sugar. The endoglucanases attack the low crystal-
linity regions of the cellulose and create free chain ends of molecule. The
exoglucanases degrade the sugar chain by removing cellobiose units from
the free chain ends. The produced cellobiose unit is then cleaved and pro-
duced to monomer of glucose by enzyme f-glucosidase (Coughlan and
Ljungdahl, 1988). Enzyme hemicellulase cleave the bonds of cellulose and
hemicellulose respectively. Hemicellulolytic enzymes are a mixture of eight
enzymes such as endo-1, 4-f3-D-xylanases, exo-1, 4-88-D xylocuronidases,
a-L-arabinofuranosidases, endo-1, 4-8-D mannanases, f-mannosidases,
acetyl xylanesterases, a-glucuronidases and a-galactosidases (Jorgensen
et al., 2003). Lignin breakdown by white rot fungi occurs by the action
of two enzymes such as peroxidases and laccase (Lee et al., 2007). One
of this fungi, white rot fungi, are effective microorganisms for biological
pretreatment of lignocellulosic biomass (Sun & Cheng, 2002). In one study
on water hyacinth, when pretreated with white rot fungi and dilute acid
ethanol its yield increased by twofold over acid pretreatment (Ma et al.,
2010). After exposure to white rot fungi Stereum hirustum, affect biological
pretreatment on the red pine called Pinusdensi flora. S. hirsutum is con-
sidered as an effective potential fungus for biological pretreatment. When
Pinusdensi flora Japanese pine treated with fungi Stereum hirsutum which
enzymatically saccharified using commercial enzymes cellulase 1.5 L and
Novozyme 188 for the conversion to the monomer of sugar yield was
increased approximately to 21.0% compared to non-pretreated samples
(Lee et al., 2007). When white rot fungal pretreatment was combined with
the chemical pretreatment the biological pretreatment improved the per-
formance of non-fungal pretreatment. Physical pretreatment of hot water
treatment (170 °C for 3 min. at 110 psi) which altered the cell wall structure
of biomass and finally facilitated the degradation of soybean straw biomass
and the glucose yield, this was all carried out by the combination of liquid
hot water and fungal pretreatment, which reached about 65%. As com-
pared to chemical and thermal pretreatment, fungal pretreatment white
rot fungi is an environmentally friendly and energy-eflicient process (Wan
and Li, 2011 and 2012). Such processes offer advantages as low cost, low
energy, no chemicals requirement, and mild environmental conditions.
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However, the main drawback is the low hydrolysis rate and it requires care-
ful control of growth conditions with a large amount of space (Alvira et al.,
2010). It is done with the help of an enzyme like cellulase after pretreat-
ment of biomass to convert cellulose into fermentable monomers of sugars.
It is done under mild conditions because of the optimum range of enzyme
activity. Because of these reasons such as low corrosion problems, low util-
ity consumption, and low toxicity of the hydrolysates there are advantages
to this process.

The fungal pretreatment method, which affects in enzymatic hydro-
lysis process, applied for the fermentation to produce biofuel. After pre-
treatment of maize silage with enzyme cellulase, the yield of sugar was
increased to 90.1% which is a much higher conversion than hydroly-
sis of untreated maize silage which showed 62.3% (Popiel et al., 2008).
It shows that glucose yield from enzyme hydrolysis changes accord-
ing to the pretreatment process (Ingram et al., 2011; El-Zawawy et al.,
2011). Saccharification step is one of the critical steps for bioethanol
production where complex molecules are converted into simple mono-
mers of sugar. These enzymes used for hydrolysis can be produced by
fungi such as Trichoderma reesei and Aspergillus niger and/or bacteria
such as Clostridium cellulovorans (Arai et al., 2006). These enzymes are
highly substrate specific for enzyme activity to hydrolysis for the bio-
mass (Banerjee et al., 2010; Taherzadeh & Karimi, 2007b). Cellulose is
hydrolysed to monomer of glucose whereas hemicellulose gives rise to
various pentoses and hexoses sugars. Among the various cellulolytic
microbial species, Trichoderma is one of the most studied as cellulase
and hemicellulase producing fungal strains (Xu et al., 1998). One of the
fungi species, Trichoderma is able to produce two cellobiohydrolases and
five endoglucanases and three endoxylanases enzymes (Xu et al., 1998;
Sandgren et al., 2001). On the other hand, Aspergillus is very efficient in
8 glucosidase production (Taherzadeh & Karimi, 2007b). Trichoderma
cellulase supplemented with extra {3-glucosidase has been studied several
times (Krishna et al., 2001; Itoh et al., 2003 and Ortega et al., 2001). Many
fungi such as Phanerochaete, Humicola, Schizophillum, Trichoderma,
Penicillium, Fusarium, species also have been reported for cellulase pro-
duction (Sun & Cheng, 2002; Rabinovich et al., 2002). Various factors
influence monomer of sugars from lignocellulose biomass. These vari-
ous temperatures, pH and mixing rate are the main factors for enzymatic
hydrolysis of lignocellulosic biomass material (Taherzadeh & Karimi,
2007a; Olsson et al., 1996). Belkacemi and Hamoudi (2003) have studied
enzymatic hydrolysis of corn stalk hemicelluloses at 30 °C and pH 5.0.
Saccharification was 90% and sugar was released after 10 h.
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5.3.2 Bacteria

Different species of bacteria such as Clostridium, Cellumonas, Bacillus,
Microbispora and Streptomyces etc., are able to produce cellulase and amy-
lase (Rabinovich et al., 2002; Sun and Cheng, 2002). Hydrolysis of starchy
materials break down the starch into fermentable sugars called saccharifi-
cation. Hydrolysis of biomass is carried out at temperatures of 90 to 110 °C.
At low temperatures, hydrolysis of starchy waste is also possible and can
contribute further to energy savings (Sanchez et al., 2008). For the con-
version of starch into fermentable sugars, two types of pretreatment can
be used such as acid hydrolysis and biological hydrolysis which needs to
be performed. Each of these pretreatments has their own set of advan-
tages and disadvantages for use. Biological hydrolysis is chosen though
there is a high cost of enzymes and initial investment needed because of
the high conversion yield of glucose (Tasic et al., 2009). Amylase enzyme
(a-amylase, -amylase and glucoamylase) are employed for hydrolysis of
starchy biomass materials. These amylolytic enzymes are derived from var-
ious sources such as plants, animals and microorganisms. Microbial amy-
lases are in use commonly for hydrolysis of biomass (Kunamneni et al.,
2005). Enzyme a-Amylase randomly cleaves the 1,4 a-D-glucosidic link-
ages of amylose in the linear amylase chain. Another enzyme of amylase,
amyloglucosidase cleaves the 1, 6-a-D-glucosidic linkages at the branching
points of amylopectin as well as 1, 4-a-linkages of amylose also (Pandey
et al., 2000). Production of enzyme a-amylase showed under solid state
fermentation by Bacillus cereus MTCC 1305 has been used with wheat
bran and rice flake manufacturing waste as substrates. Wheat bran as car-
bon source used as highest enzyme production expressed as units per mass
of dry substrate approx. 94 U/g was observed. Production parameters of
wheat bran biomass were optimized an inoculum size of 10% volume per
mass. Substrate and moisture ratio showed as 1:1. Carbon sources, sup-
plemented such as glucose 0.04 g/g showed enhanced enzyme produc-
tion up to 122 + 5 U/g. It was the same when supplementation of nitrogen
sources was added as 0.02 g/g showed decline in enzyme production. For
this starch hydrolysis optimum amylase enzyme activity was observed at
55 °C, pH = 5. Some potato tubers were used and ground into a mash,
which was highly viscous. Mash viscosity was reduced by the pretreat-
ment of biomass using with mixed enzyme such as pectinase, cellulase and
hemicellulase. Starch in the pretreated mash was hydrolysate to maltodex-
trins by the action of enzyme a-amylase from 30 °C to 85 °C. SSF of this
starchy material mash was performed at 30 °C with the addition of enzyme
and supplements as glucoamylase and ammonium sulphate as nitrogen
source, respectively. In a specific case study, the addition of glucoamylase,
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supplement ammonium sulphate concentration and fermentation time
were optimized as at 1.65 AGU g/1, 30.2 mM and 61.5 h, respectively using
the response surface methodology (RSM) Using the optimized condition,
ethanol yield obtained 16.61% (v/v), which was equivalent to 89.7% of
the theoretical yield value according to RSM. Production of ethanol from
waste potato needs more attention because limited research conducted
about potato waste for ethanol production. The waste potato industry can
be an enriched carbon source for yeast during alcohol fermentation (Fadel
et al., 2000 & Liimatainen et al., 2004).

5.4 Conclusion

Selection of suitable raw material for bio-ethanol production is the major
concern regarding its worldwide commercial sustainability. Variations
in the price of raw materials and availability of feedstock for bio-etha-
nol production are totally dependent on geographic locations. In such
a context, waste lignocellulose-based materials have been proved to be
potential, easily available and economically viable material over the exist-
ing feed stock for bio-ethanol production. As recovery of simple sugars
from the lignocellulosic biomass is the major challenge, design of a suit-
able pretreatment method to facilitate the process plays a central role in
determining the market price of bio-ethanol. Physical, chemical and bio-
logical pretreatments are the vital methods for the conversions of simple
sugars from lignocellulosic biomass. A judicious combination of a chemi-
cal pretreatment method with biological pretreatment improved the
performance of the process in achieving maximum yield of simple sugar.
Being an eco-friendly process, biological (fungal, bacterial) pretreatment
is considered a highly promising pretreatment regime for lignocellulosic
biomass.
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Abstract

Biogas from anaerobic digestion (AD) has been identified as an important source
of clean energy that can make a contribution towards renewable energy pro-
vision in order to mitigate climate change. Many of the crops and agricultural
residues used in today’s AD systems consist primarily of lignocellulosic materials.
The efficiency of conversion of these feedstocks to biogas have been shown to
be improved through the use of physical, chemical or biological pre-treatments.
The benchmarking of commercial biogas plants throughout Europe demonstrated
several challenges that need to be addressed to further optimize biogas yield and
to improve its overall economics. Central to this is the need for more efficient
release of sugars from recalcitrant lignocellulose feedstocks. In this review we dis-
cuss AD and assess the use of pre-treatments for improved production of biogas
from agricultural residues and crops.

Keywords: Biogas, methane, anaerobic digestion (AD), lignocellulosic biomass,
pre-treatment

6.1 Introduction

Much research has been undertaken regarding the possibilities of anaerobic
digestion (AD) providing an alternative source of renewable energy to
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reduce CO, emissions from fossil fuels and partly replace fossil fuels as
they become increasingly unavailable [1-3]. AD is a four-stage process;
hydrolysis, acidogenesis, acetogenesis, and methanogenesis [4] (Figure 6.1)
whereby organic material (termed “substrate”) such as cattle effluent, food
waste and plant biomass, is broken down by microorganisms in the absence
of oxygen, to produce biogas and digestate [5]. The creation of such use-
ful products from organic waste has generated global interest in AD as a
means of waste valorisation. Additionally, research suggests that AD could
be more economical than bioethanol production, as AD uses less energy
in the unit processes to produce biogas than is used in the production of
alcohol-based transport fuels such as ethanol, and the output energy ratio
for methane is higher than that of alcohol-based biofuels [6]. AD perfor-
mance is measured by weighing the viability of the system inputs against
the product output, i.e., the biogas yield. Soluble chemical oxygen demand
(sCOD)), total solids (TS) and volatile solids (VS) are all methane yield indi-
cators [2, 7, 8]. An elevated sCOD indicates that microorganism activity is
occurring, and thus dictates the rate of digestion depending on how much
the sCOD is increased. TS and VS decrease with microorganism activity as
solid material is broken down and indicates increases in biodegradability.

