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Chapter 15 
Biomethanation Potential of Biological 
and Other Wastes 

j . C. Costa, D. z. Sousa, M.A. Pereira, A. J. M. Starns 
and M. M. Alves 

Abstract Anaerobic technology has been traditionally applied for the treatment of 
carbon rich wastewater and organic residues. Anaerobic processes can be fully 
integrated in the biobased economy concept for resource recovery . After a brief 
introduction about applications of anaerobic processes to industrial wastewater 
treatment, agriculture feedstock and organic fraction of municipal solid waste, the 
position of anaerobic processes in biorefinery concepts is presented. Integration of 
anaerobic digestion with these processes can help in the maximisation of the 
economic value of the biomass used, while reducing the waste streams produced 
and mitigating greenhouse gases emissions . Besides the integration of biogas in 
the existing full-scale bioethanol and biodiesel production processes, the potential 
applications of biogas in the second generation lignocellulosic, algae and syngas
based biorefinery platforms are discussed. 
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15.1 Introduction 

We are presently living in the transition from a linear economy (cradle to grave) 
founded on abundant fossil resources to a circular biobased economy concept 
(cradle to cradle), where waste and by-products should re-enter the cycle of pro
duction and the energy carried should derive from renewable sources. In the 
circular economy's thinking, biorefinery concepts based on a variety of biore
sources, by-products and (bio) wastes are emerging. There is a huge opportunity 
for anaerobic digestion (AD) as multi-functional process that integrates environ
mental protection, renewable energy production, nutrients and water recycling 
(Fig. 15.1). Anaerobic conversion processes should be the core of any treatment 
process of biodegradable waste or carbon rich wastewater, though complemented 
with appropriate post-treatment processes either biological or physicochemical 
(Van Lier and Lettinga 1999). The wide range of feedstocks suitable for biogas 
production includes animal waste, municipal sludge, industrial wastewater and 
organic fractions of municipal solid waste (OFMSW), as well as aquatic and 
terrestrial energy crops whenever available for energy production. One of the main 
advantages of AD is the possibility of recovering renewable energy in the form of 
biogas, which is a versatile energy carrier that can be used for electricity pro
duction, heating purposes, vehicle and jet fuel and replacement of natural gas by 
injection of upgraded biogas in the natural gas grid. In addition, biogas may be 
considered as starting compound for biotechnological production of chemicals. 
On the other hand, organic waste stabilisation and nutrient redistribution are, 
besides energy production, objectives of any AD plant (Fig. 15.1 ). 

Fig. 15.1 The role of anaerobic processes for sustainable bio-resources recovery (adapted from 
van Lier and Lettinga 1999) 
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15.2 Current Applications of Anaerobic Processes 

15.2.1 The Biochemical Process of Methane Production 

Anaerobic digestion of complex organic substrates proceeds thrOl~gh a .series of 
parallel and sequential steps, with several groups of Inicroorga~tsms mvolved. 
Figure 15.2 depicts the main pathways of the anaerobic degradatiOn of co~plex 
substrates under methanogenic conditions. AD starts with the hydrolysts of 
complex substrates to simpler compounds. Complex substrates, such as carbohy
drates, proteins and lipids, are normally present in the form of suspended com
pounds or colloidal matter and, before transport through the cellular mer~brane, 
need to be transformed into smaller molecules. Such process takes place dunng the 
hydrolysis step, in which these complex compounds are hydrolysed into thei: basic 
building units. This step is aided by extracellular enzymes (hyd~olases), whtch are 
excreted by fermentative bacteria. Carbohydrates are converted mto so.luble sugars 
(saccharides) by cellulases, amylases, xylanases and other hydrolytic en~ymes; 
proteins are degraded via peptides and amino acids by proteases and peplldases; 
and, lipids are transformed into long chain fatty acids (LCFA~ and ~lycerol by 
lipases. In the case of complex particulate substrates, hydrolysis of bwpolymers 
can be the rate limiting step in the whole degradation process (Masse et a!. 2002; 
Van Lier eta!. 2001; Vavilin et al. 1996). An efficient hydrolysis step is important 
t9 make complex substrates accessible for the anaerobic microbial communities, 
optimising the methanogenic potential of the (waste) water to be treate? . . 

Products formed during the hydrolysis step are further converted mstde the 
bacterial cells in a process known as acidogenesis (or fermentation). Acidogenesis 

Proteins II Carbohydrates II L __ L_ip_i_d_s --' 

Hydrolysis + + + 
Amino acids, Sugars Free LCFA +Glycerol 

Acidogenesis 

Acetogenesis 

Acetic Acid 

Methanogenesis + 
~~----------~-. 

Methane, Carbon Dioxide 

Fig. 15.2 Simplified representation of the anaerobic digestion process (Pereira 2003 adapted 
from Gujer and Zehnder 1983) 
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is the first energy yielding step during anaerobic digestion and consists in the 
degradation of soluble substrates, without the presence of an external electron 
acceptor. Main substrates for acidogenesis include soluble saccharides, amino 
acids and glycerol and results in the formation of acetate, propionate, butyrate, 
carbon dioxide, hydrogen and other organic products, such as lactate and alcohols 
(Harper and Pohland 1986). Soluble sugars are largely converted into acetate and 
hydrogen, but formation of propionate, butyrate, lactate and ethanol occurs as well. 
LCFA degradation requires an external electron acceptor for oxidation, and 
therefore is covered in the acetogenesis section. Nevertheless, hydrogenation of 
unsaturated fatty-acids might take place during the acidogenesis step. ·Normally, 
the bacteria responsible for the hydrolysis also ferments the resulting monomers 
(Schink 1997). In general, these bactetia have a short doubling time, and therefore 
acidogenesis is not regarded as a limiting step in the process of anaerobic digestion 
(Gujer and Zehnder 1983; Mosey 1983). 

Fermentation products (short chain fatty acids and alcohols) and LCFA 
(resulting from lipid hydrolysis) can be further oxidised to acetate by obligate 
hydrogen producing acetogens in the acetogenic step. Fatty acids oxidation is 
coupled to the reduction of hydrogen ions or bicarbonate, functioning as external 
electron acceptors, to form hydrogen and formate, respectively. Under standard 
conditions (Temperature of 0 °C and Pressure of I atm), these reactions are 
thermodynamically unfavourable, and the complete conversion of the substrates 
only proceeds when hydrogen and formate concentration is kept low (Schink and 
Starns 2006; Starns and Plugge 2009). This is achieved by syntrophic association 
with hydrogen and formate-utilising microorganisms. 

In the presence of inorganic electron acceptors other than protons and C02, 

competition for different substrates may occur. Such is the case of wastewaters 
containing sulfate, in which sulfate-reducing bacteria can compete with syntrophic 
acetogenic bacteria for electrons resulting from fatty-acids, and with methanogens 
for electrons resulting from hydrogen and acetate (Starns et al. 2005). 

