
Biorefining of corn stover for efficient production of bioethanol, biodiesel, 1 

biomethane, and value-added byproducts 2 

  3 

Razieh Shafiei Alavijeha, Amin Shavandib, Oseweuba Valentine Okorob, Joeri F.M. Denayerc, 4 

Keikhosro Karimia,c* 5 

 6 

a Department of Chemical Engineering, Isfahan University of Technology, Isfahan 84156-83111, 7 

Iran 8 

b Ecole polytechnique de Bruxelles, 1050 Brussels, Belgium 9 

c Department of Chemical Engineering, Vrije Universiteit Brussel, 1050 Brussels, Belgium 10 

 11 

 12 

 *Corresponding author: 13 

Tel: +32 (0) 495781049 14 

Fax: +32 (0) 26293512 15 

E-mail address: karimi@cc.iut.ac.ir; Keikhosro.Karimi@vub.be 16 

 17 

Declarations of interest: none 18 

  19 

mailto:karimi@cc.iut.ac.ir
mailto:Keikhosro.Karimi@vub.be


Abstract 20 

The present study investigated an integrated biorefinery that employed corn stover as the feedstock 21 

for sustainable bioethanol, biodiesel, biogas, chitosan, glycerol, and animal feed production. Corn 22 

stover was initially subjected to dilute acid pretreatment (1.8 % v/v H2SO4, 121°C, and 22 min) 23 

followed by enzymatic hydrolysis with a commercial cellulase (37°C, 72 h) to promote the release 24 

of glucose (~93wt.%) and xylose (~89 wt.%). Mucor indicus fungus was then employed to convert 25 

the released sugars into bioethanol, glycerol, and fungal biomass with yields of 0.38 g g-1, 36 mg 26 

g-1, and 0.51 g g-1, respectively. The biomass of M. indicus was processed to extract chitosan (6 27 

mg g-1 fungal biomass) and lipids (297 mg g-1 fungal biomass). The lipid was subsequently 28 

converted to biodiesel via transesterification in the presence of HCl/ MeOH with the yield of 0.54 29 

g g-1 fungal lipid. The defatted biomass residue was then converted to biogas with 81 % theoretical 30 

yield through anaerobic digestion.. To ensure process circularity, the nutritional values of 31 

pretreated and hydrolyzed corn stover were also investigated with their suitability as livestock. 32 

Based on this study, it was determined that 158.1 thousand tons of dry corn stover, which was 33 

annually available for collection in Iran, could be used for the production of 137.6 kg chitosan, 34 

10.4 ton animal feed, 870.0 kg glycerol, 40.7 million litters ethanol, 2.8 million m3 biodiesel, and 35 

449.2 million m3 biomethane. The utilization of produced ethanol, biodiesel, and biomethane in 36 

transporting sector was shown to have the potential of facilitating 4.3 million tons of equivalent 37 

carbon dioxide and a 197.8 million dollars reduction of associated social costs.  38 
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1. Introduction 43 

The global climate has been changing, leading to negative impacts on the environment, human 44 

health, and worldwide economy, with the main culprit of this climate change, determined to be 45 

high levels of greenhouse gases (GHGs) such as SOx, NOx, and CO2 [1, 2]. These GHGs are 46 

released into the atmosphere when fossil fuels are transformed into energy via combustion [1]. 47 

Thus, replacing fossil fuels with biofuels has been proposed as constituting a viable pathway to 48 

reduce greenhouse gas emissions, since biofuels are recognized as carbon neutral [3, 4]. Indeed, 49 

according to the International Energy Agency (IEA), the transition of at least a quarter of the 50 

world's transportation fuels to biofuels by 2050 is necessary to mitigate future climate catastrophes. 51 

The IEA also encourages the production of biofuels from non-food-crop feedstocks such as wastes 52 

and residues [5]. This is because, in addition to these feedstocks not being edible, their valorization 53 

to produce valuable products will facilitate the resolution of their associated pollution challenge, 54 

leading to enhanced environmental sustainability outcomes [6, 7]. In particular, agricultural 55 

residues (e.g., corn stover, rice straw, and wheat straw) have a potential for biofuel production due 56 

to their favorable availability, lower price, and renewability properties [8, 9].  57 