The use of pre-treatments has been researched to investigate the pos-
sibility of increasing the digestibility of the substrate, and reducing the
residence time taken to produce these products, ie., improving the
efficiency of AD and making it more cost effective.
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Figure 6.1 The stages of the methane fermentation process [9].
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Although cattle effluent is one of the most well-researched AD sub-
strates on account of it being a problematic waste product, more recently
there has been a focus on plant biomass in the way of first-generation (1G)
feedstock, which includes food crops such as vegetable oils and grains [10],
and second-generation (2G) feedstocks, which are primarily lignocellu-
losic and consist of agricultural residues such as wheat straw [11], Maize
stover [12-14], oat straw [15], rye [16], barley straw [17, 18], sorghum for-
age, wheat straw [3], oilseed rape straw [19], grass silage [20-23], non-
herbaceous and herbaceous phytomass [7], as well as energy crops such as
miscanthus [24, 25], reed canary grass [26, 27], switch grass [28], willow
[29, 30], and Salix [31, 32] (Figure 6.2). Other feedstocks include fodder
maize and forage grasses [33-35]. The AD process can be categorized as
either liquid AD (L-AD) or solid-state AD (SS-AD), depending on the
total solids (TS) content of the feedstock that is being digested [36]. L-AD
is typically defined as containing 0.5-14.0% TS and is usually used for
liquid waste including cattle effluent and other animal manures; whereas
SS-AD contains 15-40% TS and is used for the treatment of lignocellulosic
biomass in addition to solid fraction municipal solid waste [4, 36]. The fact
that 1G feedstocks are primarily food crops has raised concerns about its
sustainability; the use of food crops for fuel is contestable when the global
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Figure 6.2 Biomass as a renewable feedstock [42].
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population continues to increase and demand for food and agricultural
land is rising [3, 37, 38]. In an attempt to overcome the problem of using
food crops, the possibilities of using 2G feedstocks are being explored. 2G
feedstocks are considered by some to be more sustainable than 1G feed-
stocks as they are derived from agricultural residues or energy crops, which
do not compete with food crops for land or fertilisers [3, 37]. In addition,
the abundance of low-value, high-yielding lignocellulosic biomass coupled
with their environmentally friendly features has strengthened the popular-
ity of 2G feedstocks as substrates for AD [39-41].

6.2 Feedstocks Available for AD

It is important to recognize that one of the key benefits of AD as an energy
production system is that it provides a closed energy cycle whilst disposing
of organic waste products, many of which would be destined for landfill.
Substrates include wastes from the agricultural, processing, food and drink
and domestic sectors. Agricultural waste ranges from livestock effluent
to crop residues, and it is these feedstocks which have been most widely
investigated in AD. However, the abundance of food waste at the post-
production stage of food production is well documented in the UK, and
must also be considered as a substrate for co-digestion in AD. It has been
calculated that 7 million tonnes of food are wasted by UK households each
year [43] and it has been suggested and demonstrated in German biogas
plants that the digestion of energy crops and plant residues combined with
food waste would be beneficial [44]. Co-digestion of carefully selected feed-
stocks to produce an optimal substrate would further enhance an already
promising energy generation process. More recently, there have been stud-
ies investigating the potential of algal derived biomass, on account of the
abundance of this organic matter. However, this chapter focuses on the
pre-treatment of lignocellulosic biomass and energy crops.

6.2.1 Lignocellulosic Feedstock Analysis and Substrate
Suitability

While ensiling is a common agricultural practice to preserve organic
biomass for long periods of time, research regarding the use of ensiled
feedstocks for AD is currently in its infancy. The principle of ensiling is
to promote an anaerobic lactic acid fermentation to stabilize plant mate-
rial at low pH in anaerobic conditions. To achieve this, plant material with
sufficient water soluble carbohydrate (WSC) content is harvested, wilted
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to a dry matter (DM) content of 25-30% DM and compacted and sealed
with plastic film which is impermeable to air. Residual oxygen is rapidly
depleted by aerobic micro-organisms and this creates conditions which
are favourable to lactic acid bacteria (LAB), which ferment WSC to lactic
acid resulting in a reduction in pH. For stable preservation it is necessary
to achieve a pH < 4.5. This can be facilitated by application of an LAB
inoculant or direct application of mineral or organic acids which prevents
deterioration of the organic matter by detrimental microorganisms such
as yeasts [45]. More recently, alkali treatments have been assessed for their
suitability for the ensiling process. The storage of feedstocks by ensiling has
been examined to determine whether or not ensiling can begin the pro-
cess of breaking down some of the recalcitrant cell wall bonds present in
the lignocellulosic material [45]. Ensiling is considered an economic stor-
age solution for wet feedstocks rather than drying [46]. Zheng et al. [46]
investigated the ensilage of sugar beet pulp (SBP), and found that together
with providing a suitable storage solution for this wet material, it also acted
as a biological pre-treatment which enhanced biofuel yield. Zheng et al.
[46] examined SBP for the production of ethanol biofuel as opposed to
biogas, although there has been some research in this area regarding the
use of ensiling as a biological pre-treatment for biogas production. A prob-
lem associated with ensiling is feedstock losses during the aerobic diges-
tion period, which then reduces the amount of available biomass for AD
[47]; however, Herrmann et al. [47] found that cutting the biomass smaller
resulted in a reduced biomass loss through aerobic digestion at the begin-
ning of the ensilage process. This study also found that cutting the plant
matter to shorter lengths resulted in an increase in harvesting and fuel
costs. There is a trade-off between gaining a higher methane yield and the
costs incurred in order to achieve such a yield; in order for AD to be viable,
the benefits must outweigh the costs.

Lignocellulosic biomass is increasing in popularity as a feedstock for
AD owing to its abundance in the form of forestry residues and organic
fractions of municipal waste [48]. Crops grown for energy and agricul-
tural residues including rice straw, wheat straw and corn stover have been
researched as a feedstock for AD. A key benefit of agricultural residues is
the multiple opportunities to eradicate waste and generate energy; these
include residues such as stalks and leaves but also residues from the pro-
cessing stage when the crop is milled and sieved [49]. Rice straw and wheat
straw are among the most abundant sources of agricultural residue bio-
mass on account of their status as a global food staple [49, 50].

In a study conducted by Amon et al. [51], 14 crop varieties and 6 per-
manent grassland varieties were compared for their methane-yielding
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abilities. Variables included optimum harvest time and methane yield per
hectare, and it was found that the maize varieties yielded the highest quan-
tity of methane; however, the yield potential was dependent on the time of
harvesting; other crops included sunflower varieties, winter wheat and rye
varieties. Although the subject of growing crops for energy is controversial,
the data from this study has led to the development of the methane energy
value model (MEVM), which can estimate the specific methane yield of
organic substrates in addition to optimum harvest time of various species
and crop varieties. These models have the potential to improve the cost-
effectiveness of AD in facilitating the selection of the best harvest period
to the maximum methane yield. The difference between optimum harvest
times for maximum yield across different energy crop varieties could also
be monitored by means of careful crop rotation. This would ensure an
equal distribution of plant residue available for AD throughout the year
to avoid fluctuations in availability and also assure that residues become
available for use only when they are at their peak for maximum methane
yield in the digester [52].

A similar study using energy crops was conducted by Godin et al. [53],
who found that autumn harvested energy crops had the most promising
composition for AD as it had a high dry biomass yield and digestibil-
ity, as opposed to winter crops which had begun to store away sugars in
the rhizomes and thus were less digestible, although additional fertilizer
would be needed as nutrients would not be recycled into the rhizome
and the autumn crop would have a higher moisture content. Similar find-
ings have been observed by Kandel et al. [54], who investigated the biogas
potential of reed canary grass (Phalarisarundinacea L.), a perennial crop
which can grow in poor, waterlogged soils in colder climates. The study
found that time of harvest significantly impacted the methane potential
of the crop, with there being a trade-off between a lower lignin content
in younger plants to facilitate digestibility, or, a higher lignin content in
a more mature plant which would be more recalcitrant to break down
but that would produce higher yields. Younger plants with more leaves
have a higher protein content which improves the quality of the meth-
ane, but the final yield is lower than if a more mature plant were selected
[54]. However, although a more mature plant produces a larger amount
of methane, the increase in process time required to obtain the methane
would need to be taken into account to ensure that the system is cost effec-
tive. Kandel et al. [54] suggests that, since reed canary grass has optimum
harvest times, it would be advantageous to grow multiple crops through-
out the year in an attempt to obtain biogas of higher quality methane
from younger plants, and in quantity from those that are more mature.
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However, in order for this to be a viable option it is essential that the
biogas production be greater than the costs incurred through additional
fertiliser and labour for its generation [54].

The biochemical methane potential (BMP) yield of each feedstock is
different on account of variable organic composition. BMP and anaero-
bic biodegradability is dependent on the lignin content of the matter and
also the cellulose crystallinity [7]. In a study investigating BMP yield
for a range of herbaceous (plants without a persistent woody stem) and
non-herbaceous (plants with a persistent woody stem) feedstocks, includ-
ing green waste such as hedge trimmings, Triolo et al. [7], found that the
non-herbaceous feedstocks produced less methane, which is unsurprising
owing to non-herbaceous matter having a higher lignin content and thus
being more difficult to decompose. Lawn cuttings were among the 57 her-
baceous and non-herbaceous samples studied for BMP yield, and it was
observed that lawn waste, although lignocellulosic, had a lower lignin con-
tent and a higher BMP yield than hedge cuttings; the lignin content of lawn
cuttings was 8.2% compared to 29.4% in hedge cuttings [7]. One reason for
these differences lies in the physiological vegetation age; as grass is mown
it reduces the physiological age of the vegetation which in turn reduces the
lignin content of the plant, whereas woodier plants such as hedges are cut
less frequently, resulting in a higher lignin content [7]. It should also be
noted that there will be variations in lignin content when comparing dif-
ferent plant species. Another finding of this paper was that BMP fluctuated
in accordance with time of harvest; summer samples were found to have a
higher BMP than autumn ones for grass cuttings. Triolo et al. [7], suggests
that the reason for this is likely due to the vegetation advancing with time;
in the summer the environment is milder and the vegetation is producing
more sugar, whereas in autumn the environment becomes more unpre-
dictable and sugar production is lower. This observation is in agreement
with Amon et al. [51], who investigated optimum harvest time of energy
crops, and confirms that in order to generate the greatest methane yield,
feedstock must be carefully considered before being utilised as a substrate.