Methanogenesis is the production of methane and, in various environments, is 
the final step in the degradation of organic matter. This highly specialised process is 
carried out by methanogenic archaea, which metabolise the end products of the 
previous reactions (mainly hydrogen, carbon dioxide, formate, methanol, methyl
amines, and acetate) to form methane. In anaerobic bioreactors, this process mainly 
occurs through two pathways: (!) carbon dioxide reduction (hydrogenotrophic 
methanogenesis (Boone et al. 1989; Schink 1997)), and (2) acetate dissimilation 
(acetoclastic methanogenesis (Jetten et al. 1992)) (Fig. 15.2). Several authors have 
reported methanogenesis as being the rate-limiting conversion in the whole 
anaerobic digestion process in bioreactors (Fang et al. 1995; Huang et al. 2003). 
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15.2.2 Anaerobic Digestion of Slurries and Biowaste 

Anaerobic digestion is already an effective and mature technology to produce 
renewable energy carriers from organic waste, to reduce odour and pathogen levels 
in manure and produce a biofertilizer, to reduce greenhouse gas emission from a 
farmstead and to treat food waste/by-products (Cantrell et al. 2008; Mala-Alvarez 
eta!. 2000; Weiland 2010). According to data from the EurObserv'ER (2010) 
between 2000 and 2009, the biogas produced in Europe increased about five times. 
However, there are large differences of biogas technology implementation in 
Europe. For instance, in Germany, 51.5 ton oil equivalent (TOE) were produced 
per 1,000 inhabitants as biogas primary energy in 2009, whereas in Portugal only 
2.2 TOE/1,000 inhabitants were produced in the same period. The average of the 
European Union countries was 16.7 TOE/1,000 inhabitants. 

In theory, all types of biowaste can be used for biogas production. The composition 
of the biogas and the biogas productivity depends on the feedstock, on the reactor type 
and organic loading rate applied, and on the microbial consortium activity. Table 15. I 
presents some data on the biogas yields for some types of waste and raw materials. 
There is a long tradition of anaerobic sewage sludge and animal manure treatment. 
Presently, agricultural applications are mainly based in co-digestion of manure with 
available co-substrates such as harvest residues, top and leaves of sugar beets, organic 
wastes from agriculture related activities, food waste, collected municipal biowaste 
from households and energy crops (Weiland 201 0). The advantages of co-digestion are 
(Cecchi et al. 1996; Mata-alvarez eta!. 2000; Murto eta!. 2004; Neves 2009): 

• Dilution of toxic substances coming from any of the substrates involved, includ-
ing, possible detoxification of some xenobiotics, based on co-metabolism process; 

• Improved nutrient balance reducing micro and macronutrient deficiency; 
• Improving process stability; 
• The use of a co-substrate can also help to establish the required moisture con

tents of the digester feed. Better handling and digestibility can be achieved by 
mixing solid waste with diluted waste; 

• In addition, economic advantages can be significant, derived from the fact of 
sharing equipment. 

Table 15.1 Average biogas 
yields of several substrates 
(adapted from Weiland 20 10) 

Agricultural wastes 

Agricultural raw materials 

Non-agricultural wastes 

Substrate 

Cow manure 
Pig manure 
Grass 
Fodder beets 
Wheat corn 
Biowaste 
Food residues 
Used grease 

rn 3 biogas t 
I 

feedstock 

25 
30 

100 
110 
630 
120 
240 
800 
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15.2.3 Anaerobic Wastewater Treatment 

The application of anaerobic technology for industrial wastewater treatment is also 
established (Rajeshwari et al. 2000; Angenent et al. 2004). High-rate anaerobic 
wastewater treatment technology has become a standard for a certain range of 
industrial wastewaters. Thousands of full-scale installations are in operation world
wide, treating mainly wastewater containing readily degradable organic pollutants 
such as Volatile Fatty Acids (VFA) and carbohydrates. Reliable technologies, such as 
the upftow anaerobic sludge blanket (UASB), the expanded granular sludge bed 
(EGSB) and the internal circulation (IC) reactors, promoted the confidence in AD 
technology. Recently, the inverted anaerobic sludge blanket (IASB) reactor (Alves 
eta!. 2007) was developed for the treatment of effluents with high content oflipids and 
the proof of concept demonstrated an efficient treatment capacity for an extremely 
concentrated slaughterhouse effluent. The first full-scale reference is presently under 
construction. 

15.3 The Role of Biogas in Biorefinery Platforms 

15.3.1 Introduction 

According to the International Energy Agency (lEA) Bioenergy Task 42, "bior
efinery is the sustainable processing of biomass into a spectrum of marketable 
products (food, feed, materials, chemicals) and energy (fuels, power, heat)" . 

The integration of AD technology within a biobased economy is a logical and 
imuitive step now. Biorefineries for the production of chemicals and biofuels from 
vegetable biomass have been in focus in the recent years (Langeveld et al. 2010). 
Special attention has been given to the development and optimisation of processes for 
the production of ethanol and biodiesel, which are presently done at full scale in several 
countries. Brazil and the United States have well established and growing economy 
based on ethanol production. Second generation ethanol from lignocellulosic biomass 
is emerging and will be a mature technology in the near future. Biodiesel production 
from vegetable oils is representative in countries such as Germany and France. Inte
gration of AD with these processes can help in the maximisation of the economic value 
of the biomass used, while reducing the waste streams produced and mitigating 
greenhouse gases emissions. Besides, other products such as compost can be produced 
and further recycled for agriculture purposes or for vegetable biomass growth. 

15.3.2 Biogas Opportunities in Bioethanol Production 

First generation bioethanol, derived from starch crops like corn and wheal, or 
sugar crops like sugar cane and sugar beet, has been rapidly adopted as a primary 
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Fig. 15.3 Biorefinery 
concept for the production of 
bioethanol from sugar-based 
crops, including an anaerobic 
digestion step for the 
energetic valorisation 
of the by-products 
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transportation fuel in the United States and Brazil. Total world production grew 
from 17.1 billion litres in 2000 to 86.9 billion Iitres in 2010, with the United States 
as the top producer with 50 billion litres, mainly corn-derived ethanol, followed by 
Brazil with 26 billion Iitres using sugarcane as primary feedstock. The European 
Union produced 4.4 billion litres of ethanol in 2010, accounting for 5.1 % of 
world's production (Lichts 2010). 

