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Abstract

:

In the last decades the increasing energy requirements along with the need to face the consequences of climate change have driven the search for renewable energy sources, in order to replace as much as possible the use of fossil fuels. In this context biomass has generated great interest as it can be converted into energy via several routes, including fermentation and anaerobic digestion. The former is the most common option to produce ethanol, which has been recognized as one of the leading candidates to substitute a large fraction of the liquid fuels produced from oil. As the economic competitiveness of bioethanol fermentation processes has to be enhanced in order to promote its wider implementation, the most recent trends are directed towards the use of fermentation by-products within anaerobic digestion. The integration of both fermentation and anaerobic digestion, in a biorefinery concept, would allow the production of ethanol along with that of biogas, which can be used to produce heat and electricity, thus improving the overall energy balance. This work aims at reviewing the main studies on the combination of both bioethanol and biogas production processes, in order to highlight the strength and weakness of the integrated treatment for industrial application.
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1. Introduction


Since the middle of the last century energy demand has significantly increased as a result of both industrial development and population growth. Currently the basic energy requirements are largely met by the use of fossil fuels [1]. It has been recently reported that 80% of the global consumption of primary energy, of which 58% is taken up by the transport sector, is dependent on the use of fossil fuels [2]. As the production of energy from these fuels is associated to both resource depletion and climate change issues, the identification of new and renewable sources of energy has become a matter of priority in many countries [3].



Renewable energy is a resource that is naturally regenerated over a short time scale and derived from the sun, either directly (such as thermal, photochemical, and photoelectric energy) or indirectly (such as wind, hydropower, and photosynthetic energy stored in biomass), as well as from other natural movements and mechanisms of the environment, such as geothermal and tidal energy [4].



Among these renewable sources, biomass represents an essential substitute for fossil fuels and it has attracted great attention worldwide, contributing between 9% and 13% to the total global energy supply [5].



The term biomass refers to the biodegradable fraction of products, wastes and residues from agriculture, forestry and related industries. It also includes dedicated energy crops and trees [6]. In Europe energy from biomass is the fastest growing renewable energy source: its production almost doubled over the last decade and it currently supplies 6% of the total primary energy [7].



Biomass is indeed a versatile resource that can be converted to energy via several routes [8]. Some of the most relevant factors in choosing a specific conversion route are the nature of the feedstock, the availability of a given technology and the demand for a specific energy product [9]. The most common techniques can be broadly divided into thermochemical and biochemical processes.



Thermochemical conversion technologies rely on the thermal breakdown of biomass into fuels and valuable chemicals [10]. The process can occur via direct combustion [11], pyrolysis [12,13], gasification [14], torrefaction [15,16] and liquefaction [17,18].



Biochemical processes are based on different chemical reactions biologically catalysed by microorganisms and/or enzymes that convert fermentable substrates into fuels or other high-value products [19]. The most common types of biochemical processes are fermentation, as defined by Kumar et al. [20], and anaerobic digestion. The former uses microorganisms and/or enzymes to process a fermentable substrate, converting it into recoverable products: currently the most required fermentation product is ethanol [21]. Anaerobic digestion can be defined as the biological degradation of organic matter into biogas, which is mainly composed of methane and carbon dioxide; the process, occurring in an oxygen-free environment, has been largely applied to treat several kinds of biodegradable materials [22,23].



Bioethanol, which is mainly produced from sugars and starch-rich materials, is one of the leading candidates to replace a large fraction of liquid fuels produced from oil. It can be used in mixtures up to 10% in gasoline without modification of the engines as well as in higher proportion in the so-called flexi-fuel vehicles, able to use up to 85% alcohol in mixtures with gasoline. Moreover, it is possible to use 100% bioethanol in specially designed engines [24,25,26]. Recently bioethanol has also been identified as one of the most promising bio-based raw materials for the chemical industry [27].



The economic feasibility of the bioethanol production process is tightly related to the market of its main by-product—distiller dried grains with solubles (DDGS)—as animal food: if the market of DDGS did not expand like that of ethanol, it would be an obstacle for the future large scale expansion of bioethanol production [28].



On the other hand, anaerobic digestion has been evaluated as one of the most efficient and sustainable processes for energy production [29]. Although it is not readily available as gaseous vehicle fuel, biogas can be easily utilized to produce heat and electricity, with minimal clean up after production [30].



The proper combination of both bioethanol and biogas production processes has been thus regarded as a suitable strategy to improve the competitiveness of fermentation plants, by producing both ethanol and biogas in a biorefinery concept. Such strategy pursues the combination of the material flows of different bio-industries, so that the residue from a bio-industry becomes the input of another one [31,32].



This work aims at reviewing main studies on the combination of bioethanol and biogas production processes. Both techniques are fully described and the feedstock characterization is discussed, in order to highlight its influence on the production of different types of energy. Main experimental results dealing with the use of fermentation by-products as anaerobic digestion substrates are compared, thus pointing out the strength and weakness of the combined process for industrial application.