Corn stover constitutes an abundant agricultural residue that could potentially be used for biofuel 58 

production [10]. Annually, over one billion tons of corn stover is produced globally, with a harvest 59 

index ranging from 47 % to 56 % [11]. After harvesting, the remaining corn stover on the farm is 60 

typically managed via its addition to the soil to improve its fertility or burned to annihilate diseases 61 

and pests in the agricultural land [12]. By considering these agricultural protection aspects, Karimi 62 

et al. [13] proposed the collectible amount of corn stover residues that could be utilized as the 63 

feedstock for biofuel production. Indeed, in the European Union and the United States, the 64 



conversion of corn stover residues to biofuels has been estimated to prevent the emission of 18 65 

million tons of CO2 that may be generated from its direct combustion [3]. 66 

The lignocellulosic structure of corn stover is composed of cellulose (32-36 %), hemicellulose (18-67 

21 %), and lignin (11-14 %) [14]. To produce biofuels from this recalcitrant structure, physical 68 

[15, 16], chemical [17, 18], or biological [19, 20] pretreatment is essential [21]. Among the 69 

different processing methods, the pretreatment using dilute sulfuric acid has been identified as 70 

effective since the approach promotes the efficiency of subsequent saccharification and 71 

hemicellulose solubilizing processes [22, 23]. The commercial application of this approach may 72 

however be limited by the associated high costs of acid recovery and pretreatment facilities [24]. 73 

This limitation can be mitigated by applying the biorefinery approach in the processing of corn 74 

stover since the efficiency of biofuel production can be enhanced while simultaneously producing 75 

additional high-value products that could serve as additional revenue streams [3, 25-27]. Notably, 76 

minimizing waste generation and improving the economy of the process by producing multi-high-77 

value products are among the main advantages of biorefineries [21]. An example is corn stover-78 

ethanol biorefinery with value-added byproducts such as acetic acid, phenol, furfural, cresols, 79 

catechol, formic acid, and acetaldehyde [28]. Besides, furan-based biofuels, specifically 80 

dimethylfuran, have been currently considered as a target product of lignocellulosic biorefinery 81 

[29-31]. Therefore, commercializing biofuel production from corn stover significantly depends on 82 

the generation of additional value-added byproducts in the biorefinery [3].    83 

To this regard, the present study sought to develop a Phase II biorefinery [32] that can convert 84 

corn stover to multiple valuable products such as biofuels (bioethanol, biodiesel, and biogas) and 85 

valuable byproducts (animal feed, glycerol, and chitosan). To demonstrate the sustainability of the 86 

developed biorefinery, a socioeconomic analysis was undertaken to estimate its greenhouse gas 87 



emissions (GHG) reduction potential and the associated social cost of carbon dioxide (SCC), based 88 

on existing information regarding the biofuels that can potentially be produced from corn stover 89 

in Iran. To the best of our knowledge such a comprehensive study, investigating the integration of 90 

several corn stover conversion technologies and unit operations to produce high-value products, 91 

as a basis of conducting rigorous socioeconomic analysis, is yet to be undertaken in the literature. 92 

This novel study, therefore, sought to bridge this knowledge gap.  93 

2. Materials and Methods 94 

The experiments in this study included feedstock preparation, pretreatment, hydrolysis, byproduct 95 

extraction, and biofuel production. This section consists of an explanation of the materials and 96 

methods used in each part. 97 

2.1. Feedstock preparation 98 

Corn stover samples were collected from corn stover residues left on farms located in Alavijeh, 99 

Isfahan, Iran (33° 3´ 10̋ N, 51° 4´ 57̋ E). The samples were air dried at ambient temperature to 100 

achieve constant weight, then milled and screened, and particles with the size of less than 1 mm 101 

were collected. Afterward, the samples were placed in an air-tight plastic bag and stored at room 102 

temperature until further use.  103 

2.2. Feedstock characteristics 104 

The standard method of determination of structural carbohydrates and lignin provided by the 105 

National Renewable Energy Laboratory was applied to characterize the lignocellulosic 106 

composition of corn stover [33]. Accordingly, 30 mg corn stover was mixed with 3 mL of 72 % 107 

(w/w) sulfuric acid in a 100 mL glass bottle and placed in a water bath at 30 °C for 1 h. Afterward, 108 

84 mL of deionized water was added such that the sulfuric acid concentration in samples was 109 



adjusted to 4 % (w/w). The samples were then put in an autoclave at 121°C for 1h to complete the 110 

dilute acid hydrolysis. Finally, the monomeric sugars, e.g., glucose and xylose, that were released 111 

in the liquid phase were analyzed using high-performance chromatography (HPLC). Also, the 112 

lignin content was determined as the difference between the weight of hydrolyzed biomass before 113 

and after burning at 575 °C for 24 ± 6 h.  114 

2.3. Pretreatment 115 

Due to the recalcitrant structure of untreated corn stover, its enzymatic hydrolysis would be 116 

inefficient and slow. To increase the rate and efficiency of future enzymatic hydrolysis, a 117 

pretreatment step using dilute acid treatment was employed prior to ethanol production [34]. Dilute 118 

acid treatment was selected due to its capacity to facilitate an efficient separation of the 119 

polysaccharides of cellulose and hemicellulose [35]. To this regard, the optimum conditions for 120 

dilute acid treatment (1.8 % v/v H2SO4, 121 °C, and 22 min),  obtained in our previous work, were 121 

used to undertake the dilute acid pretreatment of corn stover,  at a mass concentration of 10 % dry 122 

matter [36], in an autoclave. Once the samples were cooled to room temperature, the resulting solid 123 