Typical steps on current sugar-based ethanol technology include milling of the 
sugar cane (or sugar beet crops) to extract the juice, fermentation of sugar to 
ethanol by yeast and distillation of ethanol (Fig. 15.3). For starch (cereal) based 
crops, similar procedures are performed, with an additional hydrolysis step to 
break down the polymers into simple C6 sugars (Fig. 15.4). Both processes pro
duce large amounts of by-products, namely: 
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Fig. 15.4 Biorefinery concept for the production of bioethanol from starch-based crops, 
including an anaerobic digestion step for the energetic valorisation of the by-products 

• Bagasse: the biomass left over after sugarcane has been crushed and the juice 
extracted . Approximately 240 kg are generated per ton of sugarcane (Dias et al. 
2009); 

• Vinasse: the effluent obtained after ethanol is distilled from the fermented sugar 
mixture, 

• Whole stillage: the effluent obtained after ethanol is distilled from the fermented 
cereal mixture. Up to 20 litres per litre of ethanol produced depending on the 
feedstock used (van Haandel and Catunda 1994). 

In a traditional corn-to-ethanol process, the whole stillage is centri fuged to 
produce wet cake (solid fraction) and thin stillage (liquid fraction) . A significant 
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fraction (around 50 %) of the thin sti llage is recycled as backset to the second 
stage of the liquefaction process and the remaining part is evapourated to syrup. 
The syrup is then mixed with the centrifuged solids to produce distiller's dried 
grains with soluble (DOGS) that are sold as livestock feed (Eskicioglu eta!. 20 II ). 
DOGS processing (centrifuging, evaporation and drying) is energy demanding. It 
can account for approximately 35 % of electricity and 30 % of natural gas con
sumption of a bioethanol plant (Meredith 2003). Currently, it is still profitable to 
process whole stillage and sell as animal feed, but as fuel demand increases, the 
risks of DOGS market saturation increase as well. 

Anaerobic digestion has long been considered an alternat ive approach to handle 
ethanol by-products, reduce the environmental impact of the generated wastewa
ters and improve the net energy balance ratio of the process (Figs. 15.3 and 15.4) 
(Plugge et al. 2009). Research has primarily been focused on thin stillage because 
it is the largest wastewater contributor. In the 1980s, mesophilic studies on corn 
thin stillage reported promising performances with methane yields of 250-
370 L CH4 kg-t chemical oxygen demand (COD) removed that could replace 
about 60 % of the daily energy requirement of the bioethanol plant (Stover et al. 
1984). In recent studies, AD of corn thin stillage was evaluated at thermophilic 
conditions. Whole stillage exits the distillation column at above 55 °C, and thus 
heating demand to achieve thermophilic digestion is not so high and can provide 
improved efficiency and economics. Schaefer and Sung (2008) reported methane 
yields ranging between 600 and 700 L CH4 kg- t volatile solids (VS) removed 
during AD of thin corn stillage in thermophilic continuous stirred-tank reactor 
(CSTR) operated at 30, 20 and 15 days hydraulic retention time (HRT). It was 
estimated that natural gas consumption at corn derived ethanol plants could be 
reduced by 43-59 % with this level of methane production. In another study, thin 
corn stillage was treated in thermophilic sequencing batch reactors (SBR) to 
produce 254 L CI-14 kg- 1 TCOD fed with a 10 day HRT (Agler et al. 2008). These 
authors also estimated that the methane generated would reduce natural gas con
sumption in conventional dry grind ethanol plants by 51 %, improving the net 
energy balance ratio of ethanol from 1.26 (conventional) to 1.70. Lee and 
co-workers (2011) demonstrate that mesophilic anaerobic digestion might provide 
a more attractive option for enhancing the net energy gain in the existing corn
to-ethanol industry. Thin corn sti llage treatment in a mesophilic CSTR at 25 day 
HRT rendered a methane yield of 271 L CH4 kg- 1 COD fed, which if incorpo
rated in a corn-to-ethanol plant could increase the net energy balance ratio to 1.80. 

Mesophilic or thermophilic digestion of whole corn stillage has only recently 
been studied. Biochemical methane potential (BMP) batch assays indicated 
significant methane potential for whole corn stillage at concentrations ranging from 
6 .35 to 50.8 g TCOD L - I . Specific methane yields ranging between 401 
and 458 L CH4 kg- 1 VS added and between 429 and 693 L CH4 kg- 1 VS added 
were obtained at mesophilic and thermophilic condition, respectively (Eskicioglu 
et al. 201 1). However, continuous flow experiments with the full-strength 
whole corn stillage (254 g TCOD L - I) at organic loading rates of 4.25, 6.30 and 



378 J. C. Costa et al. 

9.05 g TCOD L -I d- 1 indicated unstable performance under thermophilic condi
tions and at mesophilic temperatures. Only at 60 day HRT was stable. 

In sugarcane-based ethanol plants (Fig. 15.3), the bagasse generated is pres
ently used directly as a solid biofuel to co-generate heat and electricity which is 
used in the plant and also sold to the electricity grid (Amorim et al. 2011). The 
vinasse produced (around 12 L for each litre of ethanol distilled (Amorim et a! . 
201 1 )), rich in minerals, such as potassium, calcium, magnesium, nitrogen and 
phosphorus, has been used as a fertilizer in the sugarcane fields. However, the 
increasing volume of vinasse is saturating the soil and threatening the quality of 
the ground water. It is not economically feasible to transport the vinasse over 
longer distances, and therefore a solution to this environmental problem should be 
found on location . AD is a viable approach to treat cane vinasse (Blonkaja et al. 
2003; Perez-Garcia et al. 2005; Seth et al. 1995; Souza et al. 1992) and contributes 
for the production of renewable energy. 

Bagasse combustion and AD of vinasse are presently implemented at some 
distilleries at full scale (van Haandel 2005). By using steam turbines fuelled with 
bagasse combustion, electric power can be generated at a rate of 1 MWh per m3 of 
produced alcohol. Anaerobic digestion can be applied to vinasse to produce 
enough biogas for 0.5 MWh/m3 of alcohol, bringing total electric power produc
tion from subproducts to 1.5 MWh/m3 of alcohol (van Haandel 2005). 

Nowadays, bagasse is also generally recognised as a promising feedstock for 
cellulosic ethanol production, i.e. second generation (2G) bioethanol (derived from 
the non-food component of biomass) (Fig. 15.3), and it is expected that biofuel 
produced in this way will have less impact on the environment. Most processes 
and technologies for 2G bioethanol are still under development in different 
research activities and pilot/demo plants but are not yet on the market (lEA 2010). 
The challenge for biorefineries in the future is to use all side- and by-products from 
industry processes as well as crop residues. 