2. Bioethanol Production


Bioethanol has been identified as the most widely used biofuel for transportation worldwide [33]. Its biochemical production involves at least the following stages: hydrolysis, fermentation, distillation and dehydration [34]. The biological degradation of biomass begins during the hydrolysis of complex molecules into simple compounds, which are readily available for the fermentation step. This natural pathway, depending on both operating conditions and raw material, is carried out by microorganisms that ferment sugars into alcohol, lactic acid or other end products. Bioethanol obtained from a fermentation process requires further treatment: to this end, fractional distillation is typically implemented to separate ethanol from water based on their different volatilities. Because the boiling point of water (100 °C) is higher than that of ethanol (78.3 °C), the ethanol-water mixture is boiled so that ethanol is converted to vapour before water. Then water can be separated via a condensation procedure and ethanol distillate is recaptured at a concentration of 95% [35].



The efficient biochemical conversion of biomass to ethanol can be obtained via different technological options (Figure 1). Thus, the process success requires the combination of the most appropriate options at each step [36]. As a biological process, bioethanol fermentation is highly dependent on several factors, including pH, oxygen and temperature, which can greatly influence the specific rate of growth. The viability of cell populations, the specific rate of fermentation and the sugar uptake rate are all directly related to the desired medium condition [37]. Similarly both process configuration and yeast strain play a fundamental role in the definition of fementation yields [38,39,40,41], along with the feedstock characteristics.
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Figure 1. Biomass to ethanol conversion options, adapted by [36]. 
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Bioethanol can be produced from the fermentation of different kinds of biomass. They are broadly classified as first generation materials (including starch and sugar) and second generation materials (lignocellulosic sugar). Currently the former are the most employed [42], but lignocellulosic materials, which are abundant and inexpensive, are gaining great interest [43].



The use of edible crops to produce the so-called first generation bioethanol has rightly been greatly criticized as an unsustainable technique, which poses the issues of both competition with food sources and disruption in the food-to-population ratio [44]. These concerns have driven the development of second-generation bioethanol that is derived from lignocellulosic wastes. More recently third generation bioethanol from alternative biomass such as microalgae and macroalgae has also generated significant interest [45]. The kind of substrate influences the whole bioethanol production process scheme.



For sucrose-based feedstocks such as molasses and sugarcane juice, processes like milling, pretreatment, hydrolysis, and detoxification are not necessary. Conversely most starch-based feedstocks and lignocellulose require some adequate pretreatment to be used for the production of fermentable sugar [46]. Lignocellulosic substrates are indeed composed of three materials: (i) cellulose, a sugar-based polymer; (ii) hemicelluloses, amorphous polysaccharides composed of different kinds of sugars, smaller than the ones of cellulose; (iii) lignin, which is a complex, aromatic polymer, mainly consisting of phenylpropane units [47]. Both hemicellulose and the amorphous portion of the cellulose can be easily hydrolysed, while crystalline cellulose is resistant to bioconversion [48]. This aspect explains the need for pretreatment, which is necessary to provide adequate structural modification of lignocellulosic substrates, in order to increase cellulose enzymatic digestibility yields. Once being accessible, cellulose is hydrolysed into glucose and hemicellulose is converted into both pentoses (C5 sugars) and hexoses (C6 sugars). Differently from anaerobic digestion, the fermentation efficiency varies for these sugar fractions [49,50], so that separate pathways have been studied to optimize techno-economics of ethanol production from lignocellulosic biomass utilization [51].




3. Biogas Production


The biochemical degradation of organic substrates to biogas has been a promising option due to its economic and environmental feasibility compared to other biofuels [52]. Anaerobic digestion is a biological process occurring through defined steps. The first stage is the hydrolysis of complex organics (i.e., carbohydrates, lipids and proteins) into soluble compounds; it is recognized as the process rate limiting step, so that it is often promoted by adequate substrate pretreatment [53].



The hydrolysed organic compounds (monomeric sugars, amino-acids and fatty acids) are utilized by acidogenic (acid-forming) bacteria for their growth and accumulate volatile fatty acids (VFAs) during the so-called acidogenesis step. VFAs are then transformed by acetogenic bacteria into simpler products, including acetic acid, hydrogen and carbon dioxide, during the step known as acetogenesis. These products are finally converted into methane by methanogens [54].



Anaerobic digestion yields depend on several factors [55,56], including temperature [57,58,59,60], organic loading rate [61,62,63,64] and substrate to inoculum ratio [65,66,67]. Under similar operating conditions, substrate characteristics play a key role in defining the amount of biogas that can be recovered by anaerobic digestion, as the theoretical gas yield varies with substrate composition in terms of carbohydrates, proteins and fats, as given in Table 1.