(Sa) and liquid (La) phases were separated using a filter paper (Whatman paper no. 40). Before 124 

applying the pretreated solid (Sa) at enzymatic hydrolysis, it was washed with distilled water. 125 

Washing with water is suggested to remove the produced/released inhibitors and neutralize the 126 

pretreated solid [37]. Despite the generation of wastewater, washing with water can prevent salt 127 

formation compared to naturalization with base. Thus, the Sa was initially washed with distilled 128 

water until the pH of the wash water was 4.5-5.5 and subsequently air dried to constant mass 129 

overnight. . The recovered La phase was collected and stored in a freezer at -20 °C until further 130 

use.  131 

 132 



2.4. Enzymatic hydrolysis 133 

The enzymatic hydrolysis of pretreated corn stover (i.e., Sa) was performed in batch mode, using 134 

a 118 mL glass bottle. Also, corn stover without pretreatment was hydrolyzed to assess the effect 135 

of pretreatment on monosaccharide release. The hydrolysis medium was prepared with 8 % (w/w) 136 

of Sa in buffer citrate (pH 4.8) and autoclaved at 121 °C for 20 min. Once the slurry cooled to room 137 

temperature, 15 FPU g-1 cellulase enzyme (Celluclast 1.5 L, Novozymes, Denmark) was loaded in 138 

the bottles. The activity of cellulase was determined to be 49 FPU mL-1 using the Andey and Baker 139 

method [38]. Afterward, the samples were placed in an incubator at 37°C for 72 h to complete 140 

enzymatic hydrolysis. The liquid (Lb) phase was then separated/recovered and stored at -20 °C 141 

until further use. Eq. 1 [39] was applied to calculate the enzymatic hydrolysis yield as follows:  142 

The yield of enzymatic hydrolysis (%) = 143 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 (𝑔 𝐿−1)

1.111 × 𝑔𝑙𝑢𝑐𝑎𝑛 𝑖𝑛 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 (𝑔 𝐿−1)
× 100                                                                             Eq. 1 144 

where 1.111 is the glucan hydration factor. 145 

The solid (Sb) phase was also washed with distilled water, air-dried, placed in an air-tight plastic 146 

bag, and kept at room temperature until further analysis. 147 

2.5. Characterizing pretreated and enzymatically hydrolyzed corn stover as animal feed 148 

Some essential parameters for animal feed were measured in the case of pretreated and hydrolyzed 149 

corn stover  (i.e. Sb) and compared to untreated corn stover as a traditional animal feed. In this 150 

regard, the dry matter was determined after drying at 105 °C, according to AOAC official method 151 

930.15 [40], and ash content was measured after burning at 550 °C, according to AOAC official 152 

method 942.05 [41]. Crude fat was also defined as extracted ones with petroleum ether for 6 hours 153 



(AOAC official method 920.39 [42]). Crude protein (CP) was calculated using the Kjeldahl 154 

procedure, which involves acid digestion and distillation, with 6.25 employed as the conversion 155 

factor [43]. Acid detergent fiber (ADF), non-fibrous carbohydrates (NFC), neutral detergent fiber 156 

(NDF),  and acid detergent lignin (ADL) were measured according to the methods of Van Soest et 157 

al. [44]. Neutral detergent insoluble crude protein (NDICP) and acid detergent insoluble crude 158 

protein (ADICP) were analyzed using the Cornell Net Carbohydrate and Protein (CNCP) method 159 

[45]. Total digestible nutrient (TDN), digestible energy (DE), metabolizable energy (ME), and net 160 

energy lactation (NEL3x) were calculated according to equations presented by National Research 161 

Council (NRC 2001) [46].   162 

2.6. Microorganism and fungal biomass production 163 

The zygomycete fungus M. indicus CCUG 22424 (The Culture Collection of the University of 164 