Production of bioethanol, methane and heat from sugarcane bagasse in a bi
orefinery concept has been recently evaluated by Rabelo and co-workers (2011). 
Four different biofuel production scenarios showed that 63- 65 % of the energy 
produced by bagasse combustion could be recovered by combining ethanol pro
duction with the combustion of lignin and hydrolysis residues, and AD of pre
treatment liquors, whereas only 32- 33 % of the energy was recovered by bio
ethanol production alone (Rabelo et al. 20 II). The possibility of using wheat straw 
for the production of bioethanol (from cellulose), biohydrogen (from hemicellu
lose) and biogas (from effluents of bioethanol and biohydrogen production) was 
also evaluated (Kaparaju et al. 2009). Fermentation of cellulose, obtained from 
hydrothermal pre-treatment of wheat straw and enzymatic hydrolysis, yielded 
0.41 g ethanol g- 1 glucose, while dark fermentation of the hydrolysate produced 
178.0 mL H2 g- 1 sugars, and the effluents from both bioethanol and biohydrogen 
processes produced methane with the yields of 0.324 and 0.381 m3 kg- 1 VS 
added, respectively. Six different wheat straws to biofuel production scenarios 
were further evaluated showing that either use of wheat straw for biogas pro
duction or multi-fuel production were energetically most efficient processes 
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compared to the production of mono-fuel such as bioethanol when fermenting C6 
sugars alone (Kaparaju et al. 2009) . Other studies focused on the evaluation of 
whole-crop biorefinery concept. For instance, Luo and co-workers (2011) inves
tigated the utilisation of the whole rapeseed plant (seed and straw) for multiple 
biofuels production. An ethanol yield of 0.15 g - I ethanol g - I dry straw was 
obtained after combined alkaline peroxide and steam pre-treatment. Methane alone 
or hydrogen and methane were produced, in batch, from the individual process by
products (rapeseed cake, glycerol, hydrolysate and stillage) at similar energy 
yields (11 - 15 kJ g- 1 VS). In continuous operation, only the two stage hydrogen 
and methane fermentation could work stably at an organic loading rate up to 6 g 
COD L - I d- 1 with average yields of 45 mL H2 g- 1 VS and 347 mL CH4g- 1 VS 
(Luo et al. 2011 ). The energy recovery efficiency from rapeseed plant increased 
from 20 % in the conventional biodiesel process to 60 % in the biorefinery con
cept, by util isation of the whole rapeseed plant for biodiesel, bioethanol, biohy
drogen and methane production. 

15.3.3 Biogas Opportunities in Biodiesel Production 

First generation biodiesel is produced from vegetable oils of oleaginous plants 
(e.g. rapeseed, soybean, sunflower, palm oil, etc.) by transesterification processes 
or cracking (Nigam and Singh 2011). The competition with agricultural land raised 
ethical issues and new generations of biodiesel appeared: the second generation 
from non-edible vegetable oil (e.g. jatropha) and from wastes (e.g. animal fat), and 
the third generation of biodiesel from algae (Rittmann 2008). Globally, there are 
more than 350 oil-bearing crops identified as potential sources for biodiesel pro
duction (Atabani et al. 2012). From the available techniques for oil conversion in 
biodiesel, transesterification of oil with alcohol in the presence of a catalyst is the 
most used and technically feasible (Marchetti et al. 2007). 

The costs associated with biodiesel are a limiting factor for their utilisation. In 
future biorefinery concepts, by-products from the cultivation of energy crops 
should be used to produce other biofuels and/or added value products. For 
instance, although biodiesel could be the ultimate economical product in a bior
efinery, the by-products from this process can also be utilised for the production of 
methane and hydrogen in anaerobic digesters, and consequently improving the 
energy and economic balance of these production systems (B01jesson and 
Mattiasson 2008). Besides, the excess energy can be sold to the public electricity 
grid, and the AD digestate may be used as fertilizer for the production of new 
biomass crops. The main biodiesel derived by-products are: 

• Crude glycerol: it occurs in vegetable oils at a level of approximately 10 % (w/w). 
The make-up of crude glycerol varies depending on the parent feedstock and the 
biodiesel production process. Crude glycerol generated by the most usual method 
of homogeneous base-catalysed transesterification, and separated from biodiesel 
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by settling, contains approximately 50- 60 % of glycerol, 12-16% of alkalies 
(especially in the form of alkali soaps and hydroxides), 15- 18 %of methyl esters, 
8- 12 %of methanol and 2- 3 %of water (Kocsisova and Cvengros 2006). COD of 
crude glycerol can exceed 1,000 g L - t and the pH goes over 9. 

• Biodiesel processing wastewater: water is used at the end of the biodiese1 
production chain to remove impurities such as excess of oil and methanol, 
residual catalyst, soap and glycerol. A large amount of wastewater is generated 
in this process, from 0.2 to 1.2 L per litre of biodiesel produced. This waste
water has a high pH value of approximately 9 and a COD content of hundreds of 
grams per litre, which is particularly attributed to methanol, glycerol and oil and 
grease (Phukingngam et al. 2011). 

• Crop waste after oil extraction (cake): it refers to the remaining biomass (aquatic 
and terrestrial energy crop) after the oil extraction for biodiesel production. This 
waste still hold some lipids. Traces of solvent, salts and pigments are other 
examples of elements that may be found in the waste. 

Wastes and by-products from the biodiesel industry still contain high energetic 
potential. To optimize the energetic balance of both aquatic and terrestrial crops 
used for biodiesel production, an anaerobic digestion process can be included in a 
biorefinery structure to convert the wastes and by-products in methane and 
hydrogen (Fig. 15.5). 

Glycerol is the main by-product of biodiesel production (by the transesterifi
cation process). The crude glycerol possesses very low value because of the 
impurities contained. As the demand and production of biodiesel grow exponen
tially, the huge amounts of glycerol produced and subsequent destination is a 
problematic issue associated with biodiesel manufacturing. Usually, crude glycerol 
is refined and channelled to markets in the pharmaceutical and cosmetic industries 
(Demirbas 2009). When refined to a chemically pure substance, it would be a very 
valuable by-product. Purifying it to that stage is costly and generally out of the 
range of economic feasibility for the majority of small/medium biodiesel facilities . 
Currently, some biodiesel producing companies from the European Union are 
facing problems in getting rid of excess glycerol, as disposal is also quite 
expensive (Luo et al. 2011). Studies have been conducted to investigate alternative 
glycerol utilisation routes such as production of ethanol, l, 3-propanediol and 
other high value products (Silva et al. 2009). Also, the AD of crude glycerol to 
produce methane and hydrogen is being explored to make biodiesel more com
petitive. However, high contents of COD and possible accumulation of fatty acids, 
the presence of methanol, inorganic salts, unreacted mono-, di -and triglycerides 
and methyl esters and the lack of nitrogen represents severe disadvantages for AD 
since these characteristics can inhibit the process. 