In order to assess feedstock suitability in terms of BMP yield, it is
possible to use a technique that has been used in animal feed analysis
to distinguish the structural features of plant cells; the neutral detergent
fibre assay (NDF), to enable the composition of a feedstock to be calcu-
lated. The NDF assay calculates how much cellulose, hemicellulose and
lignin a feedstock contains [55], and was originally developed by Van
Soest [56]. The NDF analysis is frequently used in studies attempting
to enhance the AD process in addition to similar BMP “yield predic-
tion” methods; Raju et al. [55], used in-vitro organic matter digestibility
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assay (IVOMD) and near infrared spectroscopy (NIRS) as well as NDF
to assess methane potential of meadow grasses. IVOMD differs from
NDF in that instead of calculating the amount of each component that
is present in the material, it demonstrates the percentage of material
that is available for digestion by rumen microbes [55]. NIRS is a quicker
method that relies on correlations between observed NIR peaks and wet
chemistry based determinations. Correlation models are set up for each
feedstock. During the study, Raju et al. [55], found that NIRS prediction
statistics of BMP were the best, and that the NDF and IVOMD predic-
tion statistics were very poor in comparison. It is suggested in the study
that a possible reason for this is that the data set was quite homogenous;
but even when NDF and IVOMD analyses were combined to offer a pre-
diction statistic, the result was not very accurate [55]. Jacobi et al. [57],
conducted a study into the use of NIRS to predict biogas production of
maize silage. The samples turned out to be very similar in composition
and quality, and though the NIRS proved to be accurate in predicting
biogas production, the lack of variability in the samples led the authors
to suggest that a more heterogenous data set would better demonstrate
the benefits of NIRS.

It would seem that NIRS could be extremely useful in identifying BMP
yields of feedstocks owing to the rapidity and accuracy of this analysis;
therefore further research of this technology would be advantageous in
optimizing AD. Although NDF is one of the first technologies that was
developed to determine composition of plant matter and is perhaps less
accurate than the newer NIRS, the NDF assay is still a useful tool used
in much AD research for analysis of lignocellulosic biomass to calculate
methane potential [53, 54].

As AD is comprised of four stages with each of them dependent on a
specific microbial population, it is important that feedstock composition is
suitable for optimal microorganism activity at each stage. In order for the
AD process to be balanced, and for the four stages to complement each other,
it is essential that each stage be completed within a similar time scale [44].
If either stage is completed too quickly, it has a knock-on effect to the sub-
sequent stage which can lead to inhibition at the methanogenesis (methane
production) stage [44]. Feedstock composition is important because some
feedstocks have a higher level of solubility than others and thus are broken
down faster; i.e., lignocellulosic biomass, which is composed of many insol-
uble compounds, would take more time to decompose than cattle effluent,
for example. Consequently, feedstock suitability in terms of its composition
and how it relates to breakdown by the AD microorganisms is another fac-
tor that can strongly affect AD efficiency. Co-digestion is a popular solution
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as it involves balancing the substrate to have an optimized combination of
highly soluble and less soluble compounds.

6.2.2 Substrate Parameters and Co-digestion

There have been a range of studies investigating the efficiency of different
feedstocks used in AD, either as a stand-alone substrate or by means of
co-digestion with other feedstocks [58-61]. Extensive literature suggests
that the optimum methane yield is achieved when several feedstocks with
complementary qualities are homogenized to enhance digestibility of the
substrate. Energy crops yield the best results when combined with other
feedstocks; for example, in conjunction with feedstocks such as cattle
effluent which contains macro and micronutrients resulting in improved
microorganism performance in the digester [52, 62]. Additionally, cattle
effluent is an ideal co-feedstock on account of its neutral pH and its high
buffering capacity [63] which enables the production of methane (pH 6.5
and 8.5) [44]. However, the methane yield potential of cattle effluent is low,
which is why it is frequently co-digested with energy crops, which have the
greatest methane yield potential. The pH of the feedstock being used for
an AD substrate is therefore an important parameter to consider, as a sub-
strate which is too acidic will restrict methane production and reduce the
efficiency of the AD process. Ensiling renders the feedstock more acidic,
and requires the addition of a neutral or alkaline feedstock as a buffer-
ing agent. pH can also be influenced by the volume of volatile fatty acids
(VFAs) formed during the first three stages of the AD process; hydrolysis,
acidogenesis and acetogenesis [64]. The most common VFAs are acetic
acid, propanoic acid and butyric acid, and their presence in a high vol-
ume results in the digester becoming too acidic, and inhibits or even halts
microorganism activity and methanogenesis [65].

Another important consideration during substrate selection is the
carbon-to-nitrogen ratio (C:N) in order to reduce ammonia inhibition.
Ammonia is a nutrient which is necessary for microbial growth, and pro-
duced as a result of the digestion of nitrogenous material [66]. Ammonia
inhibition occurs when ammonia levels exceed those which are toler-
able by digester microorganisms, and reactor failure has been observed
when ammonia levels reach 1700-1800 mg 1! [66]. C:N ratio varies across
feedstocks, for example; the C:N ratio of lignocellulosic biomass can be
between 40 and 130:1, resulting in a C:N imbalance which in turn can
lead to inhibition as it limits the amount of available nitrogen for micro-
bial growth and thus inhibits biogas production [4, 50, 67]. An ideal C:N
ratio is 20-30:1 [68], therefore lignocellulose can be a difficult feedstock to
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utilize with regard to its high C:N ratio. A solution is to co-digest the ligno-
cellulosic biomass with a feedstock which has a low C:N ratio, such as cattle
effluent, to balance the substrate in the digester by providing the nitrogen
that is required by the microorganisms [67, 68].

6.3 Feedstock Pre-treatment to Improve AD

The purpose of a pre-treatment is to optimize the release of available sub-
strate for the maximal production of the biogas. Pre-treatment is a nec-
essary additional step in the AD of plant residues, particularly for 2G
feedstocks due to the recalcitrant cell wall structure, composed of exten-
sive cross-linked cellulose, hemicellulose and lignin bonds, designed to be
insoluble in water and recalcitrant to enzymatic and microbial decomposi-
tion [41, 69, 70]. Figure 6.3 represents a schematic of the cells of a ligno-
cellulosic plant showing primary and secondary walls, which vary in the
distribution of cellulose, hemicellulose and lignin [71]. The composition
of the middle lamella is predominantly lignin, a hydrophobic cross-linked
polymer, and the many secondary walls encased within contain cellulose
which is attached to hemicellulose and covered in lignin [71]. It is evident
that such tightly knit recalcitrant bonds pose a challenge for AD and biogas
production (Figure 6.3).

Pre-treatments are used to reduce the strong bonds between the cel-
lulose, hemicellulose and lignin of recalcitrant lignocellulosic material;
this facilitates digestion in the reactor and increases the biogas potential
that can be produced from the biomass. Woody biomass in particular has
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Figure 6.3 Diagrammatic illustration of the framework of lignocellulose [71].
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a high lignin content which makes it more resistant to deconstruction
than other 2G feedstocks; therefore pre-treatment is particularly impor-
tant for the processing of these feedstocks if the maximum output is to be
achieved [72].

6.3.1 Available Pre-treatment Processes

As there are many factors that can affect the efficiency of biogas production
from AD, pre-treatment of the substrate is particularly important in begin-
ning the AD process by improving the substrate BMP. There is a variety of
pre-treatments available to begin the process of decomposing the cross-
linked bonds in the recalcitrant plant biomass; their classification varies
across the literature, but in this article they are classified as mechanical,
chemical and thermo-chemical.

Mechanical pre-treatments involve reducing the particle size of the sub-
strate to facilitate AD by creating a larger surface area for decomposition
[73, 74]. These include extrusion, centrifugation, grinding and ultrasonic
treatment and have been explored particularly in studies using lignocellu-
losic and woody biomass, to expose more of the substrate to enzyme attack
improving scarification and overall process efficiency [75].

Dilute-acid and alkaline are both examples of a chemical pre-treatment.
The purpose of this treatment type is to separate cellulose and hemi-
cellulose to isolate the lignin, and enable the enzymes in the hydrolysis
treatment to react with the cellulose [37, 40, 70]. Other solvents can also be
used in chemical pre-treatment; the organosolv method uses solvents such
as methanol and ethanol. These solvents are often used owing to their low
boiling point, low cost and ease of recovery at the end of the process [76].
During the organosolv process, organic liquid and water are homogenized
and added to the lignocellulose for heating in order to dissolve the lignin
and hemicellulose, leaving the cellulose behind for hydrolysis reaction [77].

The thermo-chemical pre-treatment procedure involves the substrate
being exposed to a moderate or high temperature whilst also being sub-
jected to rapid changes in pressure in the presence of a chemical catalyst.
Steam explosion (SE), ammonia fibre explosion (AFEX) and wet oxidation
(WO) can all be classified as thermo-chemical processes. SE delignifies the
hemicellulose of the biomass to facilitate enzyme access to the cellulose
[78]. This is achieved by subjecting the biomass to high-pressure saturated
steam for a pre-determined time period in the presence of acid or alkali,
before rapidly reducing the pressure, causing the biomass to explode thus
increasing cellulose availability [79]. SE pre-treatment enhance biogas pro-
duction has been demonstrated in a number of laboratories [11, 19, 31,
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32, 80-82]. AFEX is not dissimilar to SE in that the substrate is exposed to
high-pressure liquid ammonia steam at a moderate temperature of 90 °C
for several minutes; the pressure is then rapidly reduced which causes
the ammonia to expand and deconstruct the biomass fibres, increasing
enzyme digestibility [71, 83]. WO is a high-temperature, high-pressure
method which uses oxygen or air as a catalyst to retrieve cellulose for
hydrolysis and fermentation [84]. During this treatment there is a low-
temperature hydrolytic reaction and a high-temperature oxidative reaction
[85]. In addition to mechanical pre-treatments, SE and WO are among the
most used processes to prepare lignocellulosic biomass for AD [8]. Our
recent study on evaluation of different pre-treatment methods for increas-
ing hydrolyzing of the energy crops and crop residuals and its influence
on biogas production demonstrated that SE pre-treatment (Figure 6.4)
yielded more biogas than untreated biomass. The methane potentials of
High Sugar Rye Grass (HSRG) and Miscanthus varied from 0.23 to 0.42 m?
CH, kgl VS added (www.beaconwales.org).

Microwave heating is another thermal process which is being researched
in the pre-treatment of lignocellulosic biomass. During this process, heat
is transferred directly to the substrate through molecular interaction with

Figure 6.4 Steam explosion rig at BEACON biorefining facility (Aberystwyth
University, UK). (www.beaconwales.org)
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an electromagnetic field, and the electromagnetic energy is converted
from radiation energy to thermal energy [86]. Among the advantages of
microwave heating is a more controlled heating process and a reduction
in processing time on account of this treatment’s ability to heat a large
amount of material very rapidly, thus increasing energy efficiency [86, 87].
Jackowiak et al. [87] investigated the efficiency of microwave heating as a
pre-treatment of wheat grass at different temperatures, using pig manure
as an inoculum. It was found that solubility and soluble chemical oxygen
demand (sCOD) of the substrate increased with an increase in tempera-
ture. An increased sCOD indicates a larger methane production, and is
linked to a decrease in total solids (TS) and volatile solids (VS) which are
also indicative of biomass being broken down to produce methane [8].
A drawback of microwave heating as a pre-treatment is the production of
inhibitory compounds such as VFAs [87].