Substrates highly rich in lipids and easily-degradable carbohydrates exhibit higher methane potential than lignocellulosic materials [68]. These are more recalcitrant to the biological degradation, due to the presence of lignin (10%–25%), which is the main constituent along with cellulose (35%–50%) and hemicellulose (20%–35%). The amount of lignin, cellulose and hemicellulose varies between different biomass species as well as due to growth conditions and maturation [69]. However, it should be pointed out that the real methane production is generally higher than the one theoretically estimated, because part of the carbon dioxide, which is the main component of biogas along with methane, is solubilized in the digestate.
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Table 1. Maximal theoretical methane yields for substrate constituents, adapted from [29].
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Constituent

	
Methane yield [Nm3/tTS]






	
Carbohydrates

	
395–400




	
Raw protein

	
497




	
Raw fat

	
816–850




	
Lignin

	
0









Table 2 reports the composition of selected kinds of biomass in terms of lignocellulosic constituents as well as their methane potential. Despite the relevant presence of lignin, some of these biomasses show methane potentials comparable to those reported for energy crops [70], organic waste [71] and other substrates conventionally used within industrial scale anaerobic digestion facilities. This evidence indicates by far the great energetic potential of these organic materials.
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Table 2. Composition and methane yields of selected kinds of biomass.
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Biomass

	
Cellulose [%]

	
Hemicellulose [%]

	
Lignin [%]

	
Methane potential [Nm3CH4/tVS]

	
Ref.






	
Bagasse

	
38.2

	
27.1

	
20.2

	
NA

	
[69]




	
Barley straw

	
37.5–45

	
24.2–31.7

	
9.0–26.1

	
226.4

	
[69,72,73]




	
Corn stover

	
33.7–41.3

	
22.4

	
15.2–18.6

	
80–157.3

	
[69,74]




	
Eucalyptus

	
38.0–45.0

	
12.0–13.0

	
25.0–37.0

	
NA

	
[69]




	
Leaves

	
11.1–12.2

	
-

	
22.7–23.1

	
47–75

	
[69,74]




	
Maize

	
37.5

	
30.0

	
10.3

	
418

	
[70,75]




	
Pine wood

	
26.0–44.15

	
30.5

	
24.3–28.3

	
20

	
[69,74,76]




	
Rice straw

	
32.0–39.6

	
18.5–24.0

	
13.0–22.7

	
302

	
[69,70,77]




	
Sorghum

	
22.2

	
19.4

	
21.4

	
286–319

	
[69]




	
Sugarcane

	
25.0

	
16.8–32.2

	
12.0–31.4

	
278

	
[69,70,78]




	
Sunflower stalk

	
31.0

	
15.6

	
29.2

	
231–297

	
[69]




	
Switch grass

	
31.0–45.0

	
20.0–31.0

	
12.0–18.0

	
125

	
[69,74]




	
Wheat straw

	
32.3–37.9

	
21.2–25.8

	
8.3–23.4

	
130–290

	
[69,70,74,79]










4. The Combination of Bioethanol and Biogas Production Processes


Ethanol and biogas are industrially produced from the same kinds of easily degradable biomass resources [80], so that the question of producing either bioethanol or biogas from a given substrate has been already debated. Although the use of sugar-/starch-rich energy crops has been reported to be energetically effective to produce methane rather than ethanol, Moshi et al. [81] concluded that each of these products may be more appropriate than the other depending on both the area of application and existing infrastructure. However, if anaerobic digestion is a well-established technology, fermentation spread is often limited due to operating costs [82], mainly related to the high energy requirements as well as to the management of by-products. It has been estimated that a typical dry milling ethanol plant can roughly produce 40.2 L of ethanol and 32.1 kg of DDGS per 100 kg of corn used [83].



The proper combination of bioethanol and biogas production processes can be regarded as a suitable option to attain a greater bioenergy potential from biomass, thus improving both the mass and energy balances of single processes and, in particular, that of bioethanol production plants.



Stillage, which is the main fermentation by-product, is indeed characterized by high COD values, variable according to the feedstock used for bioethanol production (Table 3), as well as to the operating conditions of ethanol production process. Such COD values are comparable with the ones of other organic materials typically used as anaerobic digestion substrate [84,85,86], pointing out stillage organic potential to be transformed into methane.
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Table 3. Characteristics of stillage from the fermentation of different biomasses.
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Biomass

	
pH [-]

	
TS [%]

	
COD [g/L]

	
Soluble COD [g/L]

	
Ref.






	
Bagasse

	
-

	
6.89

	
-

	
38.6

	
[87]




	
Barley

	
4.2

	
5.97

	
29.5

	
-

	
[88,89]




	
Beet molasses

	
4.3–6.7

	
-

	
55.5–147

	
-

	
[89]




	
Cassava

	
4.08

	
6.05

	
101.2

	
32.5

	
[90]




	
Corn stover

	
4.4

	
6.2-7.7

	
74.8

	
73.9

	
[91,92]




	
Maize

	
3.7

	
3.7–7.5

	
21.85–59.4

	
-

	
[93]




	
Sugarcane

	
3.9–4.6

	
-

	
31.5–45

	
-

	
[94]




	
Sweet sorghum

	
4.5

	
-

	
79.9

	
-

	
[89]




	
Wheat straw

	
3.6

	
12.0

	
150–154.2

	
61–76.8

	
[95,96]









Anaerobic digestion can thus convert over 50% of the by-product COD to biogas, which may be used as fuel within the plant [89]. Moreover, as stillage represents the partially degraded form of the biomass used within the fermentation process, the energy required for its treatment prior to anaerobic digestion can be significantly reduced [97]. Several studies reported the use of bioethanol residues for biogas production. Most of them were carried out to explore the methane potential of stillage originating from corn and grain bioethanol production processes, as reported in Table 4.
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Table 4. Anaerobic processing of different bioethanol residues.
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Stillage

	
AD operating conditions

	
Highlights

	
Reference






	
Algae

	
Batch tests (60 mL working volume); T = 35 °C

	
Methane yields in the range 239–283 L/kgVS, corresponding to energy potential 2.24 times higher than that from the ethanol produced in the main process.