The co-digestion of crude glycerol with a complementary substrate is the most 
used technique to overcome these problems, by decreasing the C:N ratio or by 
diluting the waste. For example, the co-digestion of potato processing wastewater 
with glycerol increased the methane per litre of wastewater treated by a factor of 
1.5 (Ma et al. 2008). Adding glycerol to manure can increase significantly the 
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Fig. 15.5 Biorefinery concept for production of biodiesel, including an anaerobic digestion step 
for the energetic valorisation of wastes and by-products 

methane production. Under mesophilic conditions, the addition of 4 %glycerol to 
screened manure increased biogas production by up to 400 %, and at thermophilic 
conditions, using sonicated mixtures of ground cattle manure with 6 % added 
glycerol, 0.35 m3 CH4 kg- t COD removed were obtained (Castrill6n et al. 2011). 
Amon and co-workers (2006) showed that the addition of crude glycerol (6 %) to a 
mixture of maize silage, pig manure and rapeseed meal, increased methane pro
duction from 570 to 680 L CH4 kg- t VS. Mesophilic anaerobic treatment of crude 
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glycerol as an only organic substrate is feasible, although the specific inhibition 
effects and requirements resulting from the nature and composition of the substrate 
can cause difficulties (Kolesarova et al. 2011). Glycerol should be carefully added 
to an anaerobic co-digestion facility because if certain threshold values are 
exceeded, severe damages can be done to the process and partial or complete 
inhibition can be caused. Different limits were reported, from I to 6 %of glycerol 
(Amon et al. 2006; Fountoulakis et al. 2010; Holm-Nielsen et al. 2008). At those 
limits no VFA accumulation was observed as signal of organic overloading. The 
different limits may be explained by the different characteristics of the co-sub
strate, mainly related with their nitrogen content and respective C:N ratio imposed 
in the anaerobic reactor. 

Besides the traditional vegetable oil and animal fat, other substrates have been 
used to produce biodiesel, such as used-cooking oils. Also, biodiesel from mic
roalgae is gaining market relevance, although mainly in research and development 
stage (see Sect. 15.3.4). According to the EN14214 (2008), the biodiesel obtained 
by the catalysed transesterification process requires purification, which generates 
large amounts of highly polluted wastewater. This wastewater has pH values in the 
range of 9.2- 10.8, COD from 168 to 300 g L- 1 and fat content of 18-22 g L -I 
(Jaruwat et al. 2010). A combination of acidification-electrocoagulation with a 
subsequent AD step to efficiently purify wastewater derived from biodiesel man
ufacturing was developed (Siles et al. 2011). The anaerobic biodegradability of 
acidified- electrocoagulated wastewater was found to be 98 %, while the methane 
yield coefficient reached 297 L CH4 kg- 1 COD removed (1 atm, 0 °C). Also, the 
anaerobic co-digestion of glycerol and wastewater derived from biodiesel manu
facturing, in which COD was found to be 1,054 and 428 g L - I. respectively, was 
studied in batch laboratory-scale reactors at mesophilic temperature (Siles et a!. 
2010). Wastewater biodegradability was found to be near 100 %, while the 
methane yield coefficient was 310 L CH4 kg - I COD removed (I atm, 25 °C). 

The AD of the energy crop fraction not rich in oil and the remaining fraction 
after oil extraction are potentially good candidates for valorisation in an AD 
process. The high nitrogen content of lipid-free cake may be problematic for the 
process if ammonia exceeds inhibitory values (0.1 - 1.1 g N L - 1

). Though the 
rapeseed cake can be efficiently degraded with a methane yield of 
378 L CH4 kg- 1 YS, corresponding to 82% of the theoretical value (Luo et al. 
20 II ). Gunaseelan (2009) examined two integrated biorefineries schemes for the 
e nergetic valorisation of Jatropha curcus: (1) convert plant pruning, fruit hulls and 
de-oiled seed cake to methane concomitantly with oil to biodiesel, and (2) convert 
the seeds, plant pruning and fruit hulls entirely to methane. According to the 
author, the first scheme would produce 90 GJ ha- 1 y- 1 (with 54 GJ from the oil) 
and the second alternative would produce 97 GJ ha- 1 y- 1

• These results were 
obtained based on batch assays; therefore, conclusions should be drawn carefully. 

As conclusion is possible to state that anaerobic co-digestion technology could 
be readily integrated into existing biodiesel facilities, thus establishing true bior
efineries and revolutionising the biodiesel industry by dramatically improving its 
economics (Yazdani and Gonzalez 2007). Besides, AD could help circumvent the 
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disadvantages of chemical catalysis such as low product specificity, use of high 
pressure and/or temperatures, inability to use crude glycerol with high levels of 
contaminants, etc. For instance, for I ha rapeseed plant per year, 1,230 kg bio
diesel and 627 kg ethanol could be obtained, but also, 27.4 kg hydrogen and 
1,626 kg methane can be achieved by anaerobic co-digestion of the by-products 
(Luo et al. 2011). 

15.3.4 Biogas Opportunities from Algae 

Currently, biodiesel from vegetable oils and bioethanol from starch or sugar crops 
are the most technically feasible and commercialised alternative renewable bio
fuels. Algae should be seen as a promising source for bioenergy production in the 
future, since it has several advantages over other energy crops, including high 
yields and growth rates, the capacity to capture C02 , and do not compete with food 
crops for arable land (Table 15.2). Two major drawbacks are still associated with 
the production and transformation of algae to bioenergy, i.e. the quantity of 
nutrients required and the high costs associated with dewatering. The inclusion of 

Table 15.2 Advantages and disadvantages of algae biomass as energy crop 
Advantages Disadvantages 
'High photon conversion efficiency (high 

biomass yields per hectare) 
Produced all year round 
High growth rates 
Numerous species 
Load on freshwater source is reduced (can 

utilise salt and wastewater streams) 
Do not compromise food production 

(improved land use efficiency) 
Help in bio-fixation of waste C02 

(COrneutral fuel production) 
Assimilate nutrients and produce 

dissolved oxygen 
Does not require herbicides or pesticides 

application 
Valuable co-products such as proteins and 

residual biomass (fertilizer) 
Biochemical composition can be mutated 

to increase the yield 
Low lignin content 
Releases low amounts of H2S 
Produces non-toxic and highly 

biodegradable biofuels 
Double credits under new EU directives 

Costs of cultivation 

Supply of C02 for high efficiency production 
Harvest ing process 
High sodium concentration in marine species 
Presence of sand 

High content of nitrogen and phosphate 

Low C/N ratio 
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Fig. 15.6 Algae-based biorefinery showing the several biofuels produced and the potential role 
of anaerobic co-digestion 

an AD process, in a biorefinery concept (Fig. 15.6), may help in overcoming both 
problems since it may provide the necessary nutrients (and C02) for the biomass 
cultivation, and supply the energy needed for a positive economical balance. 

Algae are already used for the production of several high value products, 
including pigments, antioxidants, fatty acids, vitamins, pharmaceutical products and 
protein-rich feed for both animal and human consumption. Regarding the biofuels 
market, algae are the only feedstock potentially capable of completely replace the 
fossil fuel dependency. In the last three or four decades, many public and private 
investors, like ExxonMobil, have become interested and millions of dollars have 
been invested worldwide. Research in algae-biomass for biodiesel, bioethanol, 
biogas and hydrogen is a hot topic nowadays, although there is not yet production of 
biofuel from algae at a commercial scale (Demirbas 2009; Rusten and Sahu 2011). 

