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ABSTRACT 25 

Lignocellulosic biomass (LCB), the most abundant renewable feedstock for bioenergy 26 

generation, is commonly converted to second generation bioalcohols, the main drop-in fuels 27 

for petroleum gasoline, through three technologies based on sugar, carboxylic acid and 28 

syngas platforms. The hybridization of either any two or three platforms altogether is a novel 29 

concept aimed at improvement of yield and quality (high heating value) of bioalcohols. This 30 

article reviews the present status of the integration techniques of hybrid platforms with an 31 

overall assessment of their advancement with respect to their individual counterpart as well 32 

as the challenges involved. It has been indicated that to extract the maximum benefit of 33 

hybridization, research studies should be spurred in the fields of kinetic analysis of all 34 

thermochemical and biochemical processes, microbial interaction, optimization of process 35 

parameters (pH, temperature), performance analysis of engine for the utilization of mixed 36 

product bioalcohols, sustainability analysis through the development of mathematical models 37 

for lab-scale operations and process simulation models for large scale units along with life 38 

cycle assessment. Moreover, pyrolysis of LCB has been identified as a unique central process 39 

for the supply of all intermediate compounds, namely, sugar, carboxylic acid and syngas 40 

during the hybrid networking of three platform technologies. In this context, the scheme of 41 

CONVER-B, a joint research project under the INNO-INDIGO partnership program, aiming 42 

at sustainable integration of the platforms to produce bio-alcohols from LCBs leaving zero 43 

effluent simultaneously with carbon sequestration potential has been introduced and 44 

discussed.  45 

Keywords: Bioalcohol; Lignocellulosic Biomass; Sugar-Carboxylate-Syngas platforms; 46 

Hybridization; Challenges; Recommendations 47 

1. Introduction 48 

Lignocellulosic biomass (LCB) derived biofuels and bioproducts are the key driver in the 49 

path of transition towards the bio-based economy all over the world, establishing absolute 50 

alliance among energy, society and environment [1,2]. It is well established that bioenergy, 51 

one of the preeminent components of bio-economy, will be mainly dependent on LCB as the 52 

chief renewable resource (feedstocks), mostly due to their worldwide abundance [1,3]. Being 53 

the most abundant feedstock appearing as residues of agriculture, forestry and as effluents 54 

from food, textile, pulping and other industrial processing, LCB could be used in 55 

biorefineries to generate myriads of renewable bioproducts; biofuels being the supreme 56 



product [4-7]. One of the advantages of using LCB as feedstock for bioenergy generation is 57 

that it totally eliminates the upsetting social issue of ‘food vs. fuel’ competition [4,8]. 58 

Conventionally, lignocellulosic wastes are converted to biofuels (gaseous: 59 

biogas/biomethane; biohydrogen; bio-syngas and liquid: bio-alcohols and bio-oil) either 60 

through biochemical or thermochemical routes [9-14]. As reported in the latest survey by the 61 

International Energy Agency (IEA), conventional biofuel production reached 143 billion 62 

litres (4% increment on a year-on-year basis), in the year 2017, having an equivalent energy 63 

value of 83 Mtoe [15]. Analyzing the ongoing trend of world biofuel production, IEA 64 

forecasted a 15% growth estimating to be 165 billion litres (total energy value 97 Mtoe) by 65 

2023, 119 billion litres (approximately two-third) of which will come from bioethanol alone 66 

[15]. This fact is already being implemented globally and is reflected in the renewable energy 67 

action plans of different countries. The Indian government has planned to achieve a target of 68 

10% blending of fossil transport fuels with bioethanol and biodiesel by 2017 and raised the 69 

target to 20% beyond 2017 [16]. The European Union (EU) has set a new binding target, in 70 

form of renewable energy directive II (RED II), to acquire at least 14% of their transport 71 

fuels from renewable resources by 2030 [17]. In Finland, the target is set about 20%, by 2020 72 

[18]. Bio-alcohols, namely; ethanol, butanol, hexanol etc. are already proven suitable for the 73 

use in spark-ignition engines as low-emission transport fuels and hence, are the biofuels of 74 

current interest [19-22]. A recent study has shown that corn-based biobutanol can save 39-75 

56% automobile fossil fuels and reduce CO2 emissions by 32-48% in comparison to gasoline 76 

[23]. This transition can only be sustained by employing strategic planning and utilization of 77 

LCB feedstocks in technologically advanced frameworks ensuring maximum conversion to 78 

biofuels, minimization of waste generation and reutilization of all residues. 79 

There are three pathways, namely sugar platform (SP), carboxylate platform (CP) and syngas 80 

platform (SyP), mainly used for the conversion of LCB feedstocks to bio-alcohols [24-26]. 81 

The names of the platforms are derived from those of the intermediate precursors through 82 

which organic or agricultural wastes are ultimately converted to bioalcohols. The sugar 83 

platform directly coverts 6-carbon and 5-carbon sugar/carbohydrate compounds obtained 84 

from LCBs through pretreatment and enzymatic hydrolysis, to different bio-alcohols as the 85 

major end product [24]. Conversely, in syngas and carboxylate platforms, as described by 86 

many researchers, alcohol generation from LCBs is mediated through formation of energy-87 

rich precursor molecules and their mixtures, namely bio-syngas and mixed carboxylic acids, 88 

respectively [25,26]. Due to the astounding diversity of composition of lignocellulosic 89 



wastes, having different distribution of cellulose, hemicellulose and lignin, it appears that 90 

none of the platforms can provide unique solution individually for the generation of bio-91 

alcohols from LCBs, in general. Recently, few research articles demonstrated that the 92 

combination of any of the two platforms among sugar, carboxylate and syngas ones can 93 

improve the quality and productivity of bio-alcohols from LCB [27-30]. Although many 94 

informative review articles are available on individual platforms, comprehensive review on 95 

the performance and prospects of combination/hybridization of different platforms for the 96 

generation of alcohols from LCBs is rare [25,31-34]. In this article, the present status of this 97 

briskly evolving ‘hybrid technology’ in the field of bio-alcohol production from LCB is 98 

thoroughly revisited from all crucial perspectives. Ultimately, a novel “zero effluent” 99 

concept, namely; ‘CONVER-B’, of cascading of the three platforms particularly focusing on 100 

bio-alcohol production from LCB with carbon storage capability is recommended with the 101 

projection of higher energy efficiency compared to that of stand-alone platforms. 102 

2. Analysis of three platforms  103 

2.1 Working principles and microorganisms 104 

The conventional working principles of the three platforms, namely; SP, CP and SyP, are 105 

technically summed up and depicted respectively in Figure 1A, 1B and 1C, for simple 106 

understanding. The platforms fundamentally differ from each other regarding various 107 

operational aspects. According to the representation of Figures 1A, 1B and 1C, all three 108 

platforms convert lignocellulosic biomass to bioalcohols as the chief end-product.  109 



 110 

 111 



Figure 1: Major processes, material streams and unit operations of the three individual 112 

platforms; A) Sugar Platform (SP); B) Syngas Platform (SyP); C) Carboxylate Platform 113 

(CP); PRETREAT: Pretreatment; COOLER: Cooling unit; SEPA: 114 

Separation/Filtration unit; HYDROLYS: Enzymatic hydrolysis; FERMENT: 115 

Fermenter; CENTRIFU: Centrifugation unit; DISTILL: Distillation tower; CHP: 116 

Combined Heat and Power; WWT + AD: Waste water treatment plant with anaerobic 117 

digestion unit; LCB: Lignocellulosic Biomass;  PROD1(SP): Pretreated LCB; PROD2 118 

(SP): Cooled pretreated LCB; SOLID1(SP): Solid fraction of cooled pretreated LCB; 119 

PROD3 (SP): Enzymatically hydrolyzed LCB; NUTRIENT: Nutrient medium for 120 

fermentation; PROD4 (SP): Fermentation products; CELLS: Microbial cells; PROD5 121 

(SP): Cell free fermentation products; ETOHBUOH: Ethanol, butanol; WASTEWA: 122 

Waste water; CS: Cyclone separator; TARREFOR: Tar reformer; FLASHDR: Flash 123 

drum for liquid-gas separation;  DRYLCB: Dry lignocellulosic biomass; O2: Oxygen; 124 

GASI-PR: Gas-solid mixture; PROD1, PROD 2 and PROD 3 (SyP): Fermentation 125 

products; ETOH: Ethanol; HAC: Acetic acid ; IAD: Incomplete anaerobic digestion; 126 

WETLCB: Wet lignocellulosic biomass; LIG + CELL: Lignin and cellulose; VFA: 127 

Volatile fatty acid; H2: Hydrogen; PRODUCT1 and PRODUCT 2 (CP): Fermentation 128 

products; MALCOHOL: Medium alcohol; HALCOHOL: Higher alcohol; Energy 1 and 129 

2: Input energy streams. 130 

It is clear from Fig. 1A that in the conventional sugar platform, lignocellulosic biomass is 131 

first pretreated through hydrothermal processing using dilute mineral acids (alkali, mineral 132 

salts, organic solvents and some other catalysts are also used in different cases, acid 133 

pretreatment is considered as a representative process for all) whereby the hemicellulose 134 

portion of LCB is primarily converted to pentose sugars, namely, xylose and/or arabinose and 135 

a small part of cellulose is converted to glucose [34-37]. The cellulose present in the solid 136 

part of pretreated mass is subsequently hydrolysed to glucose using enzymes [35, 36, 38]. 137 

After hydrolysis, the hydrolysed mass is filtered. The filtrate containing simple carbohydrates 138 

like pentoses and hexoses, is fermented to generate alcohols, namely, ethanol and butanol 139 

[36] and the solid filter cake containing lignin is considered either as waste stream or directly 140 

combusted to generate electricity and steam in combined heat and power (CHP) unit [39,40]. 141 

The liquid stream is passed through a centrifuge and the cell concentrate is recycled Pure 142 

alcohol is recovered in distillation column [39,40]. The bottom liquid effluent from the 143 

distillation column is usually passed through waste water treatment plant (WWT) and the 144 



treated water is recycled. The solid waste from the WWT is sometimes utilized in an 145 

anaerobic digester (AD) to generate biogas [39,40]. All these possible units have been 146 

presented in Figure 1A. The high temperature pretreatment and the alcohol recovery 147 

(distillation) steps require energy.  148 

As depicted in Figure 1B, in syngas platform the pre-dried LCBs are first converted to syngas 149 

in a gasifier using steam and air mixture and the gas-solid mixture is subsequently separated 150 

in series of two cyclones [41-43]. While the char part is recycled to the gasifier, the ash, 151 

obtained in the solid streams of the second cyclone appears as waste. Exit gas stream from 152 

the second cyclone is sometimes passed through reformer for enrichment of syngas [41]. The 153 

syngas is subsequently fermented to ethanol [41,44]. The combined outlet stream of 154 

unconverted syngas and alcohol-rich liquid product from the fermenter is usually passed 155 

through a flash drum and the two phases are separated [37]. The gas stream is bifurcated in to 156 

two lines, one recycled to the fermenter and the rest directed to a CHP [41]. Electricity and 157 

steam are generated in the CHP and steam is utilized in the gasifier, as much as possible.  All 158 

these units have been included in the general schematic representation for SyP in Figure 1B. 159 

The waste heat of flue gas from the CHP is exchanged to dry the LCB fed to the gasifier [41]. 160 

In case of carboxylate platform for alcohol generation, usually the carboxylic acids produced 161 

by acidogenic mixed microbiomes of anaerobic digestion (AD) processes are converted to 162 

alcohols either through catalytic thermochemical processes or  by the combination with other 163 

bioprocesses responsible for reduction of acids to alcohols [25,45,46]. In this strategy, 164 

acetoclastic methanogenesis during anaerobic digestion is deliberately inhibited so that 165 

volatile fatty acids (VFAs) are mainly formed and hence it can be termed as an incomplete 166 

AD (IAD) process [47]. It is understandable that with selective suppression of the 167 

methanogens, any AD microbiome can be turned to an acidogenic microbiome that can be 168 

used in a CP. Energy requirement of the IAD process is mainly for the mild pretreatment of 169 

feedstock which can be fully avoided for low-lignin containing simple feedstocks [4]. On the 170 

other hand, the subsequent bioprocess generating alcohol requires energy for separation of 171 

alcohols through distillation. The basic principle of carboxylate platform extended up to bio-172 

alcohol generation has been depicted in Fig. 1C. For both SyP and CP the methods of alcohol 173 

recovery and water treatment processes are similar to those in the SP. In another option of 174 

carboxylate platform, medium chain fatty acids (MCFAs) can be microbially derived through 175 

reversed β-oxidation of short chain fatty acids (SCFAs) produced during IAD [48]. The 176 

MCFAs can be further converted to higher alcohols with high carbon numbers and larger 177 



calorific values in subsequent fermentation processes [48]. The ‘MIXALCO’ processes 178 

converting carboxylic acids to corresponding alcohols through thermochemical routes also 179 

belong to carboxylate platform [49,50]. In the subsequent sections, discussions have been 180 

provided on basics of individual platforms in a comparative way.  181 

In all three platforms, production of bioalcohol from simple sugar, VFAs or bio-syngas is 182 

mediated by specifically dedicated microorganisms exhibiting different metabolic ability and 183 

performance. Different strains of the solventogenic yeast Saccharomyces cerevisiae are most 184 

popularly used in the sugar platform to produce bioethanol utilizing simple hexose (C6) 185 

sugars [51,52]. However, wild strains of S. cerevisiae cannot ferment pentose (C5) sugars, 186 

such as xylose, arabinose etc. genenerated through the de-polymerization of hemicellulose 187 

during the pretreatment of LCBs [53]. To tackle this problem, pentose-fermenting bacterial 188 

strains, namely; Zymomonas mobilis and genetically engineered strains of Escherichia coli 189 

etc. and another yeast, Pichia (or Scheffersomyces) stipitis, are also gaining interest recently 190 