6.3.2 Pre-treatment Effects on Substrate

Following pre-treatment, a number of modifications are made to the sub-
strate. These can be identified as biodegradability enhancement [88], solu-
bilisation [89], particle size reduction [90, 91] and formation of inhibitory
products [88, 92]. It is expected that one or all of these effects take place
on the substrate as a result of pre-treatment. Biodegradability enhance-
ment, solubilisation and particle size reduction are desired effects as they
break down the bonds in the biomass to reduce its recalcitrance, enable
access to cellulose by solubilisation of the lignin and hemicellulose, and
increase surface area available for decomposition. The combination of
these effects should increase the potential methane yield produced dur-
ing AD, thus improving the efficiency of the AD process. The formation
of inhibitory products such as furfural and hydroxymethylfurfural (HMF)
is undesirable as these weak acids can be detrimental to microorganism
performance; biomass microorganisms have been known to be stressed by
furfural when it occurs at concentrations exceeding 0.5 g L™!, and HMF
reduces microorganism action at concentrations of 0.15 g L™! or more [93].

Of all of the pre-treatment effects, solubilisation is the one which is
most frequently observed in lignocellulosic biomass studies as it occurs as
a result of all pre-treatment methods available; whereas particle size reduc-
tion and biodegradability enhancement are restricted to either mechani-
cal pre-treatments or occur to a much lesser degree than solubilisation
[8]. Solubilisation is highly important in enhancing methane yield as it
degrades the hemicellulose and lignin which are the recalcitrant compo-
nents of the cell wall [89]. Particle size reduction has been observed as an
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effect of extrusion pre-treatment [94] and there is some increase in tem-
perature during extrusion as a result of friction between the extruder screw
and the dry biomass being pretreated, which further aids the pre-treatment
process.

It is not possible to give a detailed account of the pre-treatment effects
on lignocellulosic biomass as there are a number of variables to consider.
Biomass composition affects the way(s) in which a pre-treatment behaves;
for example, a 1G feedstock has a lower lignin content than a 2G or woody
feedstock, and so is less recalcitrant from the offset which may mean that
mechanical treatment can be averted [72]. Pre-treatment type must be
carefully considered in accordance with the feedstock composition that is
being pre-treated, in order to produce the least possible amount of inhibi-
tory products and achieve the optimum level of digestibility to maximize
the methane yield in AD later. Optimum digestibility can be achieved by
selecting the pre-treatment which results in solubilisation, biodegradabil-
ity enhancement and particle size reduction of the substrate, or as many of
these effects as possible. Lastly, intensity of the treatment must be consid-
ered. Factors including temperature, duration of treatment and chemical
loading can all either optimize or degrade the effects intended by the pre-
treatment and have major implications on process economics.

6.3.3 Effects of Pre-treatment on Methane Yields

Different pre-treatments used on different plant residues result in a differ-
ent methane yield. For example, Mendez et al. [89] studied the effect of tem-
perature and treatment duration during thermal hydrolysis pre-treatment
of microalgae biomass and found that following the thermal treatment, the
methane yield increased by 60% compared to untreated microalgae. The
study found that solubilisation, brought about by the thermal treatment,
was responsible for this increase, as well as the higher treatment tempera-
tures (the temperatures tested were 140 °C, 160 °C and 180 °C). Duration
of exposure to the pre-treatment had no bearing on the ultimate methane
yield, as it was the same regardless of whether the substrate was subject
to thermal treatment lasting 10 minutes or 20 minutes [89]. Temperature
therefore plays a key role in the solubilisation of microalgae biomass and
consequently a crucial role in increasing methane production, as demon-
strated by Frigon et al. [95] and Tedesco et al. [96], both of whom used
temperature in addition to a mechanical and chemical pre-treatment.

In a study examining two different plant substrates using alkaline and
thermo-alkaline pre-treatments, Sambusitiet et al. [4] found that for
both substrates, temperatures of 40 °C and 100 °C increased the level
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of solubilisation when combined with 10% sodium hydroxide (NaOH).
Both pre-treatments had a solubilisation of 40%, which suggests that
energy could be saved by opting for the lower temperature treatment
combined with the alkaline catalyst, without compromising on solubili-
sation. This pre-treatment increased the methane yield by 32% for the
sorghum forage substrate and by 43% for the wheat straw substrate [4].
This latter substrate produced a methane yield that was higher still (67%)
when pre-treated at 100 °C with 10% NaOH. Similar findings were made
by Chandra et al. [6] and Monlau et al. [97], who found that methane
yield increased with an increase in temperature and an alkaline reagent
to facilitate solubilisation.

With regard to inhibitory product formation, Sambusitiet et al. [4]
found that low traces of furfural were present at 100 °C but there was
no HMF detected. This aligns with other studies examining inhibitory
product formation during a thermal pre-treatment [98, 99]. Zhang, C.
et al. [100] investigated the co-digestion of banana stem and pig manure
using a NaOH pre-treatmentat 2%, 6% and 10% concentrations. The
study found that there was a significant increase in the amount of biogas
produced when a 6% NaOH pre-treatment was applied, but that the 2%
concentration had little effect. The 10% concentration decreased the level
of biogas production and therefore behaved as an inhibitor rather than a
stimulant [100].

For all of the studies mentioned there was a cut-off point with regard
to the temperature required to enhance methane yield. At more intense
temperatures of 170 °C or more, there was a loss of organic biomass which
reduced the amount of methane that could be produced. This effect was
also observed by Gonzalez-Fernandez et al. [101], who examined the
effects of thermal pre-treatment on the methane yield of Scenedesmus
(microalgae) biomass. Gonzalez-Fernandez et al. [101] also found that the
rate at which organic matter was solubilised was not constant, but fluctu-
ated, and suggested that this fluctuation is due to the chemical reactions
that were taking place at several stages, thus affecting the rate of solubilisa-
tion. It was also observed that this fluctuation took place more markedly at
lower temperatures (90 °C) than at the higher temperatures of 175-200 °C.
Overall, it was concluded that thermal pre-treatment enhanced methane
production when conducted at a temperature of 90 °C, but not at a tem-
perature of 70 °C. This suggests that the higher temperature is essential in
facilitating the breakdown of the bonds of the plant cell wall and increasing
accessibility for anaerobic deconstruction, but as microalgae is a relatively
new substrate to be studied in AD, further research of this substrate is nec-
essary [101].
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6.4 Pre-treatment and Optimizing AD

6.4.1 Advances in Pre-treatment Methods and AD Conditions

It is clear from the literature that there is no one particular pre-treatment
or substrate that will guarantee the maximum possible methane yield dur-
ing AD. Methane production is dependent upon several factors, includ-
ing substrate composition, and the solubility, biodegradability and particle
size of said substrate, in addition to environmental conditions such as tem-
perature and intensity of treatment. The literature in this paper suggests
that thermal pre-treatments are a highly popular choice on account of the
enhancement in methane yield that can be achieved. Temperature is a key
operational factor which affects biogas production in AD [102]. AD can
be either mesophilic or thermophilic; mesophilic AD is usually carried out
at a temperature of 30-40 °C, and thermophilic AD within the range of
45-65 °C [66]. Mesophilic AD has been more widely used than thermo-
philic on account of the lower temperature requiring a lower energy input,
and the reduced possibility of ammonia inhibition which can be brought
about by fluctuations in temperature and higher temperatures, resulting
in a reduced methane yield [44, 66]. However, thermophilic AD is gaining
ground on account of having a reduced hydraulic retention time (HRT)
which allows for a swifter substrate turnover and biogas production [103],
but it is important to note that VFA accumulation is greater in thermo-
philic AD which increases the risk of reactor failure [66]. It would seem
that in order for thermal pre-treatment to be most effective in terms of
increased methane and process economics, the pre-treatment tempera-
ture would ideally need to be consistent with the temperature intended for
AD, either mesophilic or thermophilic, to prevent ammonia accumulation
and methanogenesis. It is important to observe that there is a point during
the pre-treatment process at which the temperature and reagent intensity
become damaging to the organic biomass and enhancement in methane
yield is greatly reduced [2, 99]. Therefore, pre-treatment conditions must
be carefully monitored, in addition to pre-treatment type and substrate
composition, to avoid wasting valuable energy resources and reducing the
final output.

The literature supports that solubility is very important in determining
the possible methane yield for a substrate, as demonstrated by Sambusitiet
et al. [4] and Mendez et al. [89]. There has been some research into the
viability of ionic liquid pre-treatment, a relatively new technology, which
increases surface area of the biomass available for hydrolysis via cellulose
dissolution [104, 105]. A large range of more than 20 ionic liquids (ILs) are
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ideal solvents for cellulose and lignin on account of their ability to com-
pletely dissolve these polymers at a range of concentrations, dependent on
factors including the operational temperature, duration of treatment, IL
characteristics and particle size of the substrate [106]. Imidazonium salts
are commonly used for this pre-treatment during which, the lignocellu-
losic substrate is treated with ILs at concentrations ranging from 5.0 wt%
up to 40.0 wt% and heated to <100 °C, before being centrifuged on cool-
ing, to remove the supernatant from the precipitate which is then washed
and dried for use in AD [107, 108]. During pre-treatment, the structure
of the biomass has been observed to swell as the ILs disrupt the bonds
of the organic material and loosen the smaller molecules such as lignin.
Gao et al. [109] examined the effect of ILs pre-treatment on water hyacinth
(Eichhorniacrassipes) in terms of composition, structure and biogas pro-
duction, and observed a lignin removal of 27.1-60.4% in the pre-treated
sample and the biogas yield was increased by 97.6% compared to the
untreated sample. The low melting points of <100 °C of ILs is advantageous
of this treatment in addition to high thermal stabilities and low volatility, as
it requires a smaller energy input to generate the temperature suitable for
pre-treatment [107]. At present, the use of ILs for pre-treatment is expen-
sive and therefore it is necessary to recover and recycle the IL solution in
an attempt to make the process more cost-effective [106]. ILs have also
been combined with dimethyl sulfoxide (DMSO) to lessen the cost of the
process by reducing the viscosity of the ILs and prolonging the length of
time for which they can be used [100]. However, Gao et al. [109] found that
the ability of the ILs to dissolve and delignify the water hyacinth was ham-
pered by the use of the Dimethylacetamide (DMAC) compound, which
was applied to reduce IL viscosity. Therefore it would appear that there is
a trade-off between reducing the cost of the IL pre-treatment by reducing
viscosity, and the inhibitory effects which can occur as a result of the use
of such compounds.