15 Biomethanation Potential of Biological and Other Wastes 385 

Both micro (photosynthetic cells mostly unicellular) and macroalgae (multi 
cellular, fast growing, marine and freshwater plant-like) have the necessary 
characteristics to be used as biomass for biofuel production. Microalgae can have 
up to 80 % of the dry weight in lipids, being therefore a potential good energy crop 
for biodiesel production. The yields of oil and fuels can be much higher ( 10- 100 
times) than terrestrial energy crops. However, unlike terrestrial energy crops, 
extensive drying is required before the biofuels production as the presence of water 
will inhibit several downstream processes, such as lipid extraction and 
transesterification. 

The extraction of lipids from microalgae generates a by-product, mainly 
composed of proteins and polysaccharides, which can go up to 60 % of the total 
biomass. There is an increased demand for protein-rich substances available for 
human food and animal feed. However, in a more integrated approach, microalgae 
residues can be fermented to produce bioethanol and/or biogas and have further 
high-value products extracted in a biorefinery type concept (Fig. 15.6). Also, a 
two-step AD biorefinery may be a good alternative, with the consecutive pro
duction of hydrogen and methane. Mussgnug and co-workers (20 10) observed an 
increase of 23 % in the methane yield from Chlamydomonas reinhardlii after H2 

production, compared with the AD of fresh microalgae. 
There is no substantial knowledge about the production of bioethanol from 

microalgae and/or microalgae wastes but there are several research studies 
exploring their methane potential (Table 15.3). The methane yield is very 
dependent on the algae species, values of 187 and up to 387 L CH4 kg- 1 VS were 
obtained with Scenedesmus obliquus and Chlamydomonas reinhardlii, respec
tively. Regarding the biohydrogen production, 66 L H2 kg- 1 VS were obtained 
with the residues of Scenedesmus after transesterification and pre-treatment with 
NaOH at 100 °C (Yang et al. 2011). 

Macroalgae are more suitable for bioethanol or biogas production, due to the 
high carbohydrates content that can go up to 60 %, depending on the species, the 
season and place of cultivation. In contrast, the low content in lipids makes the 
biodiesel production unfeasible. Currently, no commercially credible assessment 
of the economic feasibility of macroalgae cultivation for biofuel production has 
been published. However, several research studies report the BMP of macroalgae 
(Table 15.3). Species from the genera Gracilaria, Laminaria, Ulva and Sargassum 
are the most studied and with highest methane potential. Currently, the vast 
majority of macroalgae are collected for human consumption and for hydrocolloid 
production. 

The use of macroalgae resources is improbable to support a stand-alone biogas 
or bioethanol process. However, it is possible to introduce these processes into an 
existing facility where other biomass raw materials can be processed, such as co
digestion with manure or the OFMSW (Fig. 15.6). Couple algae production and 
wastewater treatment seems a very promising approach to two big markets, fuels 
production and wastewater treatment. In fact, wastewaters derived from municipal, 
agricultural and industrial activities potentially provide cost-effective and sus
tainable means of algae-biomass growth for subsequent biofuels production 



Table 15.3 Macro and microalgae species and respective biochemical methane potential (BMP) 

%C~ L CH4 kg 1 VS Conditions Pre-treatment 

Microalgae 
Arrhrospira platensis 61 293 38 •cfbatch -
Chlamydomonas 66 387 38 •Cfbatch -

reinhardlii 

Chlamydomonas - 3!0 38 °C/batch 24 h @ I05 ·c 
reinhardtii 

Chlamydomonas - 476 38 •Cfbatch H2 production 
reinhardtii 

Chiarella sp. - 245 35 •CJCSTR Dried, transesterification, add glycerol 
(HRT = l5d) 

Chiarella sp. 68 302 35 •CJCSTR Dried, transesterification 
(HRT = 15d) 

Chiarella kessleri 65 2!8 38 •Cfbatch 
Chiarella kessleri - !59 38 •Cfbatch 24 h@ 105 •c 

Cltlorella vulgaris - 240 35 •CJCSTR -
(HRT = 28d) 

Dunaliella salina 64 323 38 •Cfbatch -
Euglena gracilis 67 325 38 •Cfbatch -
Scenedesmus obliquus 62 178 38 •Cfbatch -
Macroalgae 
Entuomorpha sp. - 154 ± 7 37 •Cfbatch -
Gelidium amanssii - 239 35 •Cfbatch Ethanol production (fennentation residue) 

Gelidium amanssii - 283 35 •Cfbatch Ethanol production (saccharification 
residue) 

Gracilaria sp. - 280-400 35 •Cfbatch -
Gracilaria sp. - 182 ± 23 37 °C/batch -
Laminaria sp. - 260--280 - -

~----~----~----------~-~~~--~----------~--

Table 15.3 (continued) 

%C~ L CH4 kg- 1 VS Conditions Pre-treatment 

Laminaria digitata - 500 - -
Laminaria digitata - 2!9 35 •Cfbatch -
Macrocystis - 390--410 - -
Viva sp. 59 110 35 •Cfbatch -
Viva sp. 55 94 35 •Cfbatch Washed 
VIva sp. 49 145 35 •Cfbatch Dried 
VIva sp. 52 177 35 •Cfbatch Ground dried 
VIva sp. 54 203 35 •CJCSTR Grounded 

(HRT = 15d) 
Viva sp. - 313-330 BFBR Pre-hydrolysed 
(hydrolysis juice) (HRT = 2.5-5d) 
Viva sp. - 127 35 •Cfbatch -
VIva sp. - 180 35 •Cfbatch Washed, dried, grounded 

VIva sp. - 148 35 •Cfbatch Centrifuged and grounded 
VIva sp. - 196 ± 9 37 •Cfbatch -
Sargassum fluitans - 143-182 - -
Sargassum pteropleuron - 119-171 - -
Sargassum sp. - 260--380 - -
Sargassum spp. - 120--190 35 •Cfbatch -
Seaweed 44 120 37 •Cfbatch -
Seaweed (leachate) 62 120 37 •Cfbatch Pre-hydrolysed 

Reference 

Mussgnug et al. (2010) 
Mussgnug et al. (2010) 

Mussgnug et al. (20 10) 

Mussgnug et al. (2010) 

Ehimen et al. (20 II) 

Ehimen et al. (20 II ) 

Mussgnug et al. (20 I 0) 
Mussgnug et al. (2010) 
Ras et al. (20!1) 

Mussgnug et al. (2010) 
Mussgnug et al. (20 I 0) 
Mussgnug et al. (2010) 