[54-57]. For the production of butanol in the sugar platform, Clostridium acetobutylicum is 191 

extensively used to convert the carbohydrate monomers (C5 and C6) generated from 192 

lignocellulosic biomass [58-61]. Although C. acetobutylicum is the most typically used 193 

butanol producing strain in the sugar platform, lately, C. beijerinckii, C. pasteurianum and C. 194 

saccharoperbutylacetonicum are also being used by many researchers [62-64]. Research 195 

studies using combination of yeasts (S. cerevisiae and/or P. stipitis) and bacteria (clostridial 196 

strains, E. coli or Z. mobilis) as co-cultures for the simultaneous consumption and 197 

connversion of both hexoses and pentoses to alcohols have recently been reported in many 198 

studies on SP [65-69]. In the carboxylate platform, a mixture of cellulolytic and acidogenic 199 

consortia of IAD processes act on the holocellulose (cellulose and hemicellulose) fraction 200 

directly to produce SCFAs, which can in turn be converted to alcohols through biological 201 

processes using homoacetogenic microorganisms like Clostridium ljungdahlii having 202 

reducing capabilities [25]. On the other hand, SCFAs can be further converted to MCFAs 203 

under the action of reactor microbiomes and higher alcohols can be produced through the 204 

microbial reduction of the latter acids. For the production of MCFAs the presence of chain 205 

elongating  bacteria, e.g., Clostridium kluyveri has to be ensured [25]. In the conventional 206 

syngas platform, syngas (H2 + CO) is converted by the acetogenic bacterium, Clostridium 207 

ljungdahlii to ethanol and acetic acid [70,71]. Some other pure strains 208 

acetogenic/carboxidotrophic bacteria namely; Clostridium carboxidivorans, Clostridium 209 

ragsdalei, Clostridium autoethanogenum etc. are also being used recently for conversion of 210 



syngas to bioalcohols [72-75]. Among these bacteria, C. carboxidivorans can also produce 211 

higher alcohols than ethanol, namely; butanol and hexanol from syngas [72,76]. Besides 212 

these pure strains, some recent studies reported use of mixed culture for syngas fermentation 213 

producing mixed alcohols like, ethanol, propanol and butanol [77,78].  214 

2.2 Feedstocks and requirement for pretreatment 215 

The lignin content of the LCB feedstocks is a vital factor for all platforms because of its 216 

direct contribution to the recalcitrance [79]. In a recent publication, the Indian lignocellulosic 217 

feedstocks have been categorized according to their lignin content; high lignin (1-10%), 218 

medium lignin (10-20%) and low lignin (>20%) to provide a basis for the selection of most 219 

viable conversion routes [4]. The primary aim of the SP and CP is to overcome the lignin 220 

barrier to gain access to the cellulose and hemicellulose fractions of the LCBs (Figure 1A and 221 

1C). Selection of proper LCB feedstocks based on the lignin content for the particular 222 

platform is a prerequisite, which can facilitate better conversion and complete utilization of 223 

the LCB feedstocks.  224 

As per the requirement of the bioprocesses involved in the SP and CP, the use of LCBs 225 

containing low, and low-to-medium lignin content are suitable for the sugar and carboxylate 226 

platforms respectively. As the microorganisms involved in SP can only accept hexose 227 

(glucose) and pentoses (xylose, arabinose), mainly low lignin LCBs [56-67], requiring mild 228 

delignification and easy pretreatment steps for the conversion of cellulose and hemicellulose 229 

to respective monomeric simple sugar are suitable. On the other hand the bioavailability of 230 

cellulose and hemicellulose for the action of cellulolytic bacteria in the reactor microbiome is 231 

the major decisive factor for the efficient conversion of LCBs in CP [9]. To avoid energy 232 

intensive delignification process prior to the entry in CP, medium and preferably low lignin 233 

LCBs are acceptable in carboxylate or volatile fatty acid platform using an IAD microbiome 234 

[80]. This is limited in dry biomass and at high lignin content. The SyP is not influenced by 235 

the lignin content since the gasification prior to fermentation is a thermochemical process that 236 

can accept any carbon source as its reactant/feedstock [80]. Although dry LCBs are not 237 

preferred in SP and CP, the feedstock for SyP should be preferably dry. Therefore, any dry 238 

lignocellulosic biomass can be handled by this platform irrespective of the lignin content. The 239 

SP essentially requires extensive pretreatment and enzymatic hydrolysis steps of LCB 240 

feedstocks [57,60-64]. Besides the conventional high temperature acid/alkali pretreatment, 241 

use of ultrasonication, microwave treatment, extraction with ionic liquid, organoslv 242 



pretreatment, eutectic solvent etc. have also been demonstrated to be effective [80,81]. 243 

Literature review reveals that mild pretreatment of agricultural waste like rice straw and 244 

wheat straw yields better yield of product in CP used for biogas generation [82,83]. However, 245 

many CP are run without pretreatment of biomass [84]. Currently, biochemical pretreatment 246 

of LCBs employing lignocellulolytic microorganisms are also attracting interest due to their 247 

functional effectiveness and better techno-economic-environmental attributes than the 248 

conventional pretreatments [85]. In SyP, absolutely no pretreatment step is required. 249 

 250 

2.3 Array and yields of product, by-products and residues 251 

From SP, usually ethanol and butanol are obtained by using pure culture of dedicated 252 

solventogenic microorganisms, namely yeast and Clostridia, respectively, as already 253 

mentioned in section 2.2 [54-64]. In case of butanol production through this platform, acetone 254 

and ethanol are also produced as solvent by-products. A study by Wu et. al., 2008, revealed 255 

that a bio-butanol plant with a capacity of 2589.12  Mg/d (1Mg/d = 1 t(metric)/d) corn grain 256 

produces about 466 Mg/d butanol with additionally 261.6 Mg/d and 11.28Mg/d of acetone 257 

and ethanol, respectively, as by-products [23]. This study also envisaged that 0.22L 258 

biobutanol can be obtained from 1kg of corn. The yield of ethanol using solventogenic yeast 259 

is about 0.41 L/kg when dry-milled corn grain is used as feedstock [86]. A study on syngas 260 

platform showed that using the gaseous product generated from a gasification unit consuming 261 

1200 Mg/d switchgrass, a subsequent bioethanol plant produces 298.77Mg/d ethanol [87]. 262 

Holtzapple and Granda, 2009, reported a comparative theoretical analysis of the potential of 263 

SP, CP and SyP, for ethanol production from standard LCB [49]. However, in this study the 264 

Sp and CP have been defined a bit differently from the conventional ones. Contribution of 265 

lignin as the substrate in these two platforms is included with the help of an additional 266 

gasification step generating H2 as reducing agent for CO2 (sugar platform) and acetic acids 267 

(carboxylate platform) producing enhancing overall ethanol yield [49]. On the basis of a mole 268 

of standard biomass, composed of 31.7% lignin (CH1.12O0.377) and 68.3% holocellulosic 269 

(cellulose + hemicellulose) polysaccharides (C6H10O5) on ash free basis, 3 moles of ethanol is 270 

produced through SP and CP, whereas, the SyP produces 2.5 moles ethanol [49]. It has been 271 

estimated that both sugar and carboxylate platforms have the equal ethanol production 272 

potential of 175 gallon/ton, whereas, the ethanol production potential of syngas platform is 273 

about 145 gallon/ton standard biomass [49]. The ethanol production potential of the syngas 274 

platform is less because of the partial oxidation of carbon present in the biomass feedstock 275 



during the generation of syngas in the gasification process. The yield of volatile fatty acids 276 

(acetic + propionic + butyric acids in the ratio 6:1:3 to 5:1:5) in the CP ranges from 0.118-277 

0.61 g/g volatile solids [45]. 278 

During the production of biobutanol from conventional feedstocks, residues amounting to 279 

31.1% of the total solids are formed, which are called DDGS (dried distillers grains with 280 

solubles) and comprise the solid wastes from upstream (cooking) and downstream 281 

(separation) processes [23,88]. Previous literature indicates that DDGS corresponds to 40% 282 

energy content of corn fed to the system [23]. Moreover, fatty acids generated in the 283 

fermenter are not recovered or utilized. The SyP generates 74 Mg/d ash and/or char and 49 284 

Mg/d cell cake in a 1200 Mg/d switchgrass-based plant [87]. Since the first step in the 285 

alcohol production through carboxylate platform is IAD process (Fig. 1C), the feedstocks are 286 

generally silages, spent grains and other wet biomass solid. Digestate, generated in the IAD, 287 

is usually used as fertilizer after neutralization and does not generate much revenue [89]. As 288 

reported in the literature, the solid part of the digestate generated from co-digestion of 289 

lignocellulosic biomass (groats: 9%; olive oil cake: 29%; triticale: 57% w/w) and chicken 290 

manure (5% (w/w)) contains about 35% carbohydrates and 21% Klason lignin at the end of 291 

the process and can be a potential feedstock for further energy conversion [90]. The 292 

carbohydrate part in the residue is rich in cellulose as the digestion rate of hemicellulose is 293 

much higher than the former [90]. Thus it can be delignified and hydrolysed enzymatically to 294 

release simple sugars and fed to an alcohol fermentation system for production of ethanol (or 295 

butanol, not reported yet) [91,92].  Since digestate is rich in lignin, it can also be used in the 296 

syngas platform for conversion to syngas and eventual fermentation to ethanol [93]. This can 297 

be particularly useful if lignin-rich feedstock has to be handled in carboxylate platform. 298 

 299 

2.4. Energy analysis 300 

Using the Mueller and Cuttica model, it was estimated that the energy consumption is about 301 

0.63kWh/L butanol production from corn grain, when cooking and gas stripping/distillation 302 

were used as pretreatment and downstream processing steps, respectively [23,88]. Cooking 303 

constituted the major share (69.9%) of energy consumption while the other energy 304 

consuming steps being fermentation and product recovery altogether accounted for 30.1% of 305 

the total energy consumption. In case of SP for alcohol production, while waste lignin stream 306 

is sometimes directly combusted for the generation of electricity, the distillation bottoms are 307 

also utilized to generate biogas, which is subsequently utilized in energy generation [39,40]. 308 



Sometimes a part of energy can be exported after being utilized for alcohol production. In 309 

other cases a part of energy has to be imported for alcohol production even after utilization of 310 

electricity produced in the plant. The energy efficiency ( ) of ethanol plant has been defined 311 

according to the situations (with export/import) as follows [40]: 312 

In case of energy export: 313 

  
                                     

                    
 

In case of energy import: 314 

  
                                

                    
 

Where, Y = yield 315 

 In case of SyP for ethanol production, the overall energy efficiency on the higher heating 316 

value (HHV) basis is 41.95%, syngas generation and fermentation step having energy 317 

efficiencies of 66% and 63.5%, respectively [87]. The significance of different energy 318 

efficiencies (η) in this platform has been defined as follows: 319 
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In the efficiency calculation, the energy consumed during any process has not been 325 

considered. The most energy intensive step is the downstream processing, i.e., distillation of 326 

ethanol, consuming 31.27MWh when a plant having a capacity of 1200 Mg/d is run using 327 

switchgrass as the feedstock [87]. As mixed bacterial consortia are used in the CP, 328 

sterilization and pretreatment of the feedstock can be avoided and hence energy is saved. On 329 

the other hand, the separation step could be energy intensive since the platform produces 330 



mixed carboxylic acids [25,45]. However, systematic report on energy analysis of alcohol 331 

production through CP is not much available.  332 

Table 1 represents the comparative performance of different individual platforms with respect 333 

to material and energy balances as well as cost. 334 

Table 1: Performance of individual platforms from the perspectives of material and 335 

energy balances and economic analysis. 336 
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stover  

220

0 

dry 

ton/

day 

Etha

nol 

Dilute 

acid 

pretreat

ment 

and 

enzymat

ic 

hydroly

sis  

Distilla

tion 

followe

d by 

molecu

lar 

sieve 

adsorpt

ion 

79 gallon/ton 

of dry feed 

Yes Not 

mention

ed 

$ 2.14 

/gallon 

[39] 

SP Mexic

an 

lignoc

200

0 

t/da

Etha

nol 

Pretreat

ment 

and 

Distilla

tion 

followe

48.6-74.1 

gallon/ton 

Yes 20.7-

48.9  

$ 2.05 

/gallon 

[40] 



ellulo

sics  

y enzymat

ic 

hydroly

sis 

d by 

molecu

lar 

sieve 

adsorpt

ion 

SP Bamb

oo  

200

0 

Mt/

d) 

Etha

nol 

Hot 

water 

pretreat

ment 

and 

enzymat

ic 

hydroly

sis 

Distilla

tion 

followe

d by 

molecu

lar 

sieve 

adsorpt

ion 

147-198 

ML/year 

Yes  Not 

mention

ed 

$ 0.589 

/L 

[94] 

SP Corn 

stover  

729

692 

ton/

yea

r 

Buta

nol 

Dilute 

acid 

pretreat

ment  

Vacuu

m 

distillat

ion 

155 L/ton Yes 44 $ 1.5-

1.8 /L 

[95] 

SP Corn 

stover  

126 

kt/y

ear 

Buta

nol  

Dilute 

acid 

pretreat

ment 

Pervap

oration 

and 

nanofil

tration 

0.21 kg/kg 

 

No Not 

mention

ed 

€ 1.09 

/kg 

[96] 

Sy

P 

Switc

hgrass  

(22

06 

MT

/da

y 

Etha

nol 

NA Distilla

tion  

282 L/ton NA Not 

mention

ed 

$ 1.32 

/L 

[97] 

Sy

P 

Sugar

cane 

bagas

100 

ton/

h 

Etha

nol 

NA Distilla

tion 

0.225 ton 

ethanol/ton 

feed  

From 

gas 

(25.5 

43% $ 0.69 

/L 

[41] 



se  MW) 

CP Korea

n food 

waste  

(50

0 

ton

s/da

y 

Mixe

d 

alco

hol  

 Not 

clearly 

mentio

ned 

0.25-0.46 g/g NA Not 

mention

ed 

$ 0.48 

/L 

ethanol 

equival

ent 

[45]  

 337 

*
Plant capacities have been presented as reported in the respective references. 338 

**
Production costs have been presented as reported in the respective references. 339 

3. Integration of platforms for bio-alcohol production - State of the art 340 

The principal processes, feedstocks, microbes, patterns of generation of products, by-products 341 

and residues, energy efficiencies and conversion data of individual SP, CP and SyP have been 342 

indicated in Table 1. The advantages and disadvantages of the individual platforms meant for 343 

production of bio-alcohols, as discussed in section 2 are compiled in Table 2. Although each 344 

platform involves combination of different processes having inherent merits and demerits, 345 

only the major ones affecting the sustainability of three production platforms are mentioned 346 

in a collective manner.  347 

Table 2: Advantages and disadvantages of different platforms for bio-alcohol 348 

production. 349 

Platform Advantages Disadvantages 

Sugar 

platform (SP) 

 Specificity of end products (the 

bio-alcohols). 

 Maturity of technology. 

 High yield of alcohol (ethanol 

production by yeast). 

 Simultaneous generation of H2 

(another biofuel) when butanol 

is produced (ABE fermentation 

pathway). 

 Maximum conversion of the 

sugars to bio-alcohols.  

 Necessity of energy 

intensive pretreatment, in 

case of LCBs. 

 Necessity of expensive 

enzymes for hydrolysis. 

 Generation of lignin-rich 

waste streams. 

 Prominent end-product 

inhibition exerted by the 

bio-alcohols on the 

solventogenic 



microorganisms. 

 

Syngas 

platform 

(SyP) 

 

 Capability to directly convert 

recalcitrant lignin. 

 No requirement of pretreatment. 

 No requirement of external 

addition of enzymes. 

 Specificity of end products 

(ethanol and acetic acid). 

 Scope of waste heat recovery to 

self-sustain the gasification 

process. 

 

 Necessity of catalyst in 

the gasification process to 

maintain the quality of 

syngas. 

 Mass transfer limitation in 

syngas fermentation. 

 Chance of intoxication of 

the microorganism/s by 

traces of condensable 

volatiles (tar) present in 

the syngas. 

 Generation of ash during 

gasification and necessity 

of ash handling  

 

 

Carboxylate 

platform (CP) 

 

 Requirement of very moderate 

or no pretreatment. 

 No requirement of external 

addition of enzyme or chemical 

catalyst. 

 No requirement of sterilization 

of feedstock. 

 High yield of VFAs and 

MCFAs as precursors for 

alcohol production. 

 Biogas production from the 

 

 The technology is at a 

nascent state. 