The use of ruminal liquid in AD is currently being explored to enhance
biogas production following pre-treatment. This process involves the
application of rumen microorganisms to mimic the environment in which
lignocellulosic material is most successfully digested. Ruminants such as
cattle and sheep are able to digest the recalcitrant lignocellulosic material
as a result of microorganism activity that occurs in the rumen; rendering
animal manure to be an ideal co-feedstock for AD as many of the strong-
bonds of the plant biomass have already been broken down by the animal
prior to the AD process. Therefore, research regarding the possibility of
adding rumen microorganisms to anaerobic digesters to improve digestion
rates is being undertaken. However, a large obstacle of this idea is our lack
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of knowledge of the rumen microorganisms themselves. It is estimated that
only 10-20% of rumen microorganisms have been identified [110, 111].
Nonetheless, there is technology available to assist with this; fluoresence
in situ hybridisation (FISH) is used to detect and identify microbes with
which we are familiar and also those which require our attention to bet-
ter understand their complex functions [111]. A study by O’Sullivan et al.
[112] found that the use of a rumen inoculum resulted in a greater diges-
tion rate (almost twice) than a digester leachate comparator. A clear advan-
tage of this treatment is that in addition to having the potential to be a
cost-effective pre-treatment for AD, it also utilizes another waste product
which reduces the size of the load requiring disposal; waste rumen con-
tents is a large contributor to slaughterhouse waste [113]. Several stud-
ies [113-115] have already been made into the potential of using rumen
microorganisms in AD and found that using a ruminal liquid inoculum
resulted in an increased rate and volume of methane production compared
to a digester leachate inoculum. Quintero et al. [115] used a combination
of ruminal liquid and pig waste sludge as an inoculum on fique’s bagasse,
a lignocellulosic material, and found that methane production was signifi-
cantly higher than when using either inoculum on the bagasse alone. It
would seem that using ruminal liquid in conjunction with animal waste,
which improves the C:N ratio and balances the digester, further increases
the potential methane yield. Further research into the efficiency and eco-
nomic viability of this technique could enable real advances in AD over the
coming years.

6.4.2 Value-added Products and AD

In recent years there has been a focus on the possibility of obtaining “value-
added products” from the plant biomass substrate to extract items that
would not be available if the biomass were to be pre-treated using more
traditional methods. The process is known as fractionation, during which
the plant biomass is pressed to separate the liquid fraction from the solid
fibrousfraction [116]. Fractionation is not a new concept; between 1970
and 1980, fractionation was investigated as a means to provide protein-
free liquid for ruminant feed, and a protein-concentrated leafy solid for
human consumption [116]. However, the return to fractionation in recent
years has been primarily to establish its viability with regard to the ben-
efits and utilization of value-added products that can be obtained from the
liquid fraction, with the fibre-rich press-cake going to biogas production.
In order to achieve a combination of waste management, energy genera-
tion and obtain value-added products, the concept of “green biorefinery”
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has been introduced for phase III biorefinery. Biorefinery typically involves
the particle size reduction of biomass prior to pressing by means of chop-
ping the plant matter to ease passage through the press and facilitate the
release of the press-juice, which is nutrient-rich and contains proteins and
amino acids [117]. The purpose of retrieving the liquid fraction is twofold;
in some refineries the liquid fraction is used as a substrate in AD, and more
recently, the liquid fraction is retrieved so that the valuable nutrients, of
higher value than their value in biogas production, can be utilized in a
range of other industries.

To date, there are three types of biorefineries, the first two of which are
more restricted with regard to the substrates that they process for anaero-
bic digestion. Biorefineries of type I and II deal exclusively with grain feed-
stocks, and although type I produces a fixed end product, type II is more
flexible in that it can produce multi-products including starch, glucose and
corn oil from the corn or wheat feedstock [118]. However, it is type III
biorefineries which are the most promising in terms of combining waste
management, energy generation and production of value-added products,
as these refineries involve much more elaborate processes. Green, whole-
crop and lignocellulosic feedstock (LCF) biorefineries are all classed as
type III biorefineries; green biorefineries handle various wet feedstocks
from untreated products, such as grass, while whole-crop biorefineries
utilize the whole crop e.g., miscanthus to acquire a multitude of products
[118]. LCF biorefineries offer huge potential as they combine the features
of both green and whole-crop biorefineries, to utilize lignocellulosic bio-
mass and then separate the cellulose, hemicellulose and lignin fractions
to then further degrade the cellulose and hemicellulose to create useful
products including fuel and chemicals [118]. Owing to their adaptability,
there is a greater spectrum of products that can be derived from cellulose
and hemicellulose. Lignin is more restricted in its uses and is therefore pri-
marily used as a fuel source via combustion; however there has been some
research into the possibility of lignin being used for high-value-added
products, such as a dispersant in cement gypsum blends [119].

Value-added products derived from lignocellulosic biomass offer a
renewable solution to providing biochemicals for the chemical industry
when the use of fossil fuels is becoming less viable. Plant acids, steroids,
rubber, gums and waxes are some of the high-value biochemicals that
are available in low volume in plants [42]. These biochemicals are then
used for pharmaceuticals, cosmetics, food flavourings and other products
[42, 120]. In terms of biogas yield, however, the extraction of value-added
products is detrimental to the total methane yield that can be obtained
[121]. At present, the primary obstacle faced by value-added product



140 ADVANCES IN BIOFEEDSTOCKS AND BIOFUELS

extraction is the high costs as a result of the high temperatures required
to separate chemicals before any chemistry is carried out to generate the
desired products [120]. Although the extraction of value-added products
in addition to biogas via biorefinery is not currently commercially viable,
it is likely that with development, biorefinery including AD will become
one of the key areas for dealing with a multitude of industrial pressures in
the years to come.

6.5 Conclusion

Pre-treatment of biomass is of the utmost importance if the full methane
potential of any substrate is to be achieved in AD, but the pre-treatment
must be suitable for the substrate and conducted under the optimum
conditions to prevent the loss of organic biomass and the formation of
inhibitory products, to make the process as efficient and cost-effective as
possible. Equally important in AD optimization is the substrate selected
for biogas production; feedstock suitability with regard to BMP, C:N ratio
and inhibitory product formation must be carefully considered when
selecting a substrate. Thermal and thermo-chemical pre-treatments appear
to be leading the way in current AD research on account of their applica-
bility to a variety of substrates, and the ability to easily control the tem-
perature at which treatment is conducted; this enables the pre-treatment
to be tailored to complement the mesophilic or thermophilic AD pro-
cess that follows, reducing the accumulation of inhibitory products and
methanogenesis inhibition. With the improved economic viability of ILs
and further research into reducing the formation of inhibitory products
in microwave heating, pre-treatment will vastly improve the AD process
for biogas generation. It is difficult to diagnose the optimum conditions
for each and every available substrate, especially when lignocellulosic bio-
mass is so abundant in quantity and variable in composition, which is why
feedstock composition is essential in the substrate selection process. The
use of NIRS in new research will enable a more accurate prediction of the
methane potential of a feedstock to be made, by calculating its organic
composition. Additionally, as biorefinery looks set to become a fundamen-
tal method of waste valorisation over the coming years, it will be essential
for this process to be developed to the extent that it does not significantly
compromise biogas yield as a result of the extraction of value-added prod-
ucts. If AD is to be a truly renewable and cost-effective energy source, it
is imperative that pre-treatments and their effects are examined in more
detail across a broad range of substrates, to tailor the process according to



ANAEROBIC DIGESTION AND THE USE OF PRE-TREATMENTS 141

the substrate features and AD conditions, such as those of the biorefineries
of future energy generation.

There are many different crops grown for AD, including maize, grasses,
beet and rye as a lignocellulosic feedstock [29, 35, 44, 51]. Accumulation of
biogas from biomass sources that include manure and energy crops have
been shown to be improved through pre-treatment that may include physi-
cal, chemical or biological options. In the EU most agricultural biogas plants
operate based on co-digestion. In Germany alone energy crops occupy 60%
of substrate load in agricultural biogas plants [44]. Approximately 80% of
biogas systems in Germany use corn silage as a co-substrate for biogas pro-
duction [122]. Some large-scale biogas plants produce 1.8 to 2.0 million m*
of biogas per annum, with a feed stock handling capacity of 20,000 tonnes
per annum [122]. Most agricultural biogas plants operate below their opti-
mum performance levels, and it has been demonstrated that the potential
for optimisation in existing biogas plants is up to 40% [33]. Benchmarking
of commercial biogas plants to improve performance has shown several
challenges to optimise biogas yield [123]. Pre-treatment technologies of
lignocellulosic biomass are capable of solving some of these problems and
improving its economics [8, 11, 18, 80]. Current research on pre-treatment
is focused on lab scale or pilot scale, there is a need for it to be tested in
commercial agricultural biogas plants to optimize the whole economy of
biogas production.
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Abstract

Algae have an ability to grow in non-arable land without the use of potable water
sources as well as having the capacity of production of high-yield feedstock.
Nowadays algae is being explored in huge measure because of its significant lipid
and carbohydrate production as well as production of other potential bimolecular
substrates. Algae can produce 40 times more oil for biodiesel production com-
pared to other plant resources such as oilseed crops per unit land area. The tech-
nical and economic aspects of high-yield production of bioenergy from algae are
currently in focus. It’s a clean, economical and sustainable source of energy. But
more research in this area is needed in order to minimize technical hurdles as well
as create cost-efficient feedstock production. Algal lipids comprising saturated and
polar lipids are most suitable for exploitation as fuel feedstock. The present chap-
ter reflects current knowledge on technological innovation towards cultivation,
harvesting and drying of algal biomass, as a sustainable source for the production
of biomethane, biodiesel, bioethanol and biohydrogen as well as the approaches
towards the biorefinery.

Keywords: Alage, cultivation, processing, sustainable bioenergy

7.1 Introduction

Energy is the most essential requirement for human survival. Energy
crisis and global warming are the two major problems we are facing today.
Increasing energy costs and a decrease in reserves of fossil fuels shifted the
mind-set in the conversion of biomass to biofuels production. The complete
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dependence on fossil fuels for the fulfillment of fuel demand is unsustain-
able. To overcome such problems, algae are the chief source for renewable
energy production. Because of the huge diversity in algae, huge options are
available for the production of algae-based energy. Using algae as a source
of bioenergy is not a new idea, but it is now being taken seriously due
to the increasing cost of petroleum and, more significantly, the emerging
concern about global warming caused by burning fossil fuels. Algal bioen-
ergy would lower impacts on environmental degradation in comparison
to biofuel feedstock and will help in the improvement of developing and
developed communities. Algal biomass is ideal for bioenergy production
concepts which are significantly more sustainable than other alternatives
due to its characteristics. Algae have high biomass productivity. The fusion
of algae and its cultivation sources such as land, saline water, waste streams
for nutrient supply and combustion gas in the form of CO, source will defi-
nitely help to generate a wide range of fuel and non-fuel products. Algae
helps in CO, capturing. Algae are a rich source of lipids and carbohydrates.
Optimizing the strains and culture conditions, the obtained biomass can
be easily converted into a whole range of bioenergy products including
biodiesel or bioethanol. After the first- and second-generation biofuels,
the focus now being concentrated on third-generation biofuels from algal
biomass is due to the significant amount of biomolecules such as lipids
and carbohydrates, from which biodiesel and bioethanol may be obtained.
The thermochemical and biochemical conversion of algal biomass helps
in the production of biofuel oil and gases or even production of bioetha-
nol, biodiesel, biobutanol and biohydrogens. Cultivation and processing of
algal biomass has significant benefits like year-round production, higher
productivity (40-50%), their offshore production, and the fact that there is
no need of arable land and recycling of nutrients.