	
[98]




	
Algae

	
Batch tests (100 mL working volume); T = 35 °C; Inoculum as 4.5 and 20 g VSS/L

	
The inhibition by dilute-acid hydrolysis byproduct was overcome by increasing inoculum concentration.

Under optimal tested condition, 84.8% methane conversion rate was achieved.

	
[99]




	
Cassava

	
CSTR batch tests (37 °C and 60 °C) converted into semi-continuous (37 °C)

	
Under OLR higher than 10 gVS/ L d, the two-phase thermophilic CSTR was stable with hydrogen and methane yields of 56.6 mLH2/gVS and 249 mLCH4/gVS, respectively.

	
[100]




	
Cereal

	
Semi-continuous CSTR (5 L); T = 35 °C. Manure used as co-substrate (15% based on VS)

	
Anaerobic digestion of whole stillage turned to instability after 120 days of operation. Co-digestion with manure improved process stability and methane yield compared with theoretical values.

	
[101]




	
Corn

	
Anaerobic fluidized bed bioreactor (AFBR) employing zeolite as the carrier media; T = 37 °C

	
The AFBR showed up to 88% TCOD and 78% TSS removal at OLR of 29 kg COD/m3 d and HRT of 3.5 days.

Methane production rates of up to 40 L/L stillage d was reached at the steady state.

	
[102]




	
Corn

	
BMP assays with alkalinity adjustment; T = 35 °C and 55 °C

	
Methane potential up to 1 L/gVS, with the best performances under thermophilic conditions.

	
[103]




	
?

	
Semi continuous tests at SRT of 60, 45 and 35 days; T = 35 °C and 55 °C

	
Thermophilic digester was unable to cope with high organic loading rate at SRT of 60 days, whereas under mesophilic conditions, the digester was stable with 58 LCH4/kg stillage.

	




	
Corn

	
BMP assays with alkalinity adjustment; T = 35 °C; ISR: 3.67–0.46 g/g

	
At the organic loading rate of 0.46 g/g, degradation was completed in 15–16 days.

Methane potential in standard conditions was found in the range 401-458 mL/g VS added, with organic removals between 76% and 94% in batch mode.

	
[104]




	
Corn

	
Batch test (250 mL); T = 35 °C; ISR: 0.5–3.0 gVS/gVS; Mechanically shaking provided

	
Thin stillage, treated by centrifugation and lime addition, resulted in rapid production of high levels of biogas (763 mL biogas/gVS added), under the optimal ISR of 2.0 gVS/gVS.

	
[105]




	
Corn

	
Batch tests; T = 35 °C; Substrate/inoculum ratios: 4–8 gTCOD/gVSS

	
Two-stage process enabled 18.5% increase in total energy yield.

	
[106]




	
Corn

	
Batch tests (2.8 L working volume); T = 35 °C

	
Anaerobic digestion of corn stillage was able to improve the overall content utilization and extract a greater yield of lignocellulosic biomass compared to ethanol fermentation alone.

	
[107]




	
Grain

	
Continuous UASB reactor (working volume of 255 mL); HRT = 48 h; T = 55 °C

	
Maximum methane yield of 155 ml/gCOD was obtained at stillage mixtures with water of 25% (v/v) in the feed and at an OLR of 17.1 gCOD/L d.

	
[95]




	
Grain

	
CSTR (5 L), FBR (12.9 L) and ASBR (13 L); T = 38 °C; OLR up to 10 gVS/L d

	
At HRT as low as 6 days, good performances can be achieved by continuous grain anaerobic digestion when trace elements are supplemented, despite the reactor system.

	
[108]




	
Grain

	
Semi continuous CSTR digester; T = 38 °C and 44 °C; OLR up to 6 gVS/L d

	
Operation at 44 °C was the most successful strategy, resulting in up to 22% higher methane yield compared with the mesophilic reactor.

	
[109]




	
Grain

	
CSTR digester (12 L); T = 35 °C; OLR = 10 gVS/L d; HRT = 7–8.5 days

	
The depletion of Fe and Ni resulted in a rapid accumulation of volatile fatty acids while Co and W seem to have a long-term effect.

	
[110]




	
Grain

	
Semi continuous CSTR digester (4 L working volume); T = 35 °C; OLR = 2.5 and 4 gVS/L d

	
The solubility and speciation of supplemented Fe were controlled by precipitation of FeS(s) and formation of the aqueous complexes of Fe-sulfide and Fe-thiol.