 The interaction between 

the microorganisms 

involved in carboxylate 

platform is yet to be 

explored. 

 Mixed products (fatty 

acids of varying chain 

length). 

 Stringent requirement of 



 350 

The disadvantages encountered in an individual platform, as listed in table 2, can be tackled 351 

through the strategic inter-integration of the platforms with each other. Through the 352 

integration of different platforms, the by-product or effluent streams of one platform can be 353 

(re)used as the feed for another platform. The availability of literature on the integration of 354 

platforms for bio-alcohol production is scarce. So far, four types of twinning of platforms 355 

have been reported according to their operating sequence, namely; 1) carboxylate platform 356 

followed by sugar platform (CP-SP); 2) syngas platform followed by carboxylate platform 357 

(SyP-CP); 3) carboxylate platform followed by syngas platform (CP-SyP) and 4) sugar, 358 

carboxylate and syngas platforms operated in sequence (SP-CP-SyP). Although from the 359 

classical definition of carboxylate platform, carboxylic acids or volatile fatty acids generated 360 

through incomplete AD are precursors, in this review, the studies based on the volatile fatty 361 

acid intermediates produced from other bioprocesses using mixed or pure strains are also 362 

considered. The reactions occurring in all individual and hybrid platforms, under review, are 363 

presented in Table 3. 364 

Table 3:  Reactions involved in individual and hybrid platforms. 365 

Conversion Reactions Platform 

Glucose to ethanol                        SP, CP-SP(I), 

SP-CP- SyP 

Xylose to ethanol                        SP, CP-SP(I), 

SP-CP- SyP 

digestate and residue of 

downstream processing is 

possible. 

 

pH control and 

suppression of 

methanogenesis during 

IAD for generation of 

SCFAs and MCFAs as 

end products. 

 Requirement of hydrogen 

or other electron donors 

for the conversion of 

carboxylic acids to 

alcohols. 



Glucose to butanol                           SP, CP-SP(II), 

SP-CP- SyP 

Xylose to butanol                             SP, CP-SP(II), 

SP-CP- SyP 

Glucose to acetone                              SP, CP-SP(II) 

Xylose to acetone                        SP, CP-SP(II) 

Syngas to acetic acid                           

                      

SyP, SyP-CP, 

SyP-CP- SyP 

Syngas to ethanol                             

               

                  

SyP, SyP-CP, 

SyP-CP- SyP 

Glucose to acetic acid                     CP, CP-SP (II), 

SyP-CP(1-stage) 

Xylose to acetic acid                    CP, CP-SP (II), 

SyP-CP(1-stage) 

Glucose to butyric 

acid 

                             CP, SyP-CP(1-

stage), SyP-CP- 

Syp, Sp-CP- Syp 

Xylose to butyric acid                                  CP, SyP-CP(1-

stage), SyP-CP- 

SyP, Sp-CP- SyP 

Acetic acid to butyric 

acid 

                                   SyP-CP(1-stage), 

SyP-CP- SyP, SP-

CP- SyP 

Butyric acid to 

caproic acid 

                                      SyP-CP(1-stage), 

SyP-CP- SyP, SP-

CP- SyP 

Acetic acid to ethanol                             SP, CP-SP(I,II) 

Butyric acid to 

butanol 

                               SP, CP-SP(I,II), 

SyP-CP(1-stage 

and 

2-stage), SP-CP- 

SyP 



Caproic acid to 

hexanol 

                                   SyP-CP(1-stage), 

SyP-CP- SyP, SP-

CP- SyP 

  366 

Different pros and cons of the reported research outcomes on integration of platforms are 367 

being revisited. Their operating strategies are presented in Figures 2 to 7 and the salient 368 

features of their performances are being discussed in the following sections. 369 

3.1. CP-SP hybrids 370 

Two types of CP-SP hybrids have been reported in the literature.  In strategy-I, represented in 371 

Figure 2, digestate from the acidogenic stage of the IAD process, using mildly pretreated 372 

lignocellulosic biomass, is enzymatically hydrolyzed prior to conversion through the sugar 373 

fermentation process [84,85]. According to strategy-II of CP-SP hybridization, represented in 374 

Figure 3, supernatant from the carboxylate platform is directly fed to sugar platform. In some 375 

reported articles, instead of coupling carboxylate platform producing solely carboxylic acid 376 

through IAD, partial AD process generating biogas up to a period less than the saturation 377 

level has been considered as the representative one [100,101]. Partial AD is followed so that 378 

some of the hydrolysable sugar polymers (cellulose, hemicellulose) remain unconverted in 379 

the digestate. Hence, it can directly be introduced to enzymatic hydrolysis process and the 380 

severity of overall pretreatment step is reduced [101]. It is expected that the liquid effluent of 381 

the partial AD would contain some carboxylic acid and sugar monomers. In another report, 382 

instead of IAD, a stable mixed culture of cellulolytic, xylanolytic and acidogenic bacteria 383 

including butyrate producing ones has been used to generate carboxylic acid from 384 

lignocellulosic feedstocks [27]. The carboxylic acid fed to the sugar platform is expected to 385 

be converted to alcohol in solventogenic phase of clostridial bacteria used in the sugar 386 

platform for butanol production [27]. 387 

3.1.1. CP-SP hybrid (Strategy-I) 388 

In a recent research study, a partial AD process has been used as a pretreatment step for the 389 

sugar platform [101]. Diverse lignocellulosic waste, namely, rice straw, sycamore and 390 

pinewood were used as feedstocks. It was claimed that for rice straw, sycamore and 391 

pinewood, the ethanol yield was increased from 32%, 19% and 10.7% of the theoretical value 392 

to 69.5%, 40% and 22.1% respectively due to this pretreatment process instead of 393 

conventional ones [101]. The maximum increase of yield in case of rice straw was explained 394 



by its lowest lignin content facilitating the hydrolytic activity of the AD microbiome. On the 395 

other hand, the presence of guaiacyl type lignin in pinewood was pointed out to be 396 

responsible for minimum increase of yield in case of pinewood [101]. The investigators also 397 

showed that most of the hemicellulose was utilized to form methane during the AD process 398 

of rice straw. The increase of cellulosic content of pretreated biomass, particularly for rice 399 

straw was also identified through the determination of crystallinity index [101]. Taking both 400 

biogas and ethanol into account, the total energy yield from rice straw and pinewood was 401 

determined to be 8.2MJ/kg and 4.1MJ/kg. Although  partial AD process is supposed to 402 

generate (not discussed) liquid effluent rich in VFA and enzymatic hydrolysis step of solid 403 

digestate of partial AD process would have produced lignin rich solid residue, no attempt was 404 

made to utilize these wastes. There is a scope for the addition of ABE fermentation, a 405 

representative of SP, if the liquid effluent is rich in butyric acid. Otherwise, the carboxylic 406 

acids in the liquid effluent can be fed to a SyP to generate higher alcohols. Similarly, lignin 407 

rich waste can be introduced to a SyP so that alcohol can be generated by using the syngas 408 

produced through gasification of the solid residue.  409 

 410 

 411 

Figure 2: Scheme of CP-SP hybrid (Strategy-I). 412 

Anaerobic digestion process using rumen fluid of cattle was also claimed to be effective in 413 

the enhancement of ethanol production from rice straw [102]. The group used solid digestate 414 

from the rumen fluid digestion process and the results were very similar to those using the 415 

inoculum obtained from partial AD process in biogas plant [101]. It is notable that the 416 

acidogenesis conducted by rumen microbiome produced significant amount of VFAs (Acetic 417 



acid: 159g, Propionic acid: 83, Butyric acid: 24) when 2.5% loading of rice straw was used 418 

[102].  Inhibition of methanogens from this microbiome may turn it into a major acidogenic 419 

microbiome producing VFAs/SCFAs that can be ultimately converted in their corresponding 420 

bio-alcohols.  421 

 422 

3.1.2. CP-SP hybrid (Strategy-II) 423 

In a very recent attempt, rice straw was converted to biobutanol through a two-stage 424 

fermentation process [27]. The first stage represented the CP in which pretreated (alkali 425 

treated) rice straw was predominantly converted to VFAs, mainly, butyric acid and hydrogen 426 

under the action of a mixed culture, named as DCB17, dominated by cellulolytic, xylanolytic 427 

and butyric acid producing bacteria [103]. In the second stage, the butyric acid rich 428 

supernatant of the first stage (SFS) was co-fermented with enzymatically hydrolyzed 429 

pretreated rice straw (HPRS) using C. beijerinckii NCIMB 8052 to butanol [27].  The ratio of 430 

SFS:HPRS used was 2:8 on mass basis. Bio-butanol was produced along with hydrogen, 431 

acetone and ethanol as co-products. In comparison to butanol production of 80.3 g and 146g 432 

per kg rice straw, respectively, by C. acetobutylicum NRRL B-591 and a mixed culture 433 

dominated by clostridia from pretreated and enzymatically hydrolyzed rice straw reported in 434 

two other studies [104,105], 230g butanol/kg rice straw was obtained in this integrated CP-SP 435 

process [27]. The specific energy yield (9633.7kJ/kg) of the two-stage process was much 436 

higher than that obtained using clostridial microflora (8043.5kJ/kg) considering both butanol 437 

and hydrogen as the energy carriers in the products [27,104]. Studies showed that the 438 

enhancement of bio-butanol yield is highly influenced by the continuous supply of butyric 439 

acid, which down-regulates the enzymatic activities of acetate kinase, acetate 440 

phosphotransacetylase, phosphate butyryl transferase during solventogenesis in ABE 441 

fermentation [106-108].  442 



 443 

Figure 3: Scheme of CP-SP hybrid (Strategy-II). 444 

 445 

Thus, the synergistic integration of carboxylate and sugar platforms not only enhances the 446 

butanol production, it also eliminates the necessity of the application of costly enzyme 447 

cocktails that is used in the conventional sugar platform. However, even after this integration, 448 

a considerable portion of biomass fraction is lost as digestate of the acidogenic stage (CP) 449 

and concentrated lignin portion during conventional enzymatic hydrolysis in the sugar 450 

platform. Thus, further attention is needed to facilitate utilization of these energy-rich 451 

effluents. A syngas platform using a thermochemical step, namely, gasification or pyrolysis 452 

could have been beneficial for recalcitrant lignin rich part. Similarly, the digestate of the 453 

acidogenic stage could have been utilized for biogas generation through AD process, the 454 

digestate of AD to be used as fertilizers. However, no investigation has been reported in this 455 

respect. 456 

3.2. SyP-CP hybrids 457 

The SyP-CP hybrids can be categorized as two stage and single stage ones. In the two-stage 458 

category, represented in Figure 4, the product stream of syngas platform is fed to the 459 

carboxylate platform for further conversion of short chain fatty acids through chain 460 

elongation to MCFAs which can in turn be  used as precursors for production of higher bio-461 

alcohols. Steinbusch et. al., 2008, reported the conversion of different volatile fatty acids to 462 

corresponding alcohols by a mixed culture at high hydrogen pressure and low pH [109]. In 463 

the single stage hybrids, represented in Figure 5, both the syngas fermentation and the 464 

biochemical processes involved in CP occur simultaneously in a single reactor for the 465 



production of MCFA. Medium chain fatty acids are ultimately converted to bio-alcohols by 466 

syngas fermenting microbes, namely, C. ljungdahlii or C. autoethanogenum present in the 467 

microbiome of the integrated system. 468 

3.2.1. Two-Stage SyP-CP hybrids 469 

Vasudevan et. al., 2014, reported the sequential combination of SyP and CP, whereby, the 470 

effluent of the syngas fermentation process containing acetic acid and ethanol was fed to an 471 

anaerobic bioprocess driven by open reactor microbiome [28]. The mixed acidogenic 472 

consortia led to chain elongation of carboxylic acids (from acetic acid to n-caproic acid via n-473 

butyric acid) in the presence of ethanol prevailing in the SyP effluent. The well established 474 

reversed β-oxidation pathway was proposed to be responsible for the chain elongation in this 475 

two stage hybrid of SyP and CP [28]. Although their aim was to produce n-caproic acid as the 476 

major end product, the fermentation effluent was more enriched in n-butyric acid. While the 477 

maximum value of n-caproic acid production rate reached only 1.7gL
-1

d
-1

, n-butyrate 478 

production rate as high as 20gL
-1

d
-1 

was achieved [28]. The self-inhibitory nature of n-caproic 479 

acid even at low concentration on the chain elongating microbes and hyper-sensitivity of the 480 

microbiome to pH were identified as the inherent causes for the high n-butyrate titer [28]. 481 

The maintenance of favorable pH and the avoidance of methanogenesis were suggested to be 482 

the necessities for chain elongating reactions to proceed. In another attempt, instead of mixed 483 

consortia, a pure strain of Clostridium kluyveri was used successfully for the integration of 484 

SyP with CP [29]. Continuous extraction of medium chain fatty acids, namely n-caproic acid, 485 

from the reactor was used to maintain its concentration below inhibitory level. C. kluyveri 486 

also produced n-caprylic acid in this system. The chain-elongation performance of C. kluyveri 487 

was observed to be better at a low ethanol to acetate ratio (3:1) and neutral pH [29]. Although 488 

these studies were not focused on alcohol production as the end-product, it was envisaged 489 

that by maintaining high partial pressure of hydrogen ultimate conversion to higher alcohols 490 

would have been possible, using mixed culture and low system pH [110,111]. In another 491 

study conducted by Kucek et. al., 2016, the enhancement of specific production of n-caprylic 492 

acid was investigated [112]. A basal medium containing substrate ratio of 15 (COD basis) 493 

obtained by mixing high ethanol to low acetate was fed to an UAB with continuous product 494 

extraction and inoculated with a reactor microbiome grown on effluent of ethanol rich beer 495 

fermentation. From the 186 days operation of the UAB highest n-caprylic acid productivity of 496 

19.4 g COD/L/d was achieved [112]. The microbe Rhodocyclaceae K82 sp. was identified as 497 

the major chain elongating bacterium in the microbiome with a relative abundance of 70.8%. 498 



 499 

Figure 4: Scheme of two stage SyP-CP hybrid.  500 

It is expected that the excess hydrogen produced in the thermochemical step 501 

(gasification/pyrolysis) of syngas platform can be used to produce higher alcohols from 502 

MCFAs by the activity of potential microbiomes. The hybrid processes, similar to MixAlco 503 

type hybridization in which the MCFA are thermochemically converted to ketones and 504 

ultimately to corresponding alcohols, can also be used [49,50,113]. 505 

 506 

3.2.2. Single-Stage SyP-CP hybrids 507 

Diender et. al., 2016, studied the performance of production of MCFA and higher alcohols 508 

(butanol, and hexanol) by co-culturing C.kluyveri and C. autoethanogenum using synthetic 509 

medium and syngas [114]. They reported that although the feeding of acetate (and ethanol) 510 

was not a pre-condition for growth of the co-culture, it drastically enhanced the higher 511 

alcohol production.  512 

 513 

Figure 5: Scheme of single stage SyP-CP hybrid. 514 



They reported that the production rates of butanol and hexanol were 3.5± 0.69 and 2.0 ± 0.46 515 

mmol/l/d, respectively, and those of butyrate and caproate were 8.5 ± 1.1 and 2.5 ± 0.63 516 

mmol/l/d, respectively [114]. pH sensitivity and toxicity of produced caproate were suggested 517 

to be major constraints for chain elongation. Like many other mixed culture driven 518 

bioprocesses as demonstrated by Ghosh et. al., 2016, in this system a clear commensal 519 

interaction can be noticed between C. kluyveri and C. autoethanogenum, where the latter 520 

organism protects the former from being intoxicated by the CO [115]. Ganigué et. al., 2016, 521 

studied the production of mixed fatty acids and higher alcohols using a syngas-enriched 522 

mixed culture [111]. They observed that although low pH triggered the production of 523 

alcohols, it was detrimental towards the growth of chain elongating bacteria, i.e. C. kluyveri. 524 