Costa et al. (2012) 
Park et al. (2012) 
Park et al. (2012) 

Bird et al. (1990) 
Costa et al. (20 12) 
Chynoweth (2005) 

(continued) 

Reference 

Morand and Briand (1999) 
Adams et al. (20 II) 
Chynoweth (2005) 
Briand and Morand (1997) 
Briand and Morand ( 1997) 
Briand and Morand (1997) 
Briand and Morand (1997) 
Briand and Morand (1997) 

Morand and Briand ( 1999) 

Otsuka and Yoshino 
(2004) 

Otsuka and Yoshino 
(2004) 

Peu et al. (2011) 
Costa et al. (20 12) 
Gunaseelan ( 1997) 
Gunaseelan ( 1997) 
Chynoweth (2005) 
Bird et al. (1990) 
Nkemka and Murto (20 I 0) 

Nkemka and Murto (2010) 
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(Pittman et al. 2011). AD may be used to convert the algae-biomass in bioenergy 
(biogas and hydrogen), and algae may act as a remediation agent by removing 
nutrients and sequestering C02, making an in situ biomethane upgrade. It was 
already reported that the anaerobic co-digestion of Ulva sp. with waste activated 
sludge seems to have a positive synergetic effect on the sludge biodegradability 
rate, with an increase up to 26 %(Costa eta!. 2012). 

The biogas produced in the AD step may serve as the primary source of energy for 
the production and conversion of the algae-biomass. Moreover, the C02 generated 
from the combustion ofbiogas or from the purification to biomethane, and the nutrient
rich digestate formed during the AD, can be recycled in a closed-loop to produce 
algae-biomass (Fig. 15.6). Two main bottlenecks can be identified in the AD of algae 
biomass. First, the biochemical composition and the nature of the cell wall may 
decrease their biodegradability. Then, the high cellular protein content, impaired after 
the oil extraction in the case of microalgae, imposes a low CIN ratio (around 6:1), far 
from the ideal for anaerobic digestion, and may potentially result in t11e production of 
toxic ammonia concentrations (Sialve et a!. 2009). The co-digestion of microalgae 
residues with a nutrient-deficient co-substrate, such as glycerol, the major by-product 
generated in the biodiesel industry, has the potential to improve the overall energy 
recovered as methane. It was reported that a C/N ratio of 12.4 increased the methane 
production by more than 50 % when co-digesting the microalgae residues with 
glycerol, compared witl1 the methane production obtained by digesting the residues 
alone (Ehimen et al. 2011). It is important to state that glycerol is a versatile chemical 
with more than J ,000 known commercial applications; however, this market has 
becoming saturated due to the strong growth in biodiesel production. · 

In conclusion, we can say that microalgae have high oil content but are difficult 
to cultivate and harvest and macroalgae present low-cost cultivation and har
vesting possibilities but are low in lipids. In a biorefinery all routes should be 
explored, either to produce biofuels or high-value products. Therefore, it seems 
very attractive the integration of an AD step in an algae-based biorefinery since it 
seems the logical answer for the two major drawbacks previously detected, gen
erates energy that can balance the unfavourable energetic bill, and can provide the 
nutrients and carbon dioxide needed for the biomass growth. Concomitantly, algae 
may be seen as a bioremediation agent to remove nutrients and capture C02 in a 
wastewater treatment plant. 

15.3.5 Biogas from Syngas 

Anaerobic digest ion is suitable for converting virtually all organic materials to 
methane. However, some more recalcitrant substrates, such as lignocellulosic 
biomass or other dry wastes (plastic and rubber, etc.), demand (tl1ermo) chemical 
pre-treatments, which are often costly and do not always substantially improve 
methane production. Gasification of all kind of compact biomass/wastes, followed 
by a biological process for the conversion of the resulting syngas (mixture of CO, 
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C02 and H2) to methane, would be a feasible and promising alternative for the 
valorisation of recalcitrant materials. 

Coal gasification has been traditionally used to produce syngas, which can be 
further used in thermochemical catalytic processes to produce fuel s, such as 
methane (Fig. 15.7a). However, syngas bioconversion (Fig. 15.7b) has several 
advantages over catalytic processes: it can operate at milder temperatures and 
pressures, a fix CO/H2 ratio is not· required, there is less susceptibility to the 
impurities in the gas, and it does not require any costly pre-treatment of the feed 
gas or costly metal catalysts (Abubackar et al. 20 II; Henstra et al. 2007). Syngas 
direct conversion to methane can be accomplished by various methanogens, such 
as Methanosarcina and Methanothermobacter species (Eqs. 15.1 and 15.2) 
(Daniels et al. 1977; O' Brien et al. 1984; Rother and Metcalf 2004) . 

Alternatively, a two-step process could be designed in which: 

( 15.1 ) 

( 15 .2) 

1. CO is firstly converted into acetate by acetogenic carboxydotrophic bacteria 
(Eqs. 15.3 and 15.4) or to H2 by bacteria able to perform the water shift 
reaction (Eq. 15.5): 

4CO + 4H20 -+ CH3COO- + 2HCO:J + 3H+ 

2CO + 2H2 -+ CH3Coo- + H+ 

(a) CONVENTIONAL 

Methanation 

COALQ 

Gas clean-up Thermochemical catalytic processes 

(b) MICROBIAL CONVERSION 

COAL9!Hr·-··············,
1 

(:::~~:~;~:.~~-~~~~~:: :·;:·:· ~:::::~~, CH, 

IOMASS . Heat ~ 2CO t 2H -+ CH COO+ H• 'fco + JH, -+ CH• + H,O 

WASTE lExchangerJ l CO • H,o'-+ H, .'co, j ~~~·~~H·,~·.:c~~·.·H~6~ 
--·--··--··' ·-···················· · ······ · ········· ·· ·························~ 
Gas cooling Microbial conversion 

and heat recovery 

( 15 .3) 

( 15.4) 

¢co, 
CH, 

¢co, 
CH, 

Fig. 15.7 Conventional (thermochemical) a and microbiological b routes for methane 
production from syngas deriving from coal, biomass or recalcitrant wastes (adapted from Basu 
et al. 1993) 
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( 15.5) 

2. Acetate and H2 are further converted into methane by acetoclastic (Eq. 15.6) 
and hydrogenotrophic (Eq. 15.7) methanogens: 

Cl-13COO- + H20 -+ CH4 + 1-ICO] 

4H2 + HCO] + 1-1+ -+ Cl-14 + 3H20 

(15.6) 

(15.7) 

1-lydrogenotrophic methanogens can utilise 1-12 and C02 initially present in syngas 
for producing methane as well. 