	
[111]




	
Kitchen garbage

	
Semi continuous CSTR digester (8 L working volume) with biogas recirculation; T = 53 °C and 60 °C; OLR = 7 gVS/L d

	
A biogas recirculation ratio of 150 facilitated stable digestion performance and biogas production, while the ammonia removal efficiency increased 1.23-fold when the temperature increased from 53 °C to 60 °C.

	
[112]




	
Sugarcane bagasse

	
BMP assay, 55 °C

	
Methane potential over 80 days was approximately 10 mLCH4/mLstillage, with 85% of ultimate methane yield produced in 50 days.

	
[87]









Corn and grain can be classified as starch-based materials. Their widespread use in biomass-to-ethanol processes [46,113] results in the availability of great amount of both corn- and grain-based stillage. Eskicioglu et al. [103] evaluated the anaerobic potential of whole stillage from a dry-grind corn-based ethanol plant by continuous-flow digesters under both thermophilic and mesophilic conditions. They found that mesophilic digestion at 60 days of sludge retention time (SRT) provided a methane yield of 58 L/kg stillage, but the best performances were observed under thermophilic conditions. Further studies [104] pointed out that the ultimate methane yield of corn stillage was not affected by inoculum to substrate ratio (ISR), which influenced the content of methane in biogas: the higher was ISR, the lower was the percentage of methane in biogas. Similar results were obtained by Alkan-Ozkaynak and Karthikeyan [105]. They studied the effect of ISR in the range 0.5–3 gVS/gVS on the methane potential of centrifuged and lime-treated corn stillage. The rapid initial biogas production at all the ISR levels tested confirmed that the biomass was well acclimated to the treated-thin stillage. The maximum net biogas production followed then the decreasing order: ISR 1 > ISR 2 > ISR 0.5 > ISR 3. In reactors operating with an ISR of 0.5 gVS/gVS, despite the high initial VS amount added, no significant biogas production was observed after 2.5 days. This outcome was ascribed to the rapid formation of intermediate products, as indicated by the final pH values that were in the acidic range. The best performances both in terms of biogas production (763 mL/gVS added) and organic matter removal (80.6% COD) were achieved with an ISR of 2 gVS/gVS. The study also highlighted that, under the same operating conditions, pretreated thin stillage resulted in higher biogas production than untreated samples. This evidence was attributed to the removal of some potentially toxic components, such as long-chain fatty acids.



Pretreatments represent by far the most widespread strategy to overcome the limits of the hydrolysis of complex organic molecules to soluble substrates. Their application has thus been broadly studied to enhance anaerobic digestion yields and several research attempts have also dealt with the pre-processing of substrates destined to bio-ethanol production. In this view, the work of Wang et al. [107] is particularly interesting. The authors treated chopped corn by steam explosion, performed at 2.0 MPa for 5 min. The feedstock was then dried at room temperature up to 92%TS and fed to a 2 L batch reactor for a simultaneous enzymatic saccharification fermentation process. The resulting stillage was used to perform both BMP assays and anaerobic digestion tests. Both pretreatment and hydrolytic enzyme action determined the release of easily digestible compounds. The ready bioavailability of these compounds promoted fast methane production, which reaches its peak value during the first 2 days. The overall product yield was 197 g ethanol and 96 g methane/kg corn stover: thus methane production involved 9.6% improvement in the conversion of corn stover to energy. Consistent results were obtained by using bioethanol fermentation residues from steam exploded oat straw as anaerobic digestion substrate [114]. Biogas production rate from the fermentation residues was found to be higher than the one obtained from the steam exploded oat straw that had not undergone the bioethanol production process. This evidence suggests that the ethanol process offered an additional pretreatment for the biogas process.



Pretreatments can enhance biological process yields by simplifying the molecular structure of organic substrates, as difficult-to degrade fractions obviously provide a lower contribution to either ethanol or biogas production. Tian et al. [87] tested the products of bagasse stillage screening for their methane potential and compared these results to the methane potential of the whole stillage. The filtrate, which is the stillage fraction passing through 0.5 mm screen, was found to contribute by 70% to the whole stillage methane potential. When fed to a 15 L semi-continuous anaerobic digester, stillage filtrate determined approximately 80% COD removal. Based on these results, it was estimated that the anaerobic digestion of bagasse stillage filtrate can cover 62% of the energy consumed by ethanol distillation. The main drawback of treating only stillage filtrate by anaerobic digestion lays in the need for a proper strategy to manage the filtration residues, which were found to have relatively low methane potential.