Richter et. al., 2016, aimed at analyzing the production patterns of higher alcohols like 525 

butanol, hexanol and even octanol by co-culturing syngas fermenting and chain elongating 526 

bacteria, namely C. ljungdahlii and C. kluyveri, in a single reactor [30]. The optimal pH range 527 

was observed to be very narrow (pH at 6.0, but not ideal) due to inherent discrepancies 528 

between the pH optima of the two organisms [30]. Therefore, it was suggested to use 529 

organisms with very close optimum values of pH for overcoming this problem. The study 530 

found that a competitive relationship exist between the organisms for the substrate, namely 531 

SCFAs, as one organism (C. ljungdahlii) uses it for reduction to alcohols and the other one 532 

(C. kluyveri) for chain elongation [30]. 533 

 534 

3.3. Multistage cascading of different platforms 535 

3.3.1. SyP-CP-SyP cascading 536 

From literature review it is clear that a multistage process, namely, SyP-CP-SyP type hybrids, 537 

whereby, the carboxylate platform is integrated with the syngas platform performing ethanol 538 

and higher alcohol production and reduction of MCFAs has a high prospect [30,116,117]. 539 



 540 

Figure 6: Scheme of multi-stage hybridization of SyP-CP-SyP. 541 

In SyP-CP-SyP cascading, represented in Figure 6, the products (ethanol and acetic acid) of 542 

the first syngas platform are fed to the carboxylate platform for their conversion to medium-543 

chain carboxylates (MCFAs) using a chain elongating microorganism and ultimately the 544 

product MCFAs of Carboxylate platform are fed to the second syngas fermenter for the 545 

reduction of fatty acids to corresponding bio-alcohol. The problem occurring in single stage 546 

integration of SyP-CP (Figure 5) due to pH discrepancy should disappear if separate reactors 547 

are used. More facts are to be revealed before taking the strategic decision on optimal 548 

combination.  549 

3.3.2. SP-CP-SyP cascading 550 

A contemporary study reported the integration of three platforms whereby the carboxylate 551 

platform was preceded and succeeded by sugar and syngas platforms, respectively [118]. The 552 

SP-CP-SyP hybrid process is depicted in Figure 7. 553 

 554 



Figure 7: Scheme of multi-stage hybridization of SP-CP-SyP. 555 

The reactor effluent of the yeast driven sugar platform using corn kernel as the feedstock was 556 

fed to a carboxylate platform where mixed fatty acids with varying chain length (C2-C6) 557 

were generated and continuously extracted from the reactor. The carboxylate platform 558 

effluent was fed to the syngas fermenter where a mixture of corresponding alcohols was 559 

produced exploiting the reductive power supplied by the syngas by C. ljungdahlii [118]. This 560 

process ensured the sequential utilization of the liquid effluent of sugar and carboxylate 561 

platforms as well as decreased the expenses incurred for the synthetic fermentation medium 562 

for the syngas platform. Higher alcohols, namely butanol and hexanol, were obtained in the 563 

ultimate product stream from the last stage of the integrated process [118].  564 

A few research studies have also been reported on SP-CP combinations for the generation of 565 

MCFA from LCB [119,120]. Kucek et. al., 2016, collected the liquid effluent ‘wine lees’ 566 

from a winery and used it as the source of nutrients and substrate in an upflow anaerobic 567 

bioreactor (UAB) for production of MCFAs, namely, n-caproic and n-caprylic acids. The 568 

wine lees is rich in residual ethanol with a concentration of 180.5 gCOD/L (40% ethanol, 569 

COD basis) which served as the major electron donor for the chain elongation process [119]. 570 

The UAB was inoculated with a chain-elongating reactor microbiome adapted to ethanol rich 571 

beer fermentation effluent. The UAB was operated at acidic pH of 5.2 with continuous 572 

extraction of products by pertraction.  Maximum MCFA productivity of 3.9 g COD/L/d was 573 

obtained corresponding to 67% MCFA yield at an organic loading rate of 5.8 g COD/L/d of 574 

diluted wine lees [119]. The microbiome analysis revealed that the MCFA production in this 575 

study was conducted by the microbial members of Bacteroides sp., Oscillospira sp. and 576 

Clostridium sp. The typical chain elongating bacterium C. kluyveri was not present in the 577 

microbiome [119]. Scarborough et. al., 2018, in a very recently performed study attempted to 578 

incorporate the unfermented carbohydrate (mainly xylose) rich part originating from the 579 

distillation stage of a preceding ethanol fermentation process as substrate for MCFA 580 

production [120]. The ethanol fermentation was conducted by a mutant strain of 581 

Saccharomyces cerevisiae Y128 using pretreated and enzymatically hydrolysed switchgrass. 582 

Analysis of the fermentation samples showed that the glucose fraction was almost fully 583 

consumed, but there was significant xylose (47% utilized) remained as unconverted 584 

carbohydrate in the fermenter [120]. Post-fermentation the effluent of the fermenter was 585 

processed in a glass distillation unit for alcohol recovery and the bottom product was 586 

recovered as the xylose and organic rich stillage. This stillage was fed to a bioreactor 587 



inoculated with sludge of an acid-phase WWTP. The microbes present in the sludge 588 

conducted mixed culture fermentation of the stillage and produced MCFAs, mainly caproic 589 

and caprylic acids as the end products with productivity values of 2.6 ± 0.3 g/L/day and 0.27 590 

± 0.04 g/L/day [120]. Community analysis of the microbiome of the MCFA reactor identified 591 

Lactobacillus, Pseudoramibacter and Roseburia as the most abundant microbial species and 592 

hence the major of producer MCFA. Based on these results it was proposed by the 593 

investigators that Lactobacillus produced lactate and acetate by hetero-fermentative 594 

conversion of xylose of stillage. Afterwards, the lactate is used as the initial precursor for 595 

chain elongation to the MCFAs by Pseudoramibacter and Roseburia [120]. The liquid 596 

effluent generated after MCFA recovery was processed in an AD unit to biogas. The biogas, 597 

the leftover bio-solids of the AD process and lignin residues generated at any point of the 598 

process was converted to heat and electricity using a CHP unit. The economic analysis of this 599 

system (generating ethanol, electricity and MCFAs) indicated that due to the utilization of the 600 

stillage for the MCFA production the minimum ethanol selling price was 1.76 USD/gallon, 601 

which was 18% reduced price of ethanol (2.15 USD/gallon) obtained from another similar 602 

study (generating ethanol and electricity) which does not recover and use the stillage [120]. It 603 

is expected that integration of these type of SP-CP hybrids can also be extended to a SP-CP-604 

SyP cascade just by the addition of a syngas fermentation process either in single or in 605 

combination with the CP stage. 606 

4. Limitations of the present integration strategies for hybrid platforms 607 

Figures 2-7 represent different strategies of integrating sugar, carboxylate and syngas 608 

platforms. The foregoing discussions clearly demonstrated the up-to-the-minute status of the 609 

hybridization of the platforms for bioalcohol production from lignocellulosic biomass. The 610 

performance of different hybrid platforms from the perspective of processes involved, the 611 

advantages and the products have been compared, at a glance, in Table 4.  612 

Table 4: Comparative performances of different hybrid strategies. 613 
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Enzym
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hydroly
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Ref. 
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from CP 

required  

 

SP: CP 

conversio

n of 

hemicellul

ose in CP. 

 

Energy 

saving 

due to 

avoidance 

of energy 

intensive 

acid 

pretreatm

ent.  

 

required 

 

SP: 

Require

d 

Increase in 

glucose yield 

due to increase 

in the 

concentration of 

crystalline 

cellulose. 

 

higher than 

convention

al SP.  

,102

] 

CP-

SP 

II) 

CP: 

Acidoge

nesis of 

LCB in 

IAD 

SP: 

Ferment

ation of 

VFA-

rich 

effluent 

of 

IADand 

enzymat

ically 

hydrolys

ed LCB 

CP: LCB  

 

 

SP: LCB 

+ Liquid 

effluent 

from CP 

CP: Low 

temperature 

(50
o
C) alkali 

pre-

treatment  

 

SP: Acid 

pretreatment 

+ enzymatic 

hydrolysis  

Same as 

strategy I 

CP: Not 

required

. 

 

SP: 

Require

d only 

for 

direct 

LCB 

stream. 

 

Enzyme cost 

reduced due to 

usage of liquid 

effluent from 

CP 

Much 

higher than 

convention

al SP due 

to direct 

input of 

liquid 

effluent 

from CP. 

[27,

103] 

Sing Simulta Simulate Not required NA NA Chain Medium [114



le 

stag

e 

SyP-

CP 

neous 

conversi

on of 

syngas 

to 

ethanol 

and 

acetic 

acid and 

producti

on of 

higher 

alcohols 

through 

reductio

n of 

MCFAs 

produce

d though 

chain-

elongati

on  

d syngas 

+ 

synthetic 

medium 

elongation of 

SCFAs to 

MCFAs and 

reduction to 

alcohols in a 

single reactor 

chain 

alcohols 

(butanol, 

hexanol) 

are 

produced.  

] 

SyP-

CP-

SyP 

casc

ade 

Syp: 

Convers

ion of 

syngas 

to 

ethanol 

and 

acetic 

acid  

CP: 

producti

SyP 

(First): 

Syngas 

 

CP: 

Acetic 

acid and 

ethanol 

from first 

SyP 

SyP 

Not 

required. 

NA NA Chain 

elongation of 

short chain fatty 

acids and 

reduction to 

alcohols with 

continuous 

removal of 

inhibitory 

products 

(caproic acid 

Medium 

chain 

alcohols 

(hexanol, 

octanol) 

are 

produced. 

[30,

116] 



on of 

MCFAs 

through 

chain-

elongati

on 

producti

on of 

higher 

alcohols 

through 

reductio

n of 

MCFAs 

produce

d though 

chain-

elongati

on 

(Second): 

MCFA 

from CP 

etc.) and lower 

necessity of pH 

control with 

respect to single 

stage system 

SP-

CP-

SyP 

casc

ade 

SP: 

Convent

ional 

fermenta

tion of 

LCBs  

CP: 

Chain 

elongati

on of 

VFAs in 

SP 

effluent 

in to 

SP: LCB 

 

CP: 

ethanol 

and 

stillage 

 

SyP: 

MCFA 

from CP 

SP: 

Conventiona

l 

NA Convent

ional 

Full utilization 

of effluents of 

SP with 

conversion to 

higher alcohols   

Medium 

chain 

alcohols 

(butanol, 

hexanol) 

are 

produced. 

[118

] 



MCFAs 

Syp: 

Reducti

on of 

MCFAs 

to 

higher 

alcohols 

 614 

From the review of the current scenario it is revealed that the solid digestate of the 615 

carboxylate platform, proceeding via incomplete AD, can be used in the sugar platform after 616 

enzymatic hydrolysis and without an energy-intensive pretreatment process. Carboxylate 617 

platform can also serve as a complementary process for the syngas platform and vice-versa 618 

for the production of higher alcohols. The hybridization of the three platforms has been 619 

claimed to be one of the best combinations regarding production of bio-alcohols [118]. 620 

However, an in-depth scrutiny further reveals some facts that should also be incorporated in 621 

future research endeavors attempting hybridization of SP, CP and SyP. From the analysis of 622 

Figures 2-7, it is evident that in the CP-SP combinations, studied so far, only few attempts 623 

have been made to utilize the liquid effluent and solid digestate of the carboxylate platform. 624 

The anaerobically pre-treated digestate can be used as a source of simple sugar and the liquid 625 

product of this process can act as precursors for butanol in a subsequent sugar platform, other 626 

than ethanol production. In case of SyP-CP and SyP-CP-SyP combinations, most of the 627 

previous studies have been focused on simulated systems where the starting points of SyP-CP 628 

are syngas and bioreactor-ready medium containing externally added carboxylic acid 629 

[30,118]. In fact, when complex lignocellulosic compounds are to be handled in reality, even 630 

in these attractive combinations there will be generation of digestate in the carboxylate 631 

platform and ash in the syngas platform, if gasification is used as the thermochemical 632 

process. Although the synergistic integrations of AD and pyrolysis (PY) in the form of AD-633 

PY, PY-AD and AD-PY-AD have been successfully studied for the generation of biogas, no 634 

attempt has been made to incorporate these for bio-alcohol generation [90, 121,122]. 635 

However, pyrolysis processes can be incorporated in the syngas platform in place of 636 

gasification [123]. Besides the utilization of pyrogas in the syngas platform, other products of 637 

pyrolysis, namely, pyro-liquid and pyro-char can also be incorporated in the sugar and 638 

carboxylate platforms respectively leading to a hybrid system with zero effluent. The 639 



interesting characteristics of pyrolysis along with the general definition of the process are 640 

provided in the following section. 641 

 642 

5. Special characteristics of pyrolysis and its prospective role in hybrid platforms 643 

Pyrolysis is a thermochemical process popularly used to effectively convert lignocellulosic 644 

biomass to pyro-oil, pyro-gas and pyro-char in the temperature range of 300-900
o
C [124-645 

128]. While cellulose and hemicellulose are converted to anhydrous-sugars, namely, 646 

levoglucosan, cellobiosan etc. and acetic acid, respectively, lignin is converted to phenols and 647 

other aromatic compounds and char is produced constituting unconverted solid fractions 648 

[129-133]. Some recent studies show high yields of pyro-gas (27.8-34.8% (w/w), pyro-oil 649 

(31-53.5 % (w/w)) and pyro-char (18.7-34.2 % (w/w)) during pyrolysis of lignocellulosic 650 

agro-waste (rice straw and sugarcane bagasse) and forest wastes (pine wood) [134-136]. The 651 

sugars and acids appear in the aqueous phase of pyro-oil. The pyro-gas is mainly constituted 652 

of CO, CO2 and H2, closely resembling the syngas [123]. Some special characteristics of the 653 

pyrolysis process have been tabulated (Table 5) and assessed to judge its suitability to be 654 

employed as a candidate process of a hybrid platform for bio-alcohol production. 655 

Table 5: Special characteristics of pyrolysis process regarding hybridization. 656 

Characteristics  Refs. 

 Pyro-gas can be used in the syngas platform for bio-alcohol 

generation. 

 

[123] 

 Levoglucosan can be converted to glucose and fermented to 

bio-alcohols. 

[133, 137-141] 

 

 Cellobiosan can be converted to reducing sugars.  

 

[142,143] 

 Acetic acid can be converted to acetyl-CoA, the central 

precursor for the production of fatty acids and in turn alcohols 

by many organisms. 