The first-generation biofuels (FGBs) are obtained from cereal crops
and sugarcanes and production is primarily limited by environmental
and social concerns such as competition for land and water used for food
and fiber production causing an increase in world commodity prices for
food and animal feeds [1]. Owing to these important limitations the next-
generation, or second- and third-generation biofuels are being developed
from non-edible lignocellulosic biomasses such as woody biomass and
wood wastes, crop residues, dedicated energy crops such as switch grass,
municipal wastes, and algae through advanced technologies. Researchers
today are engaged in the utilization of algal biomass for various bioen-
ergy products. Algae are able to fix approximately 1.8 kg of CO, for every
1 kg of algae biomass produced [2]. Approximately 40 ha of algae ponds
are required to fix the carbon emitted from one MW of power generated
from a coal plant [3]. These recent researches not only indicated the great
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Other closed
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Mechanical

Figure 7.1 Schematic representation of algal biomass, their processing and end products.

potential of mass production of algal biomass on waste streams for simul-
taneous wastewater bioremediation and biofuel and other applications.
Algae cultivated in such water, which is rich in nitrogen and phosphorus;
these nutrients utilized by algae provide the co-benefit of producing bio-
fuels and removing nitrogen and phosphorus [4]. Through the different
cultivation, harvesting and processing methods algal biomass can yield dif-
ferent energy options (Figure 7.1.)

7.2 Technological Innovations for Algae Cultivation,
Harvesting and Drying

Development of efficient technology for algae-based fuel is still to be fur-
nished. Prior to the bioenergy production from algae, it is necessary to
understand the basics of algae cultivation systems. A production system
is geared towards a high yield per hectare because it reduces the relative
costs for land and some operation costs. Realistic estimates for produc-
tivity are in the order of magnitude of 40-80 tons of dry matter per year
per hectare, depending on the technology used and the location of pro-
duction [5]. This is still substantially higher than almost all agricultural
crops. Surpassing yields of 80 tons per year per hectare will likely require
genetically improved strains or other technologies able to counteract pho-
tosaturation and photo-inibition [6]. The high capital cost associated with
producing microalgae in closed culture systems is the main challenge for
commercialization of such systems [7]. For the cultivation of macroalgae
(seaweed) and microalgae different culture systems are used. Microalgae
are smaller in size (um), thus they have to be cultivated in a system designed
for specific purpose, while seaweed can be grown directly in the open sea.
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Seaweed is mainly utilized for food product, or used in many processed
foods as stabilizers or emulsifiers. Besides culturing seaweed, part of the
current seaweed production comes from harvesting natural populations
or collecting beach-cast seaweed. Besides the disturbance of the ecosystem
by these practices, they are clearly unsustainable for application on a very
large scale. Therefore cultivation of microalgae in a cultivation system is
worth considering. The cultivation practices for microalgae is discussed
below.

7.2.1 Cultivation Practices

7.2.1.1 Open Cultivation Systems

The raceway pond is the main large-scale microalgae cultivation tech-
nique. It includes simple closed-loop channels, and by the use of paddle
wheels, the water is kept moving through channels (Figure 7.2). These
channels are usually made of concrete or compacted earth, often lined
with white plastic, and are 20-30 cm deep. They are specially designed
for optimal light capture and low construction costs. The land should be

Figure 7.2 Different types of open cultivation system.
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of flat land. But these systems have certain demerits regarding process
controlling, such as

+ Unstable ecosystem.

o Complete dependence on weather for temperature and other
climatic conditions. The water is either lost by evaporation
or added by rainfall.

o Challenges of naturally growing algae or algae predators that
compete with the algae species intended to be cultivated.

o Challenges regarding maintenance of monoculture under
an extreme environment like high salinity (e.g., Dunaliella),
high pH (e.g., Spirulina) or high nitrogen (e.g., Chlorella) in
water.

« The slow diffusion of nutrients and flotation and sedimenta-
tion of dead and living algae, limiting the usage of available
sunlight.

These conditions generally limit optimal growth and operate at a low
algae concentration, making production of high biomass and harvesting
more difficult. In conclusion, there is an important trade-off between a low
price for the cultivation system and its production potential.

7.2.1.2  Closed Cultivation Systems (Photobioreactors)

Taking into consideration the demerits of an open cultivation system,
the problems can be mitigated by building a closed system which is less
affected by the environment. The effects of temperature, gas exchange and
competition problems can be eased by using closed systems. The closing
is done by covering it with transparent material or a greenhouse, but this
is an expensive practice for large surfaces. Use of large polythin bags for
batch culture is one of the simple, but inexpensive examples. Several more
advanced innovations have been made based on more durable transparent
materials: glass, polyethylene and polycarbonate (Figure 7.2). These reac-
tors offer continuous operation, a high level of controllability and elevated
biomass concentrations, which results in a requirement of minimum space
and lower harvesting costs per ton of algae. One example is the use of a
bubble column, a vertical tubular reactor.

The long horizontal tube has its own scaling problem: algae will con-
sume nutrients and CO, while producing O,; which could hamper algal
growth at higher concentrations, so growth conditions deteriorate fur-
ther along the tube. A further innovation has been made by installing
individual modules with optimized size vs. tube length ratios. The flat
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Figure 7.3 Different models of closed cultivation systems (photobioreactors).

photobioreactors have been used recently to make optimal use of surface
area and solar irradiation (Figure 7.3). This system helps in the higher
biomass yield, but it still requires certain improvement. Difficulties in the
closed system are the complicated flow regime inside the reactor and scal-
ability, although the latter has been greatly improved by a design called
the green wall panel [8]. The closed systems are more expensive and suffer
from higher energy expenditures for mixing and cooling than open ponds
and are also technically more difficult to build and maintain. The com-
parison of open cultivation systems versus closed land-based systems are
summarized in Table 7.1.

7.2.1.3  Algal Turf Scrubber (ATS)

In addition to the open ponds or photo bioreactors, an attached algal cul-
ture system such as an algal turf scrubber (ATS) can be used, in which
benthic algae grow on the surface of solid support for removing nutrients
from animal wastewater [10] (Figure 7.4). It is an eco-technology specifi-
cally designed to decant the nutrients from water reservoir and to produce
biomass feedstock for various purposes including bioenergy, fertilizers and
health products (Figure 7.3). This is a low-cost and eco-friendly technol-
ogy. ATS was developed focusing on natural algal communities growing
on the crests of coral reefs. Coral reef algal turfs have among the highest
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Table 7.1 Comparison of open cultivation systems versus closed land-based

systems.

Parameter or issue

Open ponds and raceways

Photobioreactors (PBR)

Required space High For PBR itself low
Water loss Very high, may also cause | Low
salt precipitation
CO,-loss High, depending on pond | Low
depth
Oxygen Usually low enough Build-up in closed system requires
concentration because of continuous gas exchange devices (O,
spontaneous outgassing must be removed to prevent
inhibition of photosynthesis
and photo oxidative damage)
Temperature Highly variable, some Cooling often required (by
control possible by pond spraying water on PBR or
depth immersing tubes in cooling
baths)

Shear Usually low (gentle mixing) | Usually high (fast and turbulent
flows required for good mixing,
pumping through gas exchange
devices)

Cleaning No issue Required (wall-growth and dirt

reduce light intensity), but
causes abrasion, limiting PBR
lifetime

Contamination risk

High (limiting the number
of species that can be
grown)

Low (Medium to Low)

Biomass quality

Variable

Reproducible

Biomass Low, between 0.1 and High, generally between 0.5 and
concentration 0.5 g/l 8 g/l

Production Only few species possible, | High, switching possible
flexibility difficult to switch

Process control and | Limited (flow speed, Possible within certain tolerances
reproducibility mixing, temperature

only by pond depth)

Weather High (light intensity, Medium (light intensity, cooling
dependence temperature, rainfall) required)

Start-up 6-8 weeks 2-4 weeks

Capital costs

High ~ US$100,000 per
hectare

Very high ~ U$$250,000 to
$1,000,000 per hectare (PBR
plus supporting systems)

(Continued)
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Table 7.1 Cont.

Parameter or issue | Open ponds and raceways | Photobioreactors (PBR)

Operating costs Low (paddle wheel, CO, Higher (CO, addition, oxygen
addition) removal, cooling, cleaning,
maintenance)
Harvesting cost High, species dependent Lower due to high biomass

concentration and better
control over species and

conditions
Current commercial | 5,000 (8 to 10,000) t of Limited to processes for high
applications algal biomass per year added value compounds
or algae used in food and
cosmetics

Source: (Pulz, 2001 [9]).

Figure 7.4 Algal turf scrubber (ATS).

productivities of the biosphere. The ATS simulates the conditions of the
reef crest with surges of water from pumping that flow across shallow beds
of attached algae. The ATS system consists of an attached algal community,
which takes the form of a “turf)” growing on screens in a shallow trough
or basin (referred to as a raceway) through which water is pumped. The
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algal community provides water treatment by the uptake of inorganic com-
pounds and release of dissolved oxygen through photosynthesis. Water
is pumped from a body of water onto the raceway, and algae remove the
nutrients through biological uptake and produce oxygen as the water flows
down the raceway. At the end of the raceway, water is released back into
the water body, with a lower nutrient concentration and a higher dissolved
oxygen concentration than when it was pumped onto the raceway. The
nutrients that have been removed, or “scrubbed,” from the water body are
stored in the biomass of the algae growing on the screen. The algae are
harvested approximately once per week during the growing season, thus
removing nutrients from the waterway in the algal biomass. Harvesting
is important because it rejuvenates the community and leads to higher
growth rates; harvesting also prevents or reduces the potential effects of
invertebrate micrograzers. In fact, biomass production rates of ATS are
among the highest of any recorded values for natural or managed ecosys-
tems [11]. Because of the fast growth rate of algae on ATS, this technology
can remove nutrients and produce oxygen at a high rate. Design features of
ATS include the flow rate of water, the slope of the raceway, the loading rate
of nutrients in the water, and the type of screen used to grow algae.