This aspect is particularly relevant when the feasibility of an integrated bioethanol/biogas production process is considered. The disposal of residues can indeed result in additional costs which could make the process itself not sustainable. The integrated bioethanol/anaerobic digestion process optimization not only in terms of net energy gain, but also with reference to mass flows is, therefore, fundamental. In this view Zhang et al. [115] used the stillage from pretreated cassava to feed a thermophilic UASB reactor with 10 L working volume. The resulting digestion liquid was centrifuged and the supernatant was put into a mesophilic UASB reactor (10 L working volume). The digestion liquid flowing out of the mesophilic UASB was finally mixed with the raw materials for next batch of ethanol fermentation. The introduction of the two-stage anaerobic process allowed full stillage recycling to the ethanol fermentation step, with the consequent optimization of the process mass balance. Experimental results showed that the presence of potentially inhibitory substances (i.e., organic compounds, VFAs, ions and colorants) reached a relative steady state after 3–7 batches recycling, without producing any negative effect on ethanol fermentation.



The use of a two-stage anaerobic process is a further option to enhance the recovery of stillage energetic potential. The separation of the acidogenic step from the methanogenic one results in enhanced stability to the different groups of microorganisms as well as in a better process control [116]. Nasr et al. [106] compared one-stage and two-stage anaerobic digestion processes for the treatment of thin stillage. The separation of acidogenesis and methanogenesis allowed a maximum methane yield of 0.33 L/gCOD added and an overall increase of 18.5% in the energy yield.



In the context of stillage anaerobic digestion optimization, several studies have been performed to assess the influence of reactor configuration [95,100,102]. At full-scale excellent performances and high process stability were achieved by a FBR treating the stillage originating from sweet potato-shochu production [117].



However the comparison of Continuous Stirred Tank Reactor (CSTR), Fixed Bed Reactor (FBR), and Anaerobic Sequencing Batch Reactor (ASBR), operating under mesophilic conditions and with OLR up to 10 g/L d, showed no significant differences [108]. Even the CSTR system, which was different from the other kinds of reactor (Figure 2) as it run without biomass immobilization, was able to provide a stable process at HRT values lower than 10–14 days.



Process stability maintenance is the most important aspect when anaerobic digestion has to be applied on a full scale. This ensures high methane production and the proper economic feasibility of the process.



Bioethanol residues are usually characterized by a prevailing protein content. The anaerobic digestion of these residues can thus suffer from ammonia inhibition [118]. In order to face this drawback, the effect of increasing organic loading rate (up to 6.0 gVS/L d) and simultaneously decreasing hydraulic retention time (down to 24 days) was investigated [109]. The substrate was a mixture of thin stillage and milled grain and it was characterized by an ammonia-nitrogen level ranging between 689 and 984 mg/kg. The anaerobic process was performed in continuously stirred tank laboratory reactors, operating at both 38 °C and 44 °C. The thermophilic process at low HRT proved to be the most successful. Thermophilic operation would further improve the overall energy balance of the combined bioethanol/anaerobic digestion process because it would not require the cooling of the fed stillage, typically characterized by temperature values around 70 °C.
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Figure 2. Reactor configuration, adapted from Schmidt et al. [108]. (a) Continuous Stirred Tank Reactor (CSTR). (b) Fixed Bed Reactor (FBR). (c) Anaerobic Sequencing Batch Reactor (ASBR). 
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A thermophilic process was investigated along with biogas recirculation as another option to optimize the anaerobic digestion of nitrogen-rich stillage [112], obtained from garbage bio-ethanol production. Anaerobic digestion tests were performed in an 8 L working volume CSTR, with OLR up to 7 gVS/L d, at temperature of 53 °C or 60 °C. Biogas was recirculated into either the headspace of the reactor or the liquid phase of the reactor, varying the recirculation ratio in the range 10–150. Micro-aeration was also provided by continuously supplying ambient air at 3% of the amount of produced biogas in order to reduce the H2S content in the biogas itself. The best performances were obtained in the system where biogas was recirculated at the highest investigated ratio (150) into the reactor headspace. At 60 °C process stability could be ensured even lowering the recirculation ratio to 10 or 50, thus suggesting that the simplification of system operation could be achieved.



Although ammonia inhibition is a quite common drawback of stillage anaerobic digestion, sulfur presence can also occur as a cause of instability. Sulphur-rich stillage, like the one originating from wheat, can be difficult to digest, as both H2S production and metal sulfide precipitation in the digester can limit methanogenesis. However, it has been reported that even when sulphur concentrations are higher than metal ones, precipitated metal sulfides can act as a source of trace metals which do not inhibit methanogenesis. Following this statement, Schmidt et al. [110] developed a dosing strategy of trace metals in wheat stillage anaerobic digestion. To this end, CSTR systems were semi-continuously fed under mesophilic conditions, at an OLR of 10 gVS/L d and HRT varying between 7 and 8.5 days. Trace elements were daily provided to the substrates. Results showed that cobalt (Co) and tungsten (W) had long-term effects on the anaerobic process. Therefore their dosing can be less frequent, with consequent economic benefits. Conversely iron (Fe) and nickel (Ni) depletion resulted in a rapid accumulation of volatile fatty acids and Fe deficiency was found to affect not only methane production but also propionate oxidation. Trace metals need to be properly supplied to limit inhibition phenomena, but their role within anaerobic process also depends on their solubility and bioavailability. Further studies demonstrated that these properties are influenced by complex reactions that involve both inorganic bisulfide (HS-) and organic thiol moieties [111].