 

[144] 

Pyro-char can be used  

 as an enhancer of acidogenic step in AD (and IAD processes). 

 as a biosorbent in alcohol recovery from bioprocesses 

 

[145-147] 

[148] 



 for soil amendment and hence carbon sequestration  [149,150] 

 657 

From Table 5, it can be inferred that PY can be incorporated in the integration efforts, which 658 

will fulfill the zero-effluent criterion of a circular economy [151,152]. By incorporation of 659 

PY, besides the syngas, anhydrous sugars and acetic acid in the aqueous pyro-liquid (APL) 660 

can be fermented to alcohol using potential microorganism, while biochar and the non-661 

aqueous phase of bio-oil can be obtained as valuable by-products in conventional ways [133-662 

148]. Although it has been identified by many researchers that pyrolysis can serve as a 663 

potential process for the generation of intermediates, namely, sugar, syngas and carboxylic 664 

acid for SP, SyP and CP respectively, information on its incorporation in hybridization is not 665 

available. In one patent (US20120073199A) a low temperature long residence time pyrolysis 666 

process was claimed to convert high-lignin LCB to pyro-liquid, which can be fermented to 667 

bio-ethanol using yeast [153]. The Table 6 provides some reported facts on conversion of 668 

APL, obtained from fast pyrolysis of biomass to bioethanol. 669 

Table 6: Production of ethanol from levoglucosan (LG) of LCB-derived pyro-oil. 670 

LCB 

feedstock  

And 

Pyrolysis 

Temperature  

LG content of 

pyro-oil %(w/w) 

and  

APL (g/L) used for  

Pretreatment/direct 

fermentation 

 

LG  to 

Glucose  

%(w/w) 

Microorganism Ethanol 

yield 

Ref.  

Red oak 

 

500
 o
C 

 

2.8 

36±1 g/L 

 

NA
*
  E. coli KO11 + 

lgk 

0.235 g/g 

LG 

0.65±0.08 

g/L 

[137,132] 

 

Scots pine 

 

450
 
-500

 o
C 

7.8 

87 g/L  

216 S. cerevisiae T2 0.46 g/g 

glucose 

[138, 

154] 

Waste cotton 

cellulose  

 

400
 o

C 

43 

 

 104.3 g/L
***

 

 

 

 

 

166
**

 

S. cerevisiae 

2.399 

 

0.45 g/g 

glucose 

16.1 g/L 

 

[139] 



 Z. mobilis 10232 

 

 

0.44 g/g 

glucose 

1.8 g/L 

Pichia sp. YZ-1 0.42 g/g 

glucose 

15.1 g/L 

 671 

*
Directly fermented as per description in reference.  672 

**
 Calculated from corresponding values in reference. 673 

***
Calculated from corresponding value (10.43 % (w/w)) in reference.  674 

It is clearly indicated that the anhydro-sugar, namely levoglucosan present in APL is 675 

converted, either directly or indirectly via hydrolysis to glucose and ultimately to ethanol. It 676 

is thus expected that the enrichment of levoglucosan in APL is directly related to increase in 677 

alcohol yield. A recent research article on pyrolysis of oak wood suggests that low 678 

concentration oxygen in the sweeping gas leads to higher yield of hydrolysable sugar [155]. It 679 

was recommended that the AD of pyro-liquid for the generation of biogas could be another 680 

option for producing biomethane as the biofuel [153]. Some studies also suggest that biochar 681 

obtained through pyrolysis enhances the yield of ethanol during fermentation of syngas [156]. 682 

The addition of biochar is beneficial during the chain elongation reaction using ethanol and. 683 

acetic acid. Biochar has been reported to enhance the yield of caproic acid up to 21.1 g/L in 684 

comparison to 14.4 g/L obtained for control in absence of biochar [157]. Although there is 685 

also a scope for the co-fermentation of carboxylic acid (mainly acetic acid) present in the 686 

aqueous part of pyro-liquid with pyro-gas, containing mainly CO, H2 and CO2, to higher 687 

alcohols in presence of chain elongating and syngas-fermenting bacteria either in cascades or 688 

in single stage, the invention did not consider this avenue.  689 

 690 

6. Recommendations 691 

Although, hybridization of platforms for bio-alcohol production from LCB seems to be a very 692 

captivating research field in recent times, it involves challenges of biochemical reaction 693 

kinetics, complex mixed microbial systems, reactor design with efficient process control 694 

strategies, thermochemical reactions, mass transfer limitations, recycling of enzymes and 695 

catalysts, product recovery, utilization of bio-alcohols in engines either solely or as drop-in 696 



fuels, economic viability, energy and environmental sustainability, and hence entails an 697 

interdisciplinary approach. 698 

Analyzing the combination of different platforms for bio-alcohol production from a holistic 699 

approach, the incorporation of the following research objectives can be useful in upgrading 700 

the present status: 701 

 Coupling of platforms for the utilization of wastes from all individual platforms in as 702 

many ways as possible. 703 

 Ensuring implementation of zero-waste concepts by incorporating processes like 704 

pyrolysis generating products (char) for carbon sequestration. 705 

 Enhancing overall energy efficiency by incorporating AD processes generating biogas 706 

from the effluents of all platforms. 707 

 Improvement of each individual platform (sugar, carboxylate and syngas) from the 708 

perspective of microbial and thermochemical reaction kinetics, better reactor design, 709 

mass transfer enhancement (syngas platform), process/bioprocess control, knowledge 710 

on microbial interactions, re-use of hydrolytic enzymes (sugar platform), catalyst 711 

design (gasification/pyrolysis) for improved gas yield, efficient downstream 712 

processing for bio-alcohol recovery. 713 

 Development of microscopic and macroscopic mathematical models, whatever 714 

necessary, from basic material and energy balances to predict hybrid system 715 

performance and facilitation of scaling up. 716 

 Development of process simulation models for the prediction of performance of large 717 

scale units. 718 

 Testing of compatibility of bio-alcohols with gasoline engines. 719 

 Process performance based life cycle assessment (LCA). 720 

Keeping all these issues in consideration, a research strategy exploring the possibility of 721 

coupling platforms at any stage to generate bio-alcohols from lignocellulosic biomass with 722 

zero effluent is recommended from the perspective of economic, environmental and energy 723 

sustainability. 724 

6.1. CONVER-B: An advanced model of hybridization of SP-CP-SyP platforms   725 

The collaborative project CONVER-B (the acronym for the INNO-INDIGO research project, 726 

“Development of efficient biomass conversion routes for biofuel production and utilisation”) 727 

among the present research groups from India, Finland and Germany focuses on the 728 



hyphenation of the three platforms using this strategy as the blueprint [158]. It is intended to 729 

produce bio-alcohols, particularly higher ones (butanol, hexanol etc.) simultaneously, with 730 

biogas, hydrogen, non-aqueous pyro-oil and pyro-char as by-products with zero-waste 731 

generation from various agro-wastes as well as distillery waste, silage etc. Economic viability 732 

as well as energy and environmental sustainability will also be examined along with the 733 

proof-of-concept study of usability of the biofuels in existing gasoline engines. The 734 

conceptual framework of the research scheme ‘CONVER-B’ is represented in Figure 8. 735 

 736 

 737 

Figure 8: Framework of the CONVER-B research scheme of hybrid platforms 738 

producing bio-alcohol from LCBs. 739 

The scheme of project has been designed in such a manner that most of the challenges of 740 

different hybrid platforms, as discussed in section 4, can be addresses. Table 7 highlights the 741 

strategies of CONVER-B to address different shortcomings of existing hybrid cascades.  742 

Table 7: Challenges of hybrid platforms and addressing strategies in CONVER-B scheme. 743 

Platform Challenges Addressing Strategy in CONVER-B 

CP-SP-I Unutilized VFA-rich liquid 

stream from IAD 

 

Chain elongation of VFA to MCFA by 

combining with SyP 

 



Unutilized Lignin-rich solid from 

enzyme hydrolysis step 

Pyrolysis/gasification of lignin stream 

and utilization of syngas and aqueous 

part of pyro liquid in SyP and SP 

respectively. 

CP-SP-II Unutilized digestate of IAD 

process  

 

Unutilized Lignin-rich solid from 

enzyme hydrolysis step  

Digestate of IAD is converted to biogas 

in an anaerobic digester  

 

Lignin rich stream is fed to syngas 

platform 

Single stage  

SyP-CP 

Studies are based on simulated 

syngas and VFA medium  

 

 

 

 

Microbial interaction 

(commensalism, mutualism etc.) 

among the microorganisms are 

not studied 

Real syngas generated from pyrolysis / 

gasification of LCB is studied 

The VFA rich effluent obtained 

through acidogenesis in IAD of LCB is 

used. 

 

Microbial interaction between the 

microorganisms of Syp and CP is 

studied 

2-stage SyP-CP, 

 

SyP-CP-SyP, 

 

SP-CP-SyP 

Studies are based on simulated 

syngas and VFA medium 

Real syngas generated from pyrolysis / 

gasification of LCB is studied 

 

The VFA rich effluent obtained 

through acidogenesis in IAD of LCB is 

used. 

 

 744 

It is expected that the research outcomes of the project can be utilized to develop sustainable 745 

alcohol production units on hyphenated platforms running on various LCB feedstocks having 746 

diverse composition regarding cellulose, hemicellulose and lignin as well as elemental 747 

analysis (C,H,N,O,S). It is clear that although the presence of nitrogen and sulfur is beneficial 748 

for fermentative processes, thermochemical processing, particularly, gasification of LCBs 749 

rich in S and N is expected to generate SOX and NOX. While high moisture content is a must 750 



for biochemical processing, thermochemical processes become energetically inefficient when 751 

wet biomass is to be handled.  The project is aimed to follow a zero-effluent criterion as each 752 

waste biomass can be converted by the best-suited approach within the overall combined 753 

process. Implementation of the research outcomes will be particularly useful for making the 754 

energy balance of rural regions of India positive, i.e., surpassing the consumption of energy 755 

by its supply from locally available agro-wastes and hence for the overall up-gradation of 756 

societal standard of those regions [4]. In Germany, the agricultural biogas sector is well 757 

developed [159,160]. However, the conversion of energy crops to biogas, which is burned in 758 

combined heat and power (CHP) plants, is economically not viable without subsidies. The 759 

implementation of advanced biorefinery concepts as envisaged in the CONVER-B approach 760 

by re-fitting the existing biogas infrastructure will open up new perspectives for the biogas 761 

sector after feed-in tariffs for biogas-generated electricity run out, and more sustainable value 762 

added chains can be established in the agricultural sector. As Finland is rich in forest 763 

residues, the implementation of outcomes of CONVER-B will be highly beneficial from the 764 

perspective of establishment of biorefineries in future [161]. 765 

The results from twinned platforms clearly indicate that a mixture of alcohols would be 766 

produced particularly when the carboxylate platform relying on microbiomes is used 767 

[30,162]. Therefore, the assessment of performance of existing engines with mixtures of 768 

alcohols or their blends with gasoline by experiments and through modeling is crucial [163-769 

166]. Although recent studies showed that the correlation between process parameters such as 770 

pH, temperature etc. with the dynamics of active microorganisms in the mixed consortia or 771 

the reactor microbiome governs the process efficiency of the carboxylate platform, data in 772 

this direction is scarce [167-170]. Since in many cases single stage arrangements for the 773 

integration of different biochemical steps are used, studies on interactions between 774 

microorganisms of different platforms are essential. Attempts of mathematical and process 775 

modeling of multi-platform systems for the prediction of performance of large scale 776 

installations or life cycle assessment have not yet been made despite their essentiality for 777 

future development of sustainable bio-alcohol units based on lignocellulosic waste. 778 

Therefore, future research should address these shortcomings. 779 

7. Conclusions 780 

C-5 and C-6 carbohydrates, carboxylic acids and syngas are important precursor compounds 781 

which are ultimately converted to bio-alcohols in three popular pathways, namely, sugar, 782 



carboxylate and syngas platforms. As all the platforms involve some technical loopholes, the 783 

research studies on the hybridization of any two or all three of the platforms are gaining 784 

interest. The present article focuses on the analysis of pros and cons of each platform along 785 

with the review of the present state-of-art of the hybrid platforms for the first time. It is 786 

revealed that higher alcohols can be generated by the combination of syngas and carboxylate 787 

platforms through the utilization of reducing and chain elongating properties of 788 

microorganisms present in the former and latter ones respectively. It has been identified that 789 

the correlation between process parameters such as pH, temperature etc. with the dynamics of 790 

active microorganisms in the mixed consortia or the reactor microbiome governs the process 791 

efficiency of the carboxylate platform, and hence in the hybrid platform. Pyrolysis has been 792 

earmarked as a potential process to be used in syngas, sugar and carboxylate platforms 793 

simultaneously. From the thorough analysis of the present status of hybrid platforms 794 

important objectives for future research studies in this area have been presented. Ultimately 795 

the blueprint of research project, CONVER-B, an INDO-EU project taking care of all aspects 796 

of hybridization of SP, CP and SyP pathways for the generation of bio-alcohols from 797 

lignocellulosic wastes ensuring zero effluent has been highlighted. 798 

Acknowledgement 799 

The corresponding author sincerely acknowledges DST, India for sanctioning the financial 800 

support necessary for this research study under INNO-INDIGO Research project CONVER-801 

B (Sanction Ref. DST/IMRCD/INNO-INDIGO/CONVER-B/2017(G) DATED January 29, 802 

2019). The authors are highly indebted to the learned reviewers for providing encouraging 803 

comments and constructive suggestions for the upgradation of the scientific quality of the 804 

present article. 805 

References 806 

[1] Scarlat, N., Dallemand, J. F., Monforti-Ferrario, F., & Nita, V. (2015). The role of 807 

biomass and bioenergy in a future bioeconomy: Policies and facts. Environmental 808 

Development, 15, 3-34. 809 

[2] Budzinski, M., Bezama, A., & Thrän, D. (2017). Monitoring the progress towards 810 

bioeconomy using multi-regional input-output analysis: The example of wood use in 811 

Germany. Journal of Cleaner Production, 161, 1-11. 812 



[3] Ullah, K., Sharma, V. K., Dhingra, S., Braccio, G., Ahmad, M., & Sofia, S. (2015). 813 

Assessing the lignocellulosic biomass resources potential in developing countries: A critical 814 

review. Renewable and Sustainable Energy Reviews, 51, 682-698. 815 

[4] Chowdhury, R., Ghosh, S., Debnath, B., & Manna, D. (2018). Indian Agro-wastes for 2G 816 

Biorefineries: Strategic Decision on Conversion Processes. In Sustainable Energy 817 

Technology and Policies (pp. 353-373). Springer, Singapore. 818 

[5] Giurca, A., & Späth, P. (2017). A forest-based bioeconomy for Germany? Strengths, 819 

weaknesses and policy options for lignocellulosic biorefineries. Journal of Cleaner 820 

Production, 153, 51-62. 821 

[6] Hassan, M. K., Villa, A., Kuittinen, S., Jänis, J., & Pappinen, A. (2018). An assessment of 822 

side-stream generation from Finnish forest industry. Journal of Material Cycles and Waste 823 

Management, 1-16. 824 

[7] Satlewal, A., Agrawal, R., Bhagia, S., Das, P., & Ragauskas, A. J. (2018). Rice straw as a 825 

feedstock for biofuels: Availability, recalcitrance, and chemical properties. Biofuels, 826 