The capability of CO conversion to acetate has been identified in several bacteria 
from different taxa, e.g. Clostridium, Peptostreptococcus, Moorella and Desulfoto
maculum species (Henstra et al. 2007). 1-12 production via water shift reaction has been 
shown to occur in anaerobic bacteria, as for example Rhodospirillum rub rum (Kerby 
et al. 1995), Rhodopseudomonas palustris (Jung et al. 1999), Carboxydothemtus 
hydrogenofonnans (Svetli tchnyi et a!. 2001 ), Carboxydibrachium paci.ficum (Sokol
ava eta!. 2001 ), Carboxydocella thermoautotrophica (Sokolova eta!. 2002), Ther
mincola carboxydiphila (Sokolova et al. 2005), etc. 

Thus far, most of the studies on syngas anaerobic conversion have focused on the 
utilisation of pure cultures of microorganisms and strongly directed to ethanol 
production (Abrini et al. 1994; Cotler eta!. 2009; Kundiyana et al. 2011). Fu and 
Mazzella (1990) described the potential of using pure/defined-cultures to convert 
CO and I-12 into methane. These authors developed a two-stage process for contin
uous syngas conversion: in the first stage, a small amount of syngas feed was used by 
Peptostreptococcus productus to produce acetate, which would be used in the 
second stage bioreactor for stimulating culture growth. The second stage employed a 
co-culture of Rhodospirillum rubrum and Methanobacterium fonnicicum for 
combined water shift and methanation of the remaining syngas feed. 

Syngas conversion to methane by anaerobic mixed cultures is practically 
unexplored, and few reports are available on this subject (Guiot et al. 2011; Sipma 
et al. 2003). Sipma and co-workers (2003) tested seven anaerobic sludges from 
wastewater treatment reactors for their ability to convert CO at 30 and 55 °C. All 
the tested sludges could convert CO in the assays at mesophilic temperature, with a 
CO depletion rate between 0.14 and 0.62 mmol CO day - 1

• Conversion of CO at 
55 oc was achieved by five of the tested sludges and CO depletion rates varied 
between 0.73 and 1.32 mmol CO day- 1

• Methane and/or acetate and methane 
and/or H2 were the main products deriving from CO conversion during incubation 
at mesophilic and thermophilic conditions, respectively. Continuous CO conver
sion to methane, using a closed-loop 30 L gas-lift reactor, has been shown by 
Guiot et al. (2011). A maximum CO conversion of 75 % was obtained for a CO 
partial pressure of 0.6 atm and a gas recirculation ratio of 1:20. Under these 
conditions, methane yield (CI-14/CO) was approximately 95 % and other metab
olites accumulated only at trace concentrations. 
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15.4 Future Prospects 

Anaerobic digestion is an established technology with thousands of known 
applications worldwide. In a circular biobased economy concept (cradle to cradle), 
the reuse of all waste streams to produce valuable products and/or fuels should be 
mandatory. AD represents a relatively cheap technology, that integrated in bio
diesel and/or bioethanol facilities, in a biorefinery concept, can represent a sig
nificant milestone in the economic viability of those technologies by using their 
(waste) water and by-products to generate biofuels (biomethane and/or biohy
drogen) and a biofertilizer. 

Several topics still need optimisation to definitively make AD of energy crops and 
biofuels production by-products economically feasible. Development of efficient 
and economically viable pre-treatments to improve the biodegradation of more 
recalcitrant feedstocks is urgent to increase the yield of AD processes. Biogas 
produced in AD plants is primarily composed of methane and C02, but it contains 
traces of other gases (NH3, H2S, etc.). To be used as a vehicle fuel or injected in the 
natural gas grid it has to be -upgraded and compressed. Diverse technologies have 
been developed during the past years (water scrubbing, carbon molecular sieves, 
membranes, etc.). These techniques are costly and independent from the AD pro
cess, therefore suitable and costly technologies still to be developed. 

Algae are the only crop capable of replacing the fossil fuel dependency, even 
though all the potential of algae-based biorefineries, it is still in the beginning of its 
development and many research and development is needed to achieve the desired 
efficiency and competitiveness. Genetic and metabolic engineering is likely to play 
an important role in improving microalgae strains to increase the lipids content and 
the easiness of extraction. The possibility to release valuable biochemical mole
cules using enzymatic hydrolysis from microalgae without dewatering the culture 
could have a major impact on the energetic needs for algae biofuels production. In 
fact, drying the algal biomass consumes about 69 %of the input energy (Jones and 
Mayfield 2011; Sander and Murthy 2010). Algae are a remediation agent that can 
be used in wastewater treatment. Couple algae-biomass production, nutrients 
removal, C02 sequestration and biogas production may represent an important 
milestone in the bioenergy goals, since the market of wastewater treatment is 
immense. However, an appropriate technology for biomass harvesting must be 
developed to bridge these technologies. 

Concerning the syngas platform biorefinery, a significant challenge for the effec
tive utilisation of syngas biologically is clearly the modest gas-liquid mass-transfer 
rates of the conventional gas-liquid contacting technologies (e.g. stirred tank reactors, 
airlift reactors or bubble columns) and the low solubility of the major syngas com
ponents in the aqueous culture medium (Bredwell et al. 1999). In fact, microbial 
syngas conversion depends strongly on the mass transfer of syngas to water (van 
Kasteren et a!. 2005). One way of addressing this issue, and a future challenge in 
syngas fermentation, is the improvement of the volumetric mass transfer coefficient 
(kLa) for syngas-components and the development of appropriate bioreactor design. 
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In the future, biogas production will be based on a wide range of aquatic and 
terrestrial energy crops that will grow with sustai nable and versatile methods. 
Organic waste, by-products from the food, agriculture and biorefinery industry will 
be naturally included in the several AD plants available worldwide. 
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Chapter 16 
Production of Bioethanol from Biomass: 
An Overview 

6 scar J. Sanchez and Sandra Montoya 

Abstract This chapter analyzes the main research trends on production of fuel 
ethanol from lignocellulosic materials. The main features of different pretreatment 
and detoxification methods are presented. The importance of process integration to 
simplify the overall process and improve the conversion of biomass into ethanol is 
discussed. Strategies for microbial strain development are disclosed in the 
framework of such integrated processes like simultaneous saccharification and 
co-fermentation and consolidated bioprocessing. The main challenges to fully 
develop the biomass-to-ethanol process are highlighted. Finally, the need of 
integrating the research efforts on molecular techniques and process integration is 
recognized . 

16.1 Lignocellulosic Biomass as Feedstock 

The biomass is organic matter made by living organisms that contain energy stored 
from the sun. The radiant energy from sunlight is absorbed by plants. This energy 
is converted into chemical energy in the form of glucose, starch or cellulose, 
through photosynthesis. The energy contained in the biomass (bioenergy) can be 
released and used by means of its combustion. Thus, the woody biomass is 
employed by many rural communities all around the world for heating and 
cooking. The biomass can also be burned in boi lers to produce heat and electricity 
(solid biofuels). In addition, it can be transformed into liquid biofuels that, in turn, 
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