Supplying trace metals can thus play a key role in the anaerobic digestion of stillage. However from a technical point of view, the addition of these substances can prove to be not economically feasible, especially when considering full-scale operation.



A viable alternative can be recognized in stillage anaerobic co-digestion, which is the simultaneous digestion of stillage with two or more substrates [119]. Such process allows the macro- and micro-nutrients equilibrium, moisture balance and promotes the dilution of potentially inhibitory compounds, thus improving methane yields [120]. However the main reason of anaerobic co-digestion success has been recognized in the high OLR that can be applied to the digesters. In this view all kinds of feedstock can be digested within the same industrial process [121].



Whole stillage and manure co-digestion significantly improved biogas productivity and process stability. Methane yield was found to be higher than 20 m3/m3 of biomass, which is recognized as the level required for anaerobic digestion to be economically feasible [101]. Similar results were also obtained in other studies [90,122,123,124].



Although it is not as widespread as corn and grain, the use of algae as bioethanol feedstock is gaining increasing attention [125]. The algal ethanol production residue has been reported to be a suitable anaerobic digestion feedstock. It can retain up to 70% of algal biomass as energy basis and it can produce energy up to 2.24 times higher than that of ethanol production in the main process [98]. On the other hand, one of the by-products of algae utilization for ethanol production can limit the subsequent anaerobic digestion process. Inhibitory effects were also observed during the anaerobic digestion of red algal ethanol fermentation residues but, in this case, increasing inoculum concentration was found to be the solution [99].



The use of stillage as anaerobic digestion feedstock is thus a suitable strategy to improve the competitiveness of bioethanol fermentation plants. Several technological solutions can be considered but, among the issue to be solved, there is the management of the residues originating from the combined bioethanol/anaerobic digestion process, so that further research should be performed, in order to address the optimization of both mass and energy balances.



Literature analysis also pointed out that the combination of bioethanol and biogas production processes, at both research and industrial level, mainly rely on the use of corn and grain as feedstocks. Few reports deal with the use of lignocellulosic substrates for the production of both ethanol and methane [126,127,128], but up-scale attempts have already been provided in this field.



Based on previous lab-scale works [129], a biorefinery concept for the production of both second generation ethanol and biogas was developed at pilot-scale. The process included: (i) a wet explosion pretreatment of lignocellulosic substrate; (ii) its enzymatic hydrolysis and fermentation of the C6 sugars, after which lignin was separated, and (iii) a separate C5 sugar fermentation into ethanol. The residual stream from ethanol production became the input flow to an anaerobic process performed in a UASB reactor, under both mesophilic and thermophilic conditions. Results showed that, in the proposed biorefinery concept, the energy from stillage anaerobic digestion accounted for approximately 30% of the overall energy production; further process improvement could be achieved by removing suspended solids from the input stream to the UASB reactor [130]. The frame of this work is not only the simple combination, but rather the integration of both bioethanol and biogas processes, which pursues the optimization of biochemical conversion pathways by lignocellulosic matter fractioning.



Further development of this research resulted in the construction of one of the first integrated bioethanol/biogas plants, which was opened at Kalundborg, in Denmark in late 2009. It was designed to treat 30,000 t/year of biomass. The technology was used to produce a second generation ethanol from either the enzymatic fermentation of C6 sugars or the use of advanced yeast to convert a mixture of both C5 and C6 sugars. Ethanol yields were in the range 200–280 L/ton of dry straw: this product as well as the lignin separated from the incoming substrate were sold as fuels to other companies [131]. The development of this technology will be used, along with an innovative enzymatic product, within the Maabjerg Energy Concept, with the aim of producing second generation bio-ethanol, based on 300,000 tons of straw [132].



The Use of Digestate for Bioethanol Production


A further viable option for the combination of bioethanol fermentation and anaerobic digestion processes consists of the use of the anaerobic effluent as substrate for ethanol production. The anaerobic digestion residue, also known as digestate, is a mixture of partially degraded organic matter, microbial biomass and inorganic compounds. It is characterized by high potential fertiliser value due to its contents of nitrogen, phosphorous, potassium and micronutrients [133]. The agricultural use of the anaerobic digestate has not been clearly regulated yet [134], so that its aerobic processing has become a current practise [135,136] to produce compost, which is commonly used as fertilizer. However the application on soil of waste-produced compost may turn to be not sustainable, due to the risk associated to the presence of potentially toxic compounds [137]. This condition requires the identification of further options to manage anaerobic digestion residues.



Despite its potential as fertilizer, the digestate still contains undigested solids, which can be either used to recover additional methane [138] or to produce ethanol [139]. The use of digestate as bioethanol production substrate appears a suitable strategy to handle the anaerobic residues properly as well as to provide a competitive supply of biomass for biofuel production.