7.2.1.4 Sea-based Cultivation Systems

The technical approaches have been developed for the cultivation of mac-
roalgae (seaweeds), which is done by using shallow water and coastal areas
that are safe, easily accessible and allow for easy control of the culture sys-
tem to the seabed (Figure 7.5). This practice required a large amount of
labor, hence it is expensive, so it is restricted to lowest income. To make an
impact as renewable energy production, harvesting of only natural popula-
tions is not the way, thus seaweed cultivation is done with growing of sea-
weed using underwater ropes or similar kind of supports. Seaweed should
be produced in floating cultivation systems on both sides of hundreds of
hectares. Some species necessitate a substrate to hook to, which requires
a network of ropes. The best cultivation conditions are the use of verti-
cal ropes, which allow the cultivated seaweed to catch all available light
until the maximum light penetration depth; these also help in minimizing
the quantity and cost of rope material required per unit of area, or hybrid
systems combining horizontal and vertical lines. In all cases the systems
can be floating, anchored to the sea, or both. Problems of damage to rope
structures and washed off biomass have been reported [12], so a cultiva-
tion system that prevents these problems needs to be designed. During
experiments at sea [13], using rings (diameter of 5m, surface of 19.6 m*
and 80-100 m substrate rope) with ropes as a base for seaweed to attach
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Figure 7.5 Seaweed cultivation practices.

to, gave the best results, especially under high flow or heavy weather con-
ditions. These rings can be attached to each other and/or the seabed and
can include a slow-release fertilizer. The only problem of this system is
the individual harvesting of rings, making cost-price reduction through
economy of scale more difficult. Sea-based systems are less well developed
than land-based systems, although some R&D initiatives have been under-
taken and are still ongoing. When selecting a site for seaweed cultivation,
several considerations have to be made, such as temperature, nutrient and
light consideration, and distance from shore. The water content of seaweed
should be reduced at the harvesting site using pressure filtration, which
helps to remove around 20% of the water. Alternative options need to be
investigated. Also technological innovations required for the minimizing
energy spent on dewatering as well as transportation.

7.2.2 Harvesting of Biomass

When cultivating seaweed, every system requires a specific method of har-
vesting the biomass, but most commonly a specially developed harvesting
vessel is used, which cuts the seaweed and hauls it inside [14]. The tradi-
tional methods used to harvest microalgae include concentration through
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centrifugation [15], foam fractionation [16], flocculation [17], membrane
filtration [18] and ultrasonic separation [19].

7.2.2.1 Settling Ponds

The simplest way to harvest the biomass is the use of settling ponds. Once
a day the settling ponds are filled with a fully grown algae culture and
drained at the end of that day, leaving a concentrated biomass volume at
the bottom, which is stored for further processing [20]. But the settling
pond requires significant additional space.

7.2.2.2 Filtration

Filtration is another way to separate the algae from the water they grown
in. There are several other options available, which include different mate-
rials, vacuum, pressured and rotating filtering. Some acceptable results
have been obtained for colonial microalgae, but not for unicellular species
[21]. As the filtration method is a slow process [22], its use on a large scale
is quite difficult. For the small cells of Dunaliella, filtration through sand
filters, cellulose fibers and other filter materials has not proved practical
[23]. One exception was filtration through diatomaceous earth. Dunaliella
grown in salt ponds in Australia could be recovered by passing diluted cul-
ture broth through diatomaceous earth. The filtered alga was then directly
extracted with organic solvent to recover b-carotene [24]. Large-scale
recovery of microalgae using this technique is not possible because of con-
tinuous fouling and the subsequent need to replace membranes. Although
this method appears as an attractive dewatering method, the significant
operating cost requirements cannot be overlooked.

7.2.2.3  Centrifugation

Most microalgae can be harvested from suspension by centrifugation.
Centrifugal recovery methods are commonly treated in textbooks [25], but
practical guidelines are rarely given. Centrifugation is similar to sedimen-
tation, wherein gravitational force is replaced by centrifugal acceleration to
enhance the concentration of solids. Particle size and density difference are
the key factors in centrifugal separation. Once separated, the algae concen-
trate can be obtained by simply draining the supernatant. Many research-
ers have advocated this method for reliable recovery of microalgae [21].
Different types of centrifuges have been used, and their respective reliabil-
ity and efficiency have been documented by several researchers. Heasman
et al. [26] reported that 90% to 100% harvesting efficiency can be achieved
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via centrifugation. Sim et al. [27] compared centrifugation, chemical floc-
culation followed by dissolved air flotation (DAF), and membrane filtra-
tion processes for harvesting algae from pilot-scale ponds treating piggery
wastewater, and they found that none of these processes were completely
satisfactory. Centrifugation was reported to be very effective but too costly
and energy intensive to be applied on a commercial scale. This kind of har-
vesting is usually recommended in the production of high-value metab-
olites or as a second-stage dewatering technique for concentrating algal
slurries from 1% to 5% solids to >15% solids, as it does have some limita-
tions. Undoubtedly, it is an efficient and reliable technique for microalgal
recovery but one should also keep in mind its high operational cost. The
recovery of the biomass in a sedimenting centrifuge depends on the settling
characteristics of the cells, the residence time of the cell slurry in the cen-
trifuge, and the settling depth. Settling depth can be kept small through the
design of the centrifuge. The residence time of the slurry in the centrifuge
can be controlled by controlling the flow rate. Heasman et al. [26] evalu-
ated the extent of cell recovery and the effects of cell viability at different
conditions of centrifugation for nine different strains of microalgae.

7.2.2.4 Flotation

Flotation is a kind of separation technique based on the attachment of air
bubbles to solid particles. The resulting flocs float to the liquid surface and
are then harvested by skimming and filtration. The success of flotation
depends on the nature of microalgal cells in the harvesting process. Air
bubbles drift up the smaller particles (<500 pm) more easily [28]. Also, the
lower instability of suspended particles results in relatively higher air-par-
ticle contact. The attachment of air bubbles also depends on the air, solid,
and aqueous phase contact angle. The larger the contact angle, the greater
the tendency of air to adhere [29]. Dissolved air flotation (DAF), electro-
lytic flotation, and dispersed air flotation are some commonly used flota-
tion techniques according to the method of bubble production. DAF is the
most extensively used method for the treatment of industrial effluent. The
DAF procedure by chemical flocculation is reported to recover up to 6%
(w/v) algal biomass slurries from algae culture [30]. Although flotation has
been used by several researchers as a potential harvesting method, there is
only limited evidence of its technical and economic viability.

7.2.2.5 Flocculation

Flocculation is more convenient method of harvesting of algal cells than
centrifugation or gravity filtration. Large number of chemicals has been
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tested as flocculants, but the most effective one is use of aluminum sulfate
followed by certain cationic polyelectrolyte [31]. The flocculating reac-
tions of an algal biomass are particularly sensitive to the pH, properties of
the cellular surface, concentrations of the flocculants and divalent cations,
ionic strength of the culture solution and other factors [32]. These floccu-
lants are of two types, namely (Group A) inorganic agents, which includes
polyvalent metal ions such as Al** and Fe that form polyhydroxy complexes
at suitable pH; and (Group B) polymeric flocculants, that includes ionic,
nonionic, natural, and synthetic polymers. Among the group A, aluminum
sulfate, ferric chloride, and ferrous sulfate are commonly used multivalent
flocculants whose efficiency is directly proportional to the ionic charge.
The mechanism of polymer flocculation involves ionic interaction between
polyelectrolyte and algal cells, resulting in the bridging of algae and forma-
tion of flocs and charge on the polymer. Algal properties such as the pH
of broth, concentration of biomass, and its charge are equally important
to consider when selecting a polymer. Organic flocculants are reported to
be beneficial in terms of their lower sensitivity to media pH, low dosage
requirements, and wider range of applications.

7.2.2.6  Electrolytic Coagulation

The electrolytic coagulation (EC) process is a recently adapted method
by wastewater treatment plants for final polishing and removal of algae
from partly treated wastewater. Active polyvalent metal anodes (usually
iron Or aluminum) are used to generate ionic flocculants such as Al** and
Fe ions. The latter agglomerate algae to form flocs due to the net nega-
tive charge and colloidal behavior of algal cells [33]. The entire coagulation
process involves the formation of coagulants through dissolving the reac-
tive anodes which results in the formation of algal flocs.

7.2.3 Energy Efficiencies of Harvesting Processes

In terms of energy inputs, harvesting of algal biomass is the most energy-
consuming process in biomass production. A specific commercial-scale
algal harvesting technique yet not been developed, and the approach has
been to adapt separation technologies already in use in wastewater treat-
ment and food processing industries. Therefore, the energy consumption
and energy efliciency information available is compared with respect to the
energy efficiency of different algal harvesting techniques. The highest pos-
sible solids recovery (as % (w/v) total suspended solids (TSS)) and energy
requirements for each of the harvesting processes are given in Table 7.2.
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Table 7.2 Summary of energy usage and highest possible solids (%w/v) yields of
different algae harvesting techniques.

Harvesting process (% solids) (kW-hm)
Centrifugation 22.0 8.00
Gravity sedimentation 1.5 0.1
Filtration (natural) 6.0 0.4
Filtration (pressurized) 27.0 0.88
Tangential flow filtration 8.9 2.06
Vacuum filtration 18 5.9
Polymer flocculation 15.0 14.81
Electro-coagulation NA 1.5
Electro-flotation 5.0 5.0
Electro-flocculation NA 0.331

Source: Singh et al., [34].

7.2.4 Algal Drying

The dewatering or drying process helps to reduce the water content of the
algae preceding extraction of oil. The algae mass obtained after harvesting
contains as much as ca. 90% water content. But for the production of solid
materials for easy handling, algae must be dried to ca. 50% water content.
Amongst the various drying methods solar drying is a popular and inex-
pensive method and is used commercially in grains and timber drying. It
also requires a considerable area of land. A more efficient method would
make use of the low-grade waste heat from the power plant to dry the algae
contained in a vessel. The biomass harvested from the attached culture
system is paste-like pulpy slurry having a water content to that of the cell
pellet centrifuged from the suspension culture system. This implies a great
advantage of the attached algal culture system in terms of ease of biomass
harvesting [35].

7.3 Algae-based Bioenergy Products

The extremely large arable land utilization for crop plant biomass pro-
duction to be used as a raw material for production of bioethanol as well
as biofuels could result in shortages in basic foods, such as corn, cereals,
soy, mustard, barley, etc. Thus, they have brought much controversy and
debate on their sustainability [36]. In this respect, cultivation of algae at sea
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Figure 7.6 Different algae to energy options.

water or industrial or other wastewater provides a possible solution for this
energy issue. Algal bioenergy products have some unique features that can
greatly reduce some of the sustainability problems faced by many terres-
trial sources, for example little or no competition for agricultural land, or
even positive effects, such as fertilizer production instead of consumption.
In the last few years the focus has shifted to a renewed interest and a great
increase in activity in algae as a sustainable source of energy. Potentially
algae has a high productivity and biomass production which shun compe-
tition with other productive land uses. But still there are some loopholes
regarding the potential for the technologies, and there is no consensus
about the optimum role for algae, with many algal strains and routes to
energy under consideration. Different processing methods of algae and its
harvesting and processing technologies give different options for bioen-
ergy products (Figure 7.6).

7.3.1 Biofuel and Biodiesel

Algae are oil-rich and give a higher yield of oil per unit of land in a year
compared to terrestrial crops (Table 7.3). Lipids are one of the main com-
ponents of microalgae; depending on the species and growth conditions
2-60% of total cell dry matter [38]. Microalgae contain lipids and fatty
acids as membrane components, storage products, metabolites and sources
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Table 7.3 Oil output of different biofuel feed stocks.