Bioproducts and Biorefining, 12(1), 83-107. 827 

[8] Graham-Rowe, D. (2011). Beyond food versus fuel. Nature, 474(7352), S6. 828 

[9] Ziganshin, A. M., Liebetrau, J., Pröter, J., & Kleinsteuber, S. (2013). Microbial 829 

community structure and dynamics during anaerobic digestion of various agricultural waste 830 

materials. Applied microbiology and biotechnology, 97(11), 5161-5174. 831 

[10] Kırtay, E. (2011). Recent advances in production of hydrogen from biomass. Energy 832 

Conversion and Management, 52(4), 1778-1789. 833 

[11] Jia, S., Ning, S., Ying, H., Sun, Y., Xu, W., & Yin, H. (2017). High quality syngas 834 

production from catalytic gasification of woodchip char. Energy conversion and 835 

management, 151, 457-464. 836 

[12] Balat, M. (2011). Production of bioethanol from lignocellulosic materials via the 837 

biochemical pathway: a review. Energy conversion and management, 52(2), 858-875. 838 

[13] Sarkar, A., & Chowdhury, R. (2016). Co-pyrolysis of paper waste and mustard press 839 

cake in a semi-batch pyrolyzer - optimization and bio-oil characterization. International 840 

Journal of Green Energy, 13(4), 373-382. 841 



[14] Alio, M. A., Tugui, O. C., Vial, C., & Pons, A. (2019). Microwave-assisted Organosolv 842 

pretreatment of a sawmill mixed feedstock for bioethanol production in a wood 843 

biorefinery. Bioresource technology, 276, 170-176. 844 

[15] https://www.iea.org/tcep/transport/biofuels/ 845 

[16] Saravanan, A. P., Mathimani, T., Deviram, G., Rajendran, K., & Pugazhendhi, A. 846 

(2018). Biofuel policy in India: a review of policy barriers in sustainable marketing of 847 

biofuel. Journal of cleaner production, 193, 734-747. 848 

[17] Proposal for a Directive of the European Parliament and of the Council on the promotion 849 

of the use of energy from renewable sources - Analysis of the final compromise text with a 850 

view to agreement, accessed November 2018. 851 

https://www.consilium.europa.eu/register/en/content/out?&typ=ENTRY&i=LD&DOC_ID=S852 

T-10308-2018-INIT. 853 

[18] http://task36.ieabioenergy.com/wp-content/uploads/2016/06/Energy-recovery-from-the-854 

renewable-content-of-waste-2.pdf. 855 

[19] Chen, Z., Wang, L., & Zeng, K. (2019). A comparative study on the combustion and 856 

emissions of dual-fuel engine fueled with natural gas/methanol, natural gas/ethanol, and 857 

natural gas/n-butanol. Energy Conversion and Management, 192, 11-19. 858 

[20] Ramesh, A., Ashok, B., Nanthagopal, K., Pathy, M. R., Tambare, A., Mali, P., ... & 859 

Subbarao, R. (2019). Influence of hexanol as additive with Calophyllum Inophyllum 860 

biodiesel for CI engine applications. Fuel, 249, 472-485. 861 

[21] Ashok, B., Nanthagopal, K., Darla, S., Chyuan, O. H., Ramesh, A., Jacob, A., ... & Geo, 862 

V. E. (2019). Comparative assessment of hexanol and decanol as oxygenated additives with 863 

calophyllum inophyllum biodiesel. Energy, 173, 494-510. 864 

[22] Nour, M., Attia, A. M., & Nada, S. A. (2019). Combustion, performance and emission 865 

analysis of diesel engine fuelled by higher alcohols (butanol, octanol and heptanol)/diesel 866 

blends. Energy Conversion and Management, 185, 313-329. 867 

[23] Wu, M., Wang, M., Liu, J., & Huo, H. (2008). Assessment of potential life‐cycle energy 868 

and greenhouse gas emission effects from using corn‐based butanol as a transportation 869 

fuel. Biotechnology progress, 24(6), 1204-1214. 870 

https://www.iea.org/tcep/transport/biofuels/
https://www.consilium.europa.eu/register/en/content/%20out?&typ=ENTRY&i=LD&DOC_ID=ST-10308-2018-INIT
https://www.consilium.europa.eu/register/en/content/%20out?&typ=ENTRY&i=LD&DOC_ID=ST-10308-2018-INIT
http://task36.ieabioenergy.com/wp-content/uploads/2016/06/Energy-recovery-from-the-renewable-content-of-waste-2.pdf
http://task36.ieabioenergy.com/wp-content/uploads/2016/06/Energy-recovery-from-the-renewable-content-of-waste-2.pdf


[24] Wyman, C. E., & Dale, B. E. (2015). Producing biofuels via the sugar platform. Chem 871 

Eng Prog, 111, 45-51. 872 

[25] Agler, M. T., Wrenn, B. A., Zinder, S. H., & Angenent, L. T. (2011). Waste to 873 

bioproduct conversion with undefined mixed cultures: the carboxylate platform. Trends in 874 

biotechnology, 29(2), 70-78. 875 

[26] Köpke, M., Held, C., Hujer, S., Liesegang, H., Wiezer, A., Wollherr, A., ... & Dürre, P. 876 

(2010). Clostridium ljungdahlii represents a microbial production platform based on 877 

syngas. Proceedings of the National Academy of Sciences, 107(29), 13087-13092. 878 

[27] Li, J., Chi, X., Zhang, Y., & Wang, X. (2018). Enhanced coproduction of hydrogen and 879 

butanol from rice straw by a novel two-stage fermentation process. International 880 

Biodeterioration & Biodegradation, 127, 62-68. 881 

[28] Vasudevan, D., Richter, H., & Angenent, L. T. (2014). Upgrading dilute ethanol from 882 

syngas fermentation to n-caproate with reactor microbiomes. Bioresource technology, 151, 883 

378-382. 884 

[29] Gildemyn, S., Molitor, B., Usack, J. G., Nguyen, M., Rabaey, K., & Angenent, L. T. 885 

(2017). Upgrading syngas fermentation effluent using Clostridium kluyveri in a continuous 886 

fermentation. Biotechnology for biofuels, 10(1), 83. 887 

[30] Richter, H., Molitor, B., Diender, M., Sousa, D. Z., & Angenent, L. T. (2016). A narrow 888 

pH range supports butanol, hexanol, and octanol production from syngas in a continuous co-889 

culture of Clostridium ljungdahlii and Clostridium kluyveri with in-line product 890 

extraction. Frontiers in microbiology, 7, 1773. 891 

[31] Khoo, H. H. (2015). Review of bio-conversion pathways of lignocellulose-to-ethanol: 892 

sustainability assessment based on land footprint projections. Renewable and Sustainable 893 

Energy Reviews, 46, 100-119. 894 

[32] Prasad, R. K., Chatterjee, S., Mazumder, P. B., Gupta, S. K., Sharma, S., Vairale, M. G., 895 

... & Gupta, D. K. (2019). Bioethanol production from waste lignocelluloses: A review on 896 

microbial degradation potential. Chemosphere.  897 



[33] Wainaina, S., Horváth, I. S., & Taherzadeh, M. J. (2018). Biochemicals from food waste 898 

and recalcitrant biomass via syngas fermentation: a review. Bioresource technology, 248, 899 

113-121. 900 

[34] Munasinghe, P. C., & Khanal, S. K. (2010). Biomass-derived syngas fermentation into 901 

biofuels: opportunities and challenges. Bioresource technology, 101(13), 5013-5022. 902 

[35] Yu, H., Xiao, W., Han, L., & Huang, G. (2019). Characterization of mechanical 903 

pulverization/phosphoric acid pretreatment of corn stover for enzymatic 904 

hydrolysis. Bioresource technology, 282, 69-74. 905 

[36] Yang, M., Zhang, J., Kuittinen, S., Vepsäläinen, J., Soininen, P., Keinänen, M., & 906 

Pappinen, A. (2015). Enhanced sugar production from pretreated barley straw by additive 907 

xylanase and surfactants in enzymatic hydrolysis for acetone–butanol–ethanol 908 

fermentation. Bioresource technology, 189, 131-137. 909 

[37] Pu, Y., Hu, F., Huang, F., Davison, B. H., & Ragauskas, A. J. (2013). Assessing the 910 

molecular structure basis for biomass recalcitrance during dilute acid and hydrothermal 911 

pretreatments. Biotechnology for biofuels, 6(1), 15. 912 

[38] Sun, S., Sun, S., Cao, X., & Sun, R. (2016). The role of pretreatment in improving the 913 

enzymatic hydrolysis of lignocellulosic materials. Bioresource technology, 199, 49-58. 914 

[39] Humbird, D., Davis, R., Tao, L., Kinchin, C., Hsu, D., Aden, A., ... & Sexton, D. 915 

(2011). Process design and economics for biochemical conversion of lignocellulosic biomass 916 

to ethanol: dilute-acid pretreatment and enzymatic hydrolysis of corn stover (No. NREL/TP-917 

5100-47764). National Renewable Energy Lab.(NREL), Golden, CO (United States). 918 

[40] Sadhukhan, J., Martinez-Hernandez, E., Amezcua-Allieri, M. A., & Aburto, J. (2019). 919 

Economic and environmental impact evaluation of various biomass feedstock for bioethanol 920 

production and correlations to lignocellulosic composition. Bioresource Technology 921 

Reports, 7, 100230. 922 

[41] Michailos, S., Parker, D., & Webb, C. (2019). Design, sustainability analysis and 923 

multiobjective optimisation of ethanol production via syngas fermentation. Waste and 924 

Biomass Valorization, 10(4), 865-876. 925 



[42] Chew, J. J., Soh, M., Sunarso, J., Yong, S. T., Doshi, V., & Bhattacharya, S. (2019). 926 

Gasification of torrefied oil palm biomass in a fixed-bed reactor: Effects of gasifying agents 927 

on product characteristics. Journal of the Energy Institute. 928 

[43] Lee, U., Dong, J., & Chung, J. N. (2018). Experimental investigation of sewage sludge 929 

solid waste conversion to syngas using high temperature steam gasification. Energy 930 

conversion and management, 158, 430-436. 931 

[44] Jack, J., Lo, J., Maness, P. C., & Ren, Z. J. (2019). Directing Clostridium ljungdahlii 932 

fermentation products via hydrogen to carbon monoxide ratio in syngas. Biomass and 933 

Bioenergy, 124, 95-101. 934 

[45] Kim, N. J., Lim, S. J., & Chang, H. N. (2018). Volatile Fatty Acid Platform: Concept 935 

and Application. Emerging Areas in Bioengineering, 1, 173-190. 936 

[46] Xiong, B., Richard, T. L., & Kumar, M. (2015). Integrated acidogenic digestion and 937 

carboxylic acid separation by nanofiltration membranes for the lignocellulosic carboxylate 938 

platform. Journal of Membrane Science, 489, 275-283. 939 

[47] Bonk, F., Popp, D., Weinrich, S., Sträuber, H., Kleinsteuber, S., Harms, H., & Centler, 940 

F. (2018). Ammonia inhibition of anaerobic volatile fatty acid degrading microbial 941 

communities. Frontiers in Microbiology, 9, 2921. 942 

[48] Kallscheuer, N., Polen, T., Bott, M., & Marienhagen, J. (2017). Reversal of β-oxidative 943 

pathways for the microbial production of chemicals and polymer building blocks. Metabolic 944 

engineering, 42, 33-42. 945 

[49] Holtzapple, M. T., & Granda, C. B. (2009). Carboxylate platform: the MixAlco process 946 

part 1: comparison of three biomass conversion platforms. Applied biochemistry and 947 

biotechnology, 156(1-3), 95-106. 948 

[50] Granda, C. B., Holtzapple, M. T., Luce, G., Searcy, K., & Mamrosh, D. L. (2009). 949 

Carboxylate platform: the MixAlco process part 2: process economics. Applied biochemistry 950 

and biotechnology, 156(1-3), 107-124. 951 

[51] Azhar, S. H. M., Abdulla, R., Jambo, S. A., Marbawi, H., Gansau, J. A., Faik, A. A. M., 952 

& Rodrigues, K. F. (2017). Yeasts in sustainable bioethanol production: a 953 

review. Biochemistry and Biophysics Reports, 10, 52-61. 954 



[52] Kumar, R., Ghosh, A. K., & Pal, P. (2017). Fermentative energy conversion: Renewable 955 

carbon source to biofuels (ethanol) using Saccharomyces cerevisiae and downstream 956 

purification through solar driven membrane distillation and nanofiltration. Energy conversion 957 

and management, 150, 545-557. 958 

[53] Endalur Gopinarayanan, V., & Nair, N. U. (2019). Pentose metabolism in 959 

Saccharomyces cerevisiae: the need to engineer global regulatory systems. Biotechnology 960 

journal, 14(1), 1800364. 961 

[54] Nguyen, D. T. T., Praveen, P., & Loh, K. C. (2018). Zymomonas mobilis immobilization 962 

in polymeric membranes for improved resistance to lignocellulose-derived inhibitors in 963 

bioethanol fermentation. Biochemical engineering journal, 140, 29-37. 964 

[55] Díaz, V. H. G., & Willis, M. J. (2019). Ethanol production using Zymomonas mobilis: 965 

Development of a kinetic model describing glucose and xylose co-fermentation. Biomass and 966 

Bioenergy, 123, 41-50. 967 

[56] Parra-Ramírez, D., Martinez, A., & Cardona, C. A. (2018). Technical and economic 968 

potential evaluation of the strain Escherichia coli MS04 in the ethanol production from 969 

glucose and xylose. Biochemical engineering journal, 140, 123-129. 970 

[57] Lin, T. H., Huang, C. F., Guo, G. L., Hwang, W. S., & Huang, S. L. (2012). Pilot-scale 971 

ethanol production from rice straw hydrolysates using xylose-fermenting Pichia 972 

stipitis. Bioresource technology, 116, 314-319. 973 

[58] Yang, M., Kuittinen, S., Vepsäläinen, J., Zhang, J., & Pappinen, A. (2017). Enhanced 974 

acetone-butanol-ethanol production from lignocellulosic hydrolysates by using starchy slurry 975 

as supplement. Bioresource technology, 243, 126-134. 976 

[59] Yang, M., Xu, M., Nan, Y., Kuittinen, S., Hassan, M. K., Vepsäläinen, J., ... & 977 

Pappinen, A. (2018). Influence of size reduction treatments on sugar recovery from Norway 978 

spruce for butanol production. Bioresource technology, 257, 113-120. 979 

[60] Yang, M., Kuittinen, S., Zhang, J., Vepsäläinen, J., Keinänen, M., & Pappinen, A. 980 

(2015). Co-fermentation of hemicellulose and starch from barley straw and grain for efficient 981 

pentoses utilization in acetone–butanol–ethanol production. Bioresource technology, 179, 982 

128-135. 983 



[61] Ibrahim, M. F., Abd-Aziz, S., Yusoff, M. E. M., Phang, L. Y., & Hassan, M. A. (2015). 984 

Simultaneous enzymatic saccharification and ABE fermentation using pretreated oil palm 985 

empty fruit bunch as substrate to produce butanol and hydrogen as biofuel. Renewable 986 