Teater et al. [140] compared the bioethanol potential of switch-grass, corn stover and anaerobic digestion fiber from a commercial CSTR, treating dairy manure. The digestion fiber was obtained as the solid digestate after liquid/solid separation. The substrates were pretreated using an autoclave at different sodium hydroxide concentrations (0.5–3 wt.%), two retention times (1–3 h), and two temperatures (120 °C and 130 °C). Although comparable ethanol conversion efficiencies were observed, the use of digestate could offer some advantages, including: (i) the possibility of removing the size reduction unit from the bioethanol process; (ii) a low presence of pentose, whose fermentation raises operating issues in bioethanol production process; (iii) the relevant quantity and year round availability of cattle manure that could solve the logistical storage problems associated with annual crops, commonly destined to bioethanol production.



The bioethanol potential of the fiber originating from the anaerobic co-digestion of corn stover and swine manure, at different ratios, was also investigated [141]. At a stover-to-manure ratio of 40:60 the highest performances were observed both in terms of methane (152 g/kg dry raw feed) and ethanol (50 g/kg dry raw feed) yields. The resulting net energy was estimated to be 5.5 MJ/kg of dry raw feed.



Anaerobic digestion effluent can also be used to replace freshwater and nutrients for bioethanol production: when co-fermented with wheat, ethanol concentration can be up to 18% higher in comparison to the production in freshwater. The enhanced bioethanol production was ascribed to the synergistic effect of nutrients, anaerobes, biochemical processing and enzymes in the anaerobic digestion effluent [142].



The outcomes of these studies are particularly interesting as they introduce further options to take greater advantage of the bioenergy potential of biomass feedstock, by integrating both anaerobic digestion and ethanol fermentation process under different operating conditions. However the number of reports is still limited and does not allow the generalization of results, which requires further studies.





5. Conclusions


Biomass is a versatile and abundant resource, which can be used to produce energy via different routes, including fermentation and anaerobic digestion. Several kinds of biomass can be used either to produce bioethanol or biogas and, although widely debated in scientific literature, it is not currently possible to state which is the best treatment option for a given substrate. To this end some boundary conditions, including the area of application and the presence of existing infrastructure, have to be previously identified.



As the transport sector accounts for the largest part of the world primary energy consumption, the production of bioethanol from biomass fermentation is gaining great interest. However the process spread on industrial scale is often limited by its low economic competitiveness with energy production processes based on the use of fossil fuels. Such aspect is mainly related to the high energy requirements to treat the biomass before the fermentation step as well as to the management of the stillage originating from the separation of ethanol concentrated solution from water.



This review highlighted that the combination of both bioethanol and anaerobic digestion has been identified as a valuable option to overcome these limits. The anaerobic processing of stillage can indeed solve the issue of managing bioethanol fermentation by-products while producing energy to fulfil the requirements of the facility. Moreover experimental results point out that fermentation acts as biomass pretreatment, so that the energy required to convert stillage into biogas via anaerobic digestion is lower than the one necessary to treat the whole substrate. The synergistic combination of both bioethanol and biogas production processes results in the optimization of the energy balance of single processes as well as in the possibility of taking greater advantage of biomass energetic potential.



Based on the latter statement the use of digestate as bioethanol fermentation substrate has also been studied. In this case the full exploitation of biomass energy was pursued along with the identification of a strategy to handle the anaerobic residues while providing a competitive supply of biomass for biofuel production. However further research is required in this field, with the aim of both enhancing knowledge on the weakness and strengths of the combined anaerobic digestion/fermentation process and identifying a proper option to manage bioethanol by-products from digestate fermentation. Conversely, the inverse process represents a successful treatment option.



The proposed review showed that anaerobic digestion can convert up to 80% of stillage COD into biogas. Organic loading rate higher than 10 gVS/L d as well as hydraulic retention time as high as 6 days can be applied, but either operating strategies or system monitoring has to be considered to limit potentially inhibitory phenomena. In this context common issues are related to both ammonia and sulphur accumulation, which in turn depend on the use of nitrogen- or sulphur-rich stillage, respectively. Although the supply of trace metals can promote the correct development of the anaerobic process, it can turn to be not economically feasible, especially when considering full-scale operation. In order to ensure the stability of the anaerobic process, co-digestion could provide a proper solution. Further research is thus needed to identify the optimal combination of different substrates, taking into account not only the proper balance of chemical-physical properties, but also the simultaneous availability of substrates themselves.



Although both bioethanol fermentation and anaerobic digestion are reliable techniques, already common at full-scale, the integrated process feasibility for industrial application should be more deeply investigated. Reviewed literature highlights uncertain net energy gain as well as process stability issue, mainly dependent on the kind of feedstock. Further research should be thus addressed towards: (i) the characterization of different kinds of stillage according to its production process; (ii) the use of models to predict anaerobic digestion yields from stillage; (iii) the integrated bioethanol/biogas process investigation at larger scale, under continuous feed conditions, aimed at (iv) the development of both mass and energy balance.



Different considerations can be drawn when the use of lignocellulosic feedstocks is considered: the production of second generation ethanol, along with biogas and lignin, sold as fuels to power plants, has already been realised in Denmark. The effective integration of bioethanol and biogas processes was firstly performed in a demo-scale plant and then further developed as industrial project, pointing out the technical and economic feasibility of using waste biomass for a sustainable energy production.
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