Crop Oil yield (gal/acre-yr)
Corn 18

Cotton 35

Soybean 48

Canola 127

Jatropha 202

Oil palm 635
Microalgae (15% oil) 1,200

Source: Khan et al. (37)

of energy. Such microalgal strains with high lipid value are of great interest
in the search for a sustainable feedstock for biodiesel. These lipids can be
used as a liquid fuel in adapted engines as Straight Vegetable Oil (SVO).
Tri-glycerides and free fatty acids, a fraction of the total lipid content, can
be converted into biodiesel. A few microalgal species have been reported
to have the capacity of accumulating large quantities of lipids in cells under
favorable conditions. A selction of algal strains with high efficiency of bio-
diesel production is prime. Use of a photobioreactor can prevent the com-
petition from other algae, and optimum growth conditions can be easily
maintained. Certain environmental and nutritional conditions during cul-
ture help in the accumulation of lipids. The viscosity of raw microalgal oil
is high, thus requiring conversion to lower molecular weight constituents
in the form of fatty acid alkyl esters. Transesterfication helps in the conver-
sion of raw microalgal lipid into renewable, non-toxic and biodegradable
biodiesel. During the transestrefication, glycerides in fats and oils react
with alcohol in presence of catalyst. The end products of the reaction are
fatty acid methyl esters (FAME) and glycerol. The use of acid catalyst has
been found to be useful but the reaction rates for converting triglycerides
to methyl esters are too slow [39]. Acid catalysis is suitable for transesterifi-
cation of oils containing high levels of free fatty acids [40]. Alkali-catalyzed
transesterification is about 4,000 times faster than the acid catalyzed reac-
tion and hence most frequently used commercially [41].

7.3.2 Biogas (Biomethane Production)

Nowadays the production of biogas from algal biomass is gain-
ing increasing demand worldwide. An anaerobic digester contains
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synergistic microbial populations to convert a variety of organic sub-
strates to methane and carbon dioxide. Thus algal organic compounds
such as lipid, protein, or carbohydrate can be converted to methane.
Methane is widely used as both a fuel and a chemical feedstock; how-
ever, under normal conditions it is a gas and therefore bulky to handle;
its use as a transportation fuel is limited [7]. The growth rates of marine
macroalgae exceed those of land plants; however, growth is often lim-
ited by the availability of nutrients. Conversion of methane to methanol
through photochemical conversion is possible. An anaerobic biodegrad-
ability is quite inadequate because of its complex cell wall structure. The
pretreatment techniques have been thus investigated so as to improve
algal methane yield. Different pretreatment techniques aiming for faster
anaerobic digestion, increase in biomass yield, and minimum processing
hurdles are developed now. Pretreatment methods are thermal, mechan-
ical, chemical and biological processes used to disintegrate microalgae
cells, solubilize the organic content, and increase the anaerobic diges-
tion rate and extent. Chemical pretreatments have been proved success-
ful, particularly when combined with heat [42]. Enzymatic pretreatment
seem to improve microalgae hydrolysis [43]. Biogas can be derived via
anaerobic fermentation of any organic matter, including the cellulose
and hemicelluloses within macroalgae, although the biomass must
be subjected to pretreatment processes in order to liberate the sugars
needed for fermentation [44].

The complex cell wall structure of microalgae is resistant to biological
attack. Microalgal species without cell wall like Dunaliella sp. and Pavlova
or the species containing glycoproteinous cell wall (Chlamydomonas sp.,
Euglena) showed higher methane yield than those with a more complex
cell wall, containing recalcitrant compounds (e.g., Scenedesmus sp. and
Chlorella sp.) [44]. Rates and yields of CH, formation from microalgal
biomass often increase with digestion temperature. The incorporation of
algae in photobioreactors to purify biogas has several advantages over con-
ventional chemical methods of CO, removal. Obtaining algae is relatively
inexpensive because culturing algae requires minimal nutrients for their
growth. Growth of the algae requires a light source as well, which does
not necessarily have to be expensive if illumination is provided by natural
sunlight, which is not limited in supply [44].

7.3.3 Bioethanol

Bioethanol can be used as a biofuel which can replace part of the fossil-
derived petrol. Research on improving bioethanol production has been
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hastening for both ecological and economical purposes. Bioethanol is as
an alternative to petroleum-based fuels [46]. Algae are considered as the
only alternative to current bioethanol crops such as corn and soybean as
they do not require arable land [47]. The unicellular marine microalgae
were considered to be an abundant resource for carotenoids, lipids, and
polysaccharides, and were widely investigated in the fields of food supple-
ments and bio-fuel production [48]. Microalgae can convert up to 5% of
the solar energy into chemical energy [49]. Few microalgae species have
the ability of producing high levels of carbohydrates than that of lipids as
reserve polymers, which are an ideal source for the production of bioeth-
anol as carbohydrates from microalgae can be extracted to produce fer-
mentable sugars. With new technologies, cellulose and hemicelluloses can
be hydrolyzed to sugars [50], creating the possibility of converting an even
larger part of algal dry matter to ethanol. It has been estimated that approx-
imately 5,000-15,000 gal of ethanol/acre/year (46,760-140,290 L/ha) can
be produced from microalgae [51]. Algal cell walls are largely made up
of polysaccharides, which can be hydrolyzed to sugar. Blue-green algae
including Spirogyra species and Chlorococum sp. have been shown to accu-
mulate high levels of polysaccharides both in their complex cell walls and
as starch. This starch accumulation can be used in the production of bio-
ethanol [52, 53]. Harun et al. [52] have shown that the blue-green algae
Chlorococum sp. produces 60% higher ethanol concentrations for samples
that are pre-extracted for lipids versus those that remain as dried intact
cells. Another algae-specific technology for ethanol production is being
developed, in which green algae are genetically modified to produce etha-
nol from sunlight and CO, [54]. Bioethanol production from microalgae
begins with the collection and drying of algae that have been cultivated in a
suitable water environment. In the next step of the process, the algae mass
is ground and hydrolyzed and then the hydrolyzed mass is fermented and
finally distilled [55]. Bioethanol from algae holds significant potential due
to their low percentage of lignin and hemicellulose as compared to other
lignocellulosic plants [56]. While having low lignin content, macroalgae
contain a significant amount of sugars (at least 50%) that could be used in
fermentation for bioethanol production [57]. However, in certain marine
algae such as red algae the carbohydrate content is influenced by the pres-
ence of agar, a polymer of galactose and galactopyranose. Current research
seeks to develop methods of saccharification to unlock galactose from the
agar and further release glucose from cellulose leading to higher ethanol
yields during fermentation [57, 58]. Ethanol production from algae has
very interesting prospects but it needs more development to analyze a full-
scale production system.
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7.3.4 Biohydrogen

Use of microalgae for photo-biological hydrogen production from water
are being developed into a potentially emission-free fuel stream for the
future, which will also help in atmospheric CO, sequestration. Algae
biofuel projects were focused on obtaining biodiesel fuel, but at present,
owing to innovative technologies, producers are becoming interested in
the possibility of obtaining other kinds of fuel from algae that are close
in composition to fuel products obtained by petroleum distillation, e.g.,
aviation fuel, which is obtained by subjecting algae oil to hydroprocessing.
Bio-hydrogen production from microalgae was first observed in the green
alga Scenedesmus obliquus and in many other photosynthetic species
65 years ago [59] (Boichenko and Hoffmann, 1994). Biohydrogen produc-
tion from algae is of two types, which are as follows:

7.3.4.1 Direct Biophotolysis

This method involves the dissociation of water under sunlight in the pres-

ence of microalgae. Microalgae have perfect genetic, enzymatic, metabolic

and electron transport machinery to produce hydrogen gas under the

influence of light. In the biophotolysis, solar energy is used to convert a

readily available substrate, water to oxygen and hydrogen (Figure 7.7).
The overall general reaction is

2H,O Light 2H, +0,

The well-known hydrogen-producing green algae under anaerobic con-
ditions is Chlamydomonas reinhardtii, which may generate H, or use H, as

: Photosystems ( :
M (&l }_)l Ferredoxin ]_)[ Hydr(fenase ]
/"___\ - :-‘H
@ 2H

Figure 7.7 Mechanism of photolysis.
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an electron donor [60]. These generated hydrogen ions are converted into
hydrogen gas in the presence of enzyme hydrogenase and electrons which
are donated by reduced ferredoxin.

7.3.4.2  Indirect Biophotolysis

In this method, Cyanobacteria (blue green algae) can evolve hydrogen by
indirect biophotolysis. The general reaction for hydrogen formation from
water by cyanobacteria is

12H,0 + 6CO, + light energy = C H O, + 6CO
C.H,,0,+ 12H,0 + light energy = 12H + 60

7.3.4.3  Photo Fermentation
The general reaction for photo fermentation can be written as:
CH,COOH + 2H,0 + light = 4H, + 2CO,

A large number of microalgal screenings have been done for photo-
fermentative hydrogen production. The most promising species are
Rhodopseudomonas capsulate, Rhodobacter spheroids and Rhodospirillum
rubrum [61]. Application of photobiological technology is a promising
technology but the production of oxygen along with hydrogen causes a
major setback for the technology. Large-scale electrolysis of water is also
possible, but this costs more electricity than can be generated from the
hydrogen it yields. For the future, more knowledge of the organisms
that can produce hydrogen and their optimum conditions for growth
and development is necessary, as well as optimization of the biological
route of solar energy to hydrogen, through genetic modification. If these
improvements prove to be possible, this would constitute a profitable and
renewable hydrogen production [62].

7.4 Concluding Remarks

For sustainable biofuel, there are three principal considerations: technical
feasibility; economic viability; and resource sustainability. Algal-based
biofuel is technically feasible. However, to date, economic viability has
not been achieved. Furthermore, resource sustainability, in terms of land,
water, nutrient and energy utilization, must be meticulously quantified for
each type of production system in order for the feedstock to be considered
truly “sustainable” With large-scale biofuel production processes, this
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water-energy-nutrient nexus is the subject of significant consideration and
debate. Considering “algae-to-energy”, hydrogen production by algae is
mostly far from commercial implementation, although yield improvement
options are being investigated. Algal biodiesel is generally the most favored
and focused algae-for-energy option and has been researched the most.
Both open and closed land-based cultivation systems appear suitable for
this option. The conversion of the extracted lipids to biodiesel is relatively
easy, and the product price can easily be compared with fossil fuel prices.
Since nutrient-limitation is often used as an increasing lipid production
strategy, this technology requires strict nutrient input control; therefore
using manure or wastewater as a nutrient source may be relatively
convoluted. Hydrogen has great potential to be a major contributor of clean
and renewable energy. Biohydrogen production from algae on commercial
scale can be useful as it fulfills most of the criteria of a clean and renewable
source of energy. The process through which hydrogen is produced by algae
has its pros and cons both in terms of technology and productivity. These
processes are yet to be evaluated and modified for productivity and costing
of commercialization. Bioethanol production from marine algae has also
great potential for sustainable development. Several algae species have been
studied; however, the main difficulties are its widely commercialization of
bioethanol as an alternative to petroleum-based fuels, and more studies are
needed in the future to dissolve these troubles.
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