Energy, 77, 447-455. 987 

[62] Zhang, J., & Jia, B. (2018). Enhanced butanol production using Clostridium beijerinckii 988 

SE-2 from the waste of corn processing. Biomass and bioenergy, 115, 260-266. 989 

[63] Lipovsky, J., Patakova, P., Paulova, L., Pokorny, T., Rychtera, M., & Melzoch, K. 990 

(2016). Butanol production by Clostridium pasteurianum NRRL B-598 in continuous culture 991 

compared to batch and fed-batch systems. Fuel Processing Technology, 144, 139-144. 992 

[64] Yao, D., Dong, S., Wang, P., Chen, T., Wang, J., Yue, Z. B., & Wang, Y. (2017). 993 

Robustness of Clostridium saccharoperbutylacetonicum for acetone-butanol-ethanol 994 

production: Effects of lignocellulosic sugars and inhibitors. Fuel, 208, 549-557. 995 

[65] Wang, L., York, S. W., Ingram, L. O., & Shanmugam, K. T. (2019). Simultaneous 996 

fermentation of biomass-derived sugars to ethanol by a co-culture of an engineered 997 

Escherichia coli and Saccharomyces cerevisiae. Bioresource technology, 273, 269-276. 998 

[66] Nguyen, D. T. T., Praveen, P., & Loh, K. C. (2019). Co-culture of Zymomonas mobilis 999 

and Scheffersomyces stipitis immobilized in polymeric membranes for fermentation of 1000 

glucose and xylose to ethanol. Biochemical Engineering Journal, 145, 145-152. 1001 

[67] Ntaikou, I., Menis, N., Alexandropoulou, M., Antonopoulou, G., & Lyberatos, G. 1002 

(2018). Valorization of kitchen biowaste for ethanol production via simultaneous 1003 

saccharification and fermentation using co-cultures of the yeasts Saccharomyces cerevisiae 1004 

and Pichia stipitis. Bioresource technology, 263, 75-83. 1005 

[68] Wu, J., Dong, L., Zhou, C., Liu, B., Feng, L., Wu, C., ... & Cao, G. (2019). Developing a 1006 

coculture for enhanced butanol production by Clostridium beijerinckii and Saccharomyces 1007 

cerevisiae. Bioresource Technology Reports. 1008 

[69] Qi, G., Xiong, L., Luo, M., Huang, Q., Huang, C., Li, H., ... & Chen, X. (2018). Solvents 1009 

production from cassava by co-culture of Clostridium acetobutylicum and Saccharomyces 1010 

cerevisiae. Journal of environmental chemical engineering, 6(1), 128-133. 1011 



[70] Jack, J., Lo, J., Maness, P. C., & Ren, Z. J. (2019). Directing Clostridium ljungdahlii 1012 

fermentation products via hydrogen to carbon monoxide ratio in syngas. Biomass and 1013 

Bioenergy, 124, 95-101. 1014 

[71] Sathish, A., Sharma, A., Gable, P., Skiadas, I., Brown, R., & Wen, Z. (2019). A novel 1015 

bulk-gas-to-atomized-liquid reactor for enhanced mass transfer efficiency and its application 1016 

to syngas fermentation. Chemical Engineering Journal. 1017 

[72] Sun, X., Atiyeh, H. K., Kumar, A., Zhang, H., & Tanner, R. S. (2018). Biochar enhanced 1018 

ethanol and butanol production by Clostridium carboxidivorans from syngas. Bioresource 1019 

technology, 265, 128-138. 1020 

[73] Shen, Y., Brown, R. C., & Wen, Z. (2017). Syngas fermentation by Clostridium 1021 

carboxidivorans P7 in a horizontal rotating packed bed biofilm reactor with enhanced ethanol 1022 

production. Applied energy, 187, 585-594. 1023 

[74] Sun, X., Atiyeh, H. K., Zhang, H., Tanner, R. S., & Huhnke, R. L. (2019). Enhanced 1024 

ethanol production from syngas by Clostridium ragsdalei in continuous stirred tank reactor 1025 

using medium with poultry litter biochar. Applied Energy, 236, 1269-1279. 1026 

[75] Xu, H., Liang, C., Yuan, Z., Xu, J., Hua, Q., & Guo, Y. (2017). A study of CO/syngas 1027 

bioconversion by Clostridium autoethanogenum with a flexible gas-cultivation 1028 

system. Enzyme and microbial technology, 101, 24-29. 1029 

[76] Phillips, J. R., Atiyeh, H. K., Tanner, R. S., Torres, J. R., Saxena, J., Wilkins, M. R., & 1030 

Huhnke, R. L. (2015). Butanol and hexanol production in Clostridium carboxidivorans 1031 

syngas fermentation: medium development and culture techniques. Bioresource 1032 

technology, 190, 114-121. 1033 

[77] Liu, K., Atiyeh, H. K., Stevenson, B. S., Tanner, R. S., Wilkins, M. R., & Huhnke, R. L. 1034 

(2014). Mixed culture syngas fermentation and conversion of carboxylic acids into 1035 

alcohols. Bioresource technology, 152, 337-346. 1036 

[78] Liu, C., Luo, G., Wang, W., He, Y., Zhang, R., & Liu, G. (2018). The effects of pH and 1037 

temperature on the acetate production and microbial community compositions by syngas 1038 

fermentation. Fuel, 224, 537-544. 1039 



[79] Li, X., Li, M., Pu, Y., Ragauskas, A. J., Klett, A. S., Thies, M., & Zheng, Y. (2018). 1040 

Inhibitory effects of lignin on enzymatic hydrolysis: The role of lignin chemistry and 1041 

molecular weight. Renewable energy, 123, 664-674. 1042 

[80] Chen, H., Liu, J., Chang, X., Chen, D., Xue, Y., Liu, P., ... & Han, S. (2017). A review 1043 

on the pretreatment of lignocellulose for high-value chemicals. Fuel Processing 1044 

Technology, 160, 196-206. 1045 

[81] Satlewal, A., Agrawal, R., Bhagia, S., Sangoro, J., & Ragauskas, A. J. (2018). Natural 1046 

deep eutectic solvents for lignocellulosic biomass pretreatment: Recent developments, 1047 

challenges and novel opportunities. Biotechnology advances. 1048 

[82] Yu, Q., Liu, R., Li, K., & Ma, R. (2019). A review of crop straw pretreatment methods 1049 

for biogas production by anaerobic digestion in China. Renewable and Sustainable Energy 1050 

Reviews, 107, 51-58. 1051 

[83] Sträuber, H., Bühligen, F., Kleinsteuber, S., Nikolausz, M., & Porsch, K. (2015). 1052 

Improved anaerobic fermentation of wheat straw by alkaline pre-treatment and addition of 1053 

alkali-tolerant microorganisms. Bioengineering, 2(2), 66-93. 1054 

[84] Li, H., Si, D., Liu, C., Feng, K., & Liu, C. (2018). Performance of direct anaerobic 1055 

digestion of dewatered sludge in long-term operation. Bioresource technology, 250, 355-364. 1056 

[85] Ghosh, S., Chowdhury, R., & Bhattacharya, P. (2017). Sustainability of cereal straws for 1057 

the fermentative production of second generation biofuels: a review of the efficiency and 1058 

economics of biochemical pretreatment processes. Applied energy, 198, 284-298. 1059 

[86] Tiffany, D., & Eidman, V. R. (2003). Factors associated with success of fuel ethanol 1060 

producers. 1061 

[87] Pardo-Planas, O., Atiyeh, H. K., Phillips, J. R., Aichele, C. P., & Mohammad, S. (2017). 1062 

Process simulation of ethanol production from biomass gasification and syngas 1063 

fermentation. Bioresource technology, 245, 925-932. 1064 

[88] Wu, M., Wang, M., Liu, J., & Huo, H. (2007). Life-cycle assessment of corn-based 1065 

butanol as a potential transportation fuel (No. ANL/ESD/07-10). Argonne National 1066 

Lab.(ANL), Argonne, IL (United States). 1067 



[89] Cotabarren, I. M., Moreno, J., Martínez, A. L., Cabrera, F. A., & Piña, J. (2019). 1068 

Valorization of anaerobic digestion liquid residue through the production of organic fertilizer 1069 

by fluidized bed granulation. Chemical Engineering Research and Design. 1070 

[90] Monlau, F., Sambusiti, C., Antoniou, N., Barakat, A., & Zabaniotou, A. (2015). A new 1071 

concept for enhancing energy recovery from agricultural residues by coupling anaerobic 1072 

digestion and pyrolysis process. Applied energy, 148, 32-38. 1073 

[91] Teater, C., Yue, Z., MacLellan, J., Liu, Y., & Liao, W. (2011). Assessing solid digestate 1074 

from anaerobic digestion as feedstock for ethanol production. Bioresource 1075 

technology, 102(2), 1856-1862. 1076 

[92] Wang, D., Xi, J., Ai, P., Yu, L., Zhai, H., Yan, S., & Zhang, Y. (2016). Enhancing 1077 

ethanol production from thermophilic and mesophilic solid digestate using ozone combined 1078 

with aqueous ammonia pretreatment. Bioresource technology, 207, 52-58. 1079 

[93] Chen, G., Guo, X., Cheng, Z., Yan, B., Dan, Z., & Ma, W. (2017). Air gasification of 1080 

biogas-derived digestate in a downdraft fixed bed gasifier. Waste management, 69, 162-169. 1081 

[94] Littlewood, J., Wang, L., Turnbull, C., & Murphy, R. J. (2013). Techno-economic 1082 

potential of bioethanol from bamboo in China. Biotechnology for biofuels, 6(1), 173. 1083 

[95] Baral, N. R., & Shah, A. (2016). Techno-economic analysis of cellulosic butanol 1084 

production from corn stover through acetone–butanol–ethanol fermentation. Energy & 1085 

Fuels, 30(7), 5779-5790. 1086 

[96] Malmierca,  ., D ez-Antol nez, R.,  aniagua, A. I.,   Mart n, M. (2017). 1087 

Technoeconomic study of biobutanol AB production. 2. Process design. Industrial & 1088 

Engineering Chemistry Research, 56(6), 1525-1533. 1089 

[97] Phillips, J., Huhnke, R., & Atiyeh, H. (2017). Syngas fermentation: a microbial 1090 

conversion process of gaseous substrates to various products. Fermentation, 3(2), 28. 1091 

[98] Teater, C., Yue, Z., MacLellan, J., Liu, Y., & Liao, W. (2011). Assessing solid digestate 1092 

from anaerobic digestion as feedstock for ethanol production. Bioresource 1093 

technology, 102(2), 1856-1862. 1094 



[99] Wang, D., Xi, J., Ai, P., Yu, L., Zhai, H., Yan, S., & Zhang, Y. (2016). Enhancing 1095 

ethanol production from thermophilic and mesophilic solid digestate using ozone combined 1096 

with aqueous ammonia pretreatment. Bioresource technology, 207, 52-58. 1097 

[100] Chen, G., Guo, X., Cheng, Z., Yan, B., Dan, Z., & Ma, W. (2017). Air gasification of 1098 

biogas-derived digestate in a downdraft fixed bed gasifier. Waste management, 69, 162-169. 1099 

[101] Bahmani, M. A., Shafiei, M., & Karimi, K. (2016). Anaerobic digestion as a 1100 

pretreatment to enhance ethanol yield from lignocelluloses. Process Biochemistry, 51(9), 1101 

1256-1263. 1102 

[102] Zhang, H., Zhang, P., Ye, J., Wu, Y., Liu, J., Fang, W., ... & Zeng, G. (2018). 1103 

Comparison of various pretreatments for ethanol production enhancement from solid residue 1104 

after rumen fluid digestion of rice straw. Bioresource technology, 247, 147-156. 1105 

[103] Ai, B., Chi, X., Meng, J., Sheng, Z., Zheng, L., Zheng, X., & Li, J. (2016). 1106 

Consolidated bioprocessing for butyric acid production from rice straw with undefined mixed 1107 

culture. Frontiers in microbiology, 7, 1648. 1108 

[104] Cheng, C. L., Che, P. Y., Chen, B. Y., Lee, W. J., Lin, C. Y., & Chang, J. S. (2012). 1109 

Biobutanol production from agricultural waste by an acclimated mixed bacterial 1110 

microflora. Applied Energy, 100, 3-9. 1111 

[105] Amiri, H., Karimi, K., & Zilouei, H. (2014). Organosolv pretreatment of rice straw for 1112 

efficient acetone, butanol, and ethanol production. Bioresource technology, 152, 450-456. 1113 

[106] Lee, S. Y., Park, J. H., Jang, S. H., Nielsen, L. K., Kim, J., & Jung, K. S. (2008). 1114 

Fermentative butanol production by Clostridia. Biotechnology and bioengineering, 101(2), 1115 

209-228. 1116 

[107] Hartmanis, M. G., Klason, T., & Gatenbeck, S. (1984). Uptake and activation of acetate 1117 

and butyrate in Clostridium acetobutylicum. Applied microbiology and biotechnology, 20(1), 1118 

66-71. 1119 

[108] Regestein, L., Doerr, E. W., Staaden, A., & Rehmann, L. (2015). Impact of butyric acid 1120 

on butanol formation by Clostridium pasteurianum. Bioresource technology, 196, 153-159. 1121 



[109] Steinbusch, K. J., Hamelers, H. V., & Buisman, C. J. (2008). Alcohol production 1122 

through volatile fatty acids reduction with hydrogen as electron donor by mixed 1123 

cultures. Water research, 42(15), 4059-4066. 1124 

[110] Diender, M., Stams, A. J., & Sousa, D. Z. (2016). Production of medium-chain fatty 1125 

acids and higher alcohols by a synthetic co-culture grown on carbon monoxide or 1126 

syngas. Biotechnology for biofuels, 9(1), 82. 1127 

[111] Ganigué, R., Sánchez-Paredes, P., Bañeras, L., & Colprim, J. (2016). Low fermentation 1128 

pH is a trigger to alcohol production, but a killer to chain elongation. Frontiers in 1129 

microbiology, 7, 702. 1130 

[112] Kucek, L. A., Spirito, C. M., & Angenent, L. T. (2016). High n-caprylate productivities 1131 

and specificities from dilute ethanol and acetate: chain elongation with microbiomes to 1132 

upgrade products from syngas fermentation. Energy & Environmental Science, 9(11), 3482-1133 

3494. 1134 

[113] Holtzapple, M. T., Davison, R. R., Ross, M. K., Aldrett-Lee, S., Nagwani, M., Lee, C. 1135 

M., ... & Shirage, H. (1999). Biomass conversion to mixed alcohol fuels using the MixAlco 1136 

process. Applied Biochemistry and Biotechnology, 79(1-3), 609-631. 1137 

[114] Diender, M., Stams, A. J., & Sousa, D. Z. (2016). Production of medium-chain fatty 1138 

acids and higher alcohols by a synthetic co-culture grown on carbon monoxide or 1139 

syngas. Biotechnology for biofuels, 9(1), 82. 1140 

[115] Ghosh, S., Chowdhury, R., & Bhattacharya, P. (2016). Mixed consortia in 1141 

bioprocesses: role of microbial interactions. Applied microbiology and 1142 

biotechnology, 100(10), 4283-4295. 1143 

[116] Datta, R., & Reeves, A. (2015). SyntrophicCo-cultureofAnaerobicMicroorganism 1144 

forProductionofn-ButanolfromSyngas. U.S. Patent Application No. 14/812,182. 1145 

[117] Liew, F., Martin, M. E., Tappel, R. C., Heijstra, B. D., Mihalcea, C., & Köpke, M. 1146 

(2016). Gas fermentation—a flexible platform for commercial scale production of low-1147 

carbon-fuels and chemicals from waste and renewable feedstocks. Frontiers in 1148 

microbiology, 7, 694. 1149 



[118] Richter, H., Loftus, S. E., & Angenent, L. T. (2013). Integrating syngas fermentation 1150 

with the carboxylate platform and yeast fermentation to reduce medium cost and improve 1151 

biofuel productivity. Environmental technology, 34(13-14), 1983-1994. 1152 

[119] Kucek, L. A., Xu, J., Nguyen, M., & Angenent, L. T. (2016). Waste conversion into n-1153 

caprylate and n-caproate: resource recovery from wine lees using anaerobic reactor 1154 

microbiomes and in-line extraction. Frontiers in microbiology, 7, 1892. 1155 

[120] Scarborough, M. J., Lynch, G., Dickson, M., McGee, M., Donohue, T. J., & Noguera, 1156 

D. R. (2018). Increasing the economic value of lignocellulosic stillage through medium-chain 1157 

fatty acid production. Biotechnology for biofuels, 11(1), 200. 1158 

[121] Feng, Q., & Lin, Y. (2017). Integrated processes of anaerobic digestion and pyrolysis 1159 

for higher bioenergy recovery from lignocellulosic biomass: A brief review. Renewable and 1160 

Sustainable Energy Reviews, 77, 1272-1287. 1161 

[122] Monlau, F., Francavilla, M., Sambusiti, C., Antoniou, N., Solhy, A., Libutti, A., ... & 1162 

Monteleone, M. (2016). Toward a functional integration of anaerobic digestion and pyrolysis 1163 

for a sustainable resource management. Comparison between solid-digestate and its derived 1164 

pyrochar as soil amendment. Applied energy, 169, 652-662. 1165 

[123] Lü, F., Hua, Z., Shao, L., & He, P. (2018). Loop bioenergy production and carbon 1166 

sequestration of polymeric waste by integrating biochemical and thermochemical conversion 1167 

processes: A conceptual framework and recent advances. Renewable Energy, 124, 202-211. 1168 

[124] Sarkar, A., & Chowdhury, R. (2016). Co-pyrolysis of paper waste and mustard press 1169 

cake in a semi-batch pyrolyzer - optimization and bio-oil characterization. International 1170 

Journal of Green Energy, 13(4), 373-382. 1171 

[125] Sarkar, A., Mondal, B., & Chowdhury, R. (2014). Mathematical modeling of a 1172 

semibatch pyrolyser for sesame oil cake. Industrial & Engineering Chemistry 1173 

Research, 53(51), 19671-19680. 1174 

[126] Chowdhury, R., & Sarkar, A. (2012). Reaction kinetics and product distribution of slow 1175 

pyrolysis of Indian textile wastes. International Journal of Chemical Reactor 1176 

Engineering, 10(1). 1177 



[127] Ray, R., Bhattacharya, P., & Chowdhury, R. (2004). Simulation and modeling of 1178 

vegetable market wastes pyrolysis under progressive deactivation condition. The Canadian 1179 

Journal of Chemical Engineering, 82(3), 566-579. 1180 

[128] Ghosh, S., Das, S., & Chowdhury, R. (2019). Effect of pre-pyrolysis biotreatment of 1181 

banana pseudo-stem (BPS) using synergistic microbial consortium: Role in deoxygenation 1182 

and enhancement of yield of pyro-oil. Energy Conversion and Management, 195, 114-124. 1183 

[129] Brown, R. C. (2007). Hybrid thermochemical/biological processing. Applied 1184 

biochemistry and biotechnology, 137(1-12), 947-956. 1185 

[130] Mohan, D., Pittman, C. U., & Steele, P. H. (2006). Pyrolysis of wood/biomass for bio-1186 

oil: a critical review. Energy & fuels, 20(3), 848-889. 1187 

[131] Rover, M. R., Johnston, P. A., Jin, T., Smith, R. G., Brown, R. C., & Jarboe, L. (2014). 1188 

Production of clean pyrolytic sugars for fermentation. ChemSusChem, 7(6), 1662-1668. 1189 

[132] Pollard, A. S., Rover, M. R., & Brown, R. C. (2012). Characterization of bio-oil 1190 

recovered as stage fractions with unique chemical and physical properties. Journal of 1191 

Analytical and Applied Pyrolysis, 93, 129-138. 1192 

[133] Westerhof, R. J., Brilman, D. W. F., Garcia-Perez, M., Wang, Z., Oudenhoven, S. R., 1193 

van Swaaij, W. P., & Kersten, S. R. (2011). Fractional condensation of biomass pyrolysis 1194 

vapors. Energy & fuels, 25(4), 1817-1829. 1195 

[134] Biswas, B., Singh, R., Kumar, J., Singh, R., Gupta, P., Krishna, B. B., & Bhaskar, T. 1196 

(2018). Pyrolysis behavior of rice straw under carbon dioxide for production of bio-1197 

oil. Renewable energy, 129, 686-694. 1198 

[135] Kouhi, M., & Shams, K. (2019). Bulk features of catalytic co-pyrolysis of sugarcane 1199 

bagasse and a hydrogen-rich waste: The case of waste heavy paraffin. Renewable 1200 

Energy, 140, 970-982. 1201 

[136] Pham, X. H., Piriou, B., Salvador, S., Valette, J., & Van de Steene, L. (2018). 1202 

Oxidative pyrolysis of pine wood, wheat straw and miscanthus pellets in a fixed bed. Fuel 1203 

Processing Technology, 178, 226-235. 1204 



[137] Chi, Z., Rover, M., Jun, E., Deaton, M., Johnston, P., Brown, R. C., ... & Jarboe, L. R. 1205 

(2013). Overliming detoxification of pyrolytic sugar syrup for direct fermentation of 1206 

levoglucosan to ethanol. Bioresource technology, 150, 220-227. 1207 

[138] Bennett, N. M., Helle, S. S., & Duff, S. J. (2009). Extraction and hydrolysis of 1208 

levoglucosan from pyrolysis oil. Bioresource technology, 100(23), 6059-6063. 1209 

[139] Yu, Z., & Zhang, H. (2003). Pretreatments of cellulose pyrolysate for ethanol 1210 

production by Saccharomyces cerevisiae, Pichia sp. YZ-1 and Zymomonas mobilis. Biomass 1211 

and bioenergy, 24(3), 257-262. 1212 

[140] Layton, D. S., Ajjarapu, A., Choi, D. W., & Jarboe, L. R. (2011). Engineering 1213 

ethanologenic Escherichia coli for levoglucosan utilization. Bioresource technology, 102(17), 1214 

8318-8322. 1215 

[141] Dai, J., Yu, Z., He, Y., Zhang, L., Bai, Z., Dong, Z., ... & Zhang, H. (2009). Cloning of 1216 

a novel levoglucosan kinase gene from Lipomyces starkeyi and its expression in Escherichia 1217 

coli. World Journal of Microbiology and Biotechnology, 25(9), 1589. 1218 

[142] Linger, J. G., Hobdey, S. E., Franden, M. A., Fulk, E. M., & Beckham, G. T. (2016). 1219 

Conversion of levoglucosan and cellobiosan by Pseudomonas putida KT2440. Metabolic 1220 

engineering communications, 3, 24-29. 1221 

[143] Helle, S., Bennett, N. M., Lau, K., Matsui, J. H., & Duff, S. J. (2007). A kinetic model 1222 

for production of glucose by hydrolysis of levoglucosan and cellobiosan from pyrolysis 1223 

oil. Carbohydrate research, 342(16), 2365-2370. 1224 

[144] Ratledge, C. (2004). Fatty acid biosynthesis in microorganisms being used for single 1225 

cell oil production. Biochimie, 86(11), 807-815. 1226 

[145] Sun, C., Liu, F., Song, Z., Wang, J., Li, Y., Pan, Y., ... & Li, L. (2019). Feasibility of 1227 

dry anaerobic digestion of beer lees for methane production and biochar enhanced 1228 

performance at mesophilic and thermophilic temperature. Bioresource technology, 276, 65-1229 

73. 1230 

[146] Luz, F. C., Cordiner, S., Manni, A., Mulone, V., Rocco, V., Braglia, R., & Canini, A. 1231 

(2018). Ampelodesmos mauritanicus pyrolysis biochar in anaerobic digestion process: 1232 

Evaluation of the biogas yield. Energy, 161, 663-669. 1233 



[147] Pan, J., Ma, J., Liu, X., Zhai, L., Ouyang, X., & Liu, H. (2019). Effects of different 1234 

types of biochar on the anaerobic digestion of chicken manure. Bioresource technology, 275, 1235 

258-265. 1236 

[148] Cao, Y., Wang, K., Wang, X., Gu, Z., Ambrico, T., Gibbons, W., ... & Talukder, A. A. 1237 

(2017). Preparation of active carbons from corn stalk for butanol vapor adsorption. Journal of 1238 

Energy Chemistry, 26(1), 35-41. 1239 

[149] Galinato, S. P., Yoder, J. K., & Granatstein, D. (2011). The economic value of biochar 1240 

in crop production and carbon sequestration. Energy Policy, 39(10), 6344-6350. 1241 

[150] Smith, P. (2016). Soil carbon sequestration and biochar as negative emission 1242 

technologies. Global change biology, 22(3), 1315-1324. 1243 

[151] Zabaniotou, A., Rovas, D., Libutti, A., & Monteleone, M. (2015). Boosting circular 1244 

economy and closing the loop in agriculture: Case study of a small-scale pyrolysis–biochar 1245 

based system integrated in an olive farm in symbiosis with an olive mill. Environmental 1246 

Development, 14, 22-36. 1247 

[152] Naqvi, S. R., Prabhakara, H. M., Bramer, E. A., Dierkes, W., Akkerman, R., & Brem, 1248 

G. (2018). A critical review on recycling of end-of-life carbon fibre/glass fibre reinforced 1249 

composites waste using pyrolysis towards a circular economy. Resources, conservation and 1250 

recycling, 136, 118-129. 1251 

[153] Lewis, F. M. (2012). Pyrobiomethane process. U.S. Patent Application No. 13/136,180. 1252 

[154] https://www.vtt.fi/inf/pdf/publications/1997/P306.pdf. 1253 

[155] Kim, K. H., Bai, X., Rover, M., & Brown, R. C. (2014). The effect of low-1254 

concentration oxygen in sweep gas during pyrolysis of red oak using a fluidized bed 1255 

reactor. Fuel, 124, 49-56. 1256 

[156] Sun, X., Atiyeh, H. K., Kumar, A., & Zhang, H. (2018). Enhanced ethanol production 1257 

by Clostridium ragsdalei from syngas by incorporating biochar in the fermentation 1258 

medium. Bioresource technology, 247, 291-301. 1259 

[157] Liu, Y., He, P., Shao, L., Zhang, H., & Lü, F. (2017). Significant enhancement by 1260 

biochar of caproate production via chain elongation. Water research, 119, 150-159. 1261 

[158]  https://www.aka.fi/globalassets/32akatemiaohjelmat/uusi-1262 

energia/hankekuvaukset/uudet-2017/pappinen_conver-b.pdf. 1263 

https://www.vtt.fi/inf/pdf/publications/1997/P306.pdf
https://www.aka.fi/globalassets/32akatemiaohjelmat/uusi-energia/hankekuvaukset/uudet-2017/pappinen_conver-b.pdf
https://www.aka.fi/globalassets/32akatemiaohjelmat/uusi-energia/hankekuvaukset/uudet-2017/pappinen_conver-b.pdf


[159] Markard, J., Wirth, S., & Truffer, B. (2016). Institutional dynamics and technology 1264 

legitimacy–A framework and a case study on biogas technology. Research Policy, 45(1), 1265 

330-344. 1266 

[160] Weiland, P. (2006). Biomass digestion in agriculture: a successful pathway for the 1267 

energy production and waste treatment in Germany. Engineering in life sciences, 6(3), 302-1268 

309. 1269 

[161] Vanhala, P., Repo, A., & Liski, J. (2013). Forest bioenergy at the cost of carbon 1270 

sequestration?. Current Opinion in Environmental Sustainability, 5(1), 41-46. 1271 

[162] Spirito, C. M., Richter, H., Rabaey, K., Stams, A. J., & Angenent, L. T. (2014). Chain 1272 

elongation in anaerobic reactor microbiomes to recover resources from waste. Current 1273 

opinion in biotechnology, 27, 115-122. 1274 

[163] Masum, B. M., Masjuki, H. H., Kalam, M. A., Palash, S. M., & Habibullah, M. (2015). 1275 

Effect of alcohol–gasoline blends optimization on fuel properties, performance and emissions 1276 

of a SI engine. Journal of Cleaner Production, 86, 230-237. 1277 

[164] Masum, B. M., Masjuki, H. H., Kalam, M. A., Palash, S. M., Wakil, M. A., & Imtenan, 1278 

S. (2014). Tailoring the key fuel properties using different alcohols (C2–C6) and their 1279 

evaluation in gasoline engine. Energy conversion and management, 88, 382-390. 1280 

[165] Mourad, M., & Mahmoud, K. (2019). Investigation into SI Engine Performance 1281 

Characteristics and Emissions fueled with Ethanol/Butanol-Gasoline Blends. Renewable 1282 

Energy. 1283 

[166] Fagundez, J. L. S., Golke, D., Martins, M. E. S., & Salau, N. P. G. (2019). An 1284 

investigation on performance and combustion characteristics of pure n-butanol and a blend of 1285 

n-butanol/ethanol as fuels in a spark ignition engine. Energy, 176, 521-530. 1286 

[167] De Groof, V., Coma, M., Arnot, T., Leak, D. J., & Lanham, A. B. (2019). Medium 1287 

chain carboxylic acids from complex organic feedstocks by mixed culture 1288 

fermentation. Molecules, 24(3), 398. 1289 

[168] Lambrecht, J., Cichocki, N., Schattenberg, F., Kleinsteuber, S., Harms, H., Müller, S., 1290 

& Sträuber, H. (2019). Key sub-community dynamics of medium-chain carboxylate 1291 

production. Microbial cell factories, 18(1), 92. 1292 



[169] Sträuber, H., Bühligen, F., Kleinsteuber, S., & Dittrich‐Zechendorf, M. (2018). 1293 

Carboxylic acid production from ensiled crops in anaerobic solid‐state fermentation‐trace 1294 

elements as pH controlling agents support microbial chain elongation with lactic 1295 

acid. Engineering in Life Sciences, 18(7), 447-458. 1296 

[170] Wu, Q., Bao, X., Guo, W., Wang, B., Li, Y., Luo, H., ... & Ren, N. (2019). Medium 1297 

chain carboxylic acids production from waste biomass: current advances and 1298 

perspectives. Biotechnology advances. 1299 

 1300 

 1301 

 1302 

 1303 

 1304 

 1305 

 1306 

 1307 

 1308 

 1309 