Gothenburg, Sweden) was used in the experiments. M. indicus is a zygomycete fungus that was 165 

selected due to its reported favorable performance in ethanol production from xylose, glucose, and 166 

lignocellulosic hydrolysate [47]. Additionally, M. indicus has the potential to produce substantial 167 

masses of fungi biomass that contains high concentrations of fatty acids and chitosan [48-50].  To 168 

this regard, M. indicus was incubated in an agar slant containing: 20 g L-1 agar, 40 g L-1 D-glucose, 169 

and 10 g L-1 peptone, at pH 5.5 and 32 ° C for five days to form spores on the plates. Afterward, 170 

to obtain a cell density of 3 g dry weight L-1, the spores (concentration of 6 ± 3 × 106 spores mL-1) 171 

were washed, suspended in sterilized distilled water, and cultivated in a solution containing: 5 g 172 

L-1 yeast extract, 7.5 g L-1 (NH4)2SO4, 3.5 g L-1 KH2PO4, MgSO4.7H2O, 0.75 g L-1 1.0 g L-1 CaCl2, 173 

and 50 g L-1 glucose at 32 °C and 150 rpm for 24 h. The resulting fungal biomass was collected 174 

via centrifugation at 4000 rpm for 10 min and washed twice with distilled water. 175 

 176 



2.7. Aerobic/Anaerobic cultivation 177 

Anaerobic cultivations were performed in 118 mL serum glass bottles, and aerobic cultivations 178 

were conducted in 200 mL Erlenmeyer flasks. The carbon source for anaerobic cultivation was 179 

supplied from the liquid fraction of enzymatic hydrolysis step (i.e. Lb) while the dilute acid 180 

hydrolysate (i.e. La) was employed as the carbon source for aerobic cultivation and supplemented 181 

with required nutrients, according to the methodology presented by Karimi et al. [51]. A reference 182 

media composed of pure glucose in anaerobic cultivation was prepared at a similar glucose 183 

concentration in the enzymatic hydrolysate. Also, a solution of glucose and xylose at similar 184 

concentrations to those in the dilute acid hydrolysate was prepared and considered as the reference 185 

media in aerobic cultivation. The pH of the cultivation media was adjusted to 5.5 and then 186 

autoclaved at 121 °C for 10 min. Anaerobic cultivations were inoculated with the biomass of M. 187 

indicus while imposing a biomass concentration of 3 g dry weight L-1. The bottles were closed 188 

tightly using butyl rubber septum and aluminum caps and purged with pure nitrogen to establish 189 

the anaerobic condition. The bottles were then placed in an incubator at 32 °C and 120 rpm. After 190 

48 h, the liquid (Lc) and solid (Sc) phases were separated by centrifuge (10 min, 4000rpm) under 191 

sterile conditions. The Lc phase, containing mainly ethanol, was kept at -20 °C until further 192 

analysis. The Sc phase containing mainly M. indicus cells was inoculated to the Erlenmeyer to 193 

continue their growth aerobically in an incubator at 32 °C and 120 rpm for 72 h. At the end of 194 

aerobic cultivation, M. indicus cells were recovered using a filter paper, then washed thrice with 195 

distilled water prior to freeze drying. The freeze-dried biomass of M. indicus was subjected to lipid 196 

and chitosan extraction. Also, the filtrate was kept for analysis of possible ethanol and glycerol 197 

contents. All of the experiments were carried out in duplicate.  198 

The yield of ethanol in aerobic/anaerobic cultivations was calculated using Eq.2 [39]. 199 



 200 

 𝐸𝑡ℎ𝑎𝑛𝑜𝑙 𝑦𝑖𝑒𝑙𝑑 (𝑔 𝑔−1) = 201 

𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 (𝑔 𝐿−1)

1.111 × 0.51 × 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑔 𝐿−1)
                                                                                       Eq. 2 202 

where 1.111 is the glucan hydration factor and 0.51 is the theoretical yield of ethanol from hexoses. 203 

Moreover, the yield of glycerol was calculated using the following equation (Eq. 3): 204 

𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙 𝑦𝑖𝑒𝑙𝑑 (𝑔 𝑔−1) = 205 

𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑔 𝐿−1)

 𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑔 𝐿−1)
                                                                                                          Eq. 3 206 

 207 

2.8. Determination and extraction of lipid 208 

The lipid content of M. indicus cells was extracted using the Blight and Dyer Method [52]. This 209 

method used chloroform: methanol: water with a volumetric optimum ratio of 2: 2: 1 to enable the 210 

extraction of intracellular lipids from fungal biomass. The amount of extracted lipid was expressed 211 

as a gram per gram of dry fungal biomass.  212 

2.9. Determination and extraction of chitosan 213 

In order to extract chitosan from the fungal cells, it is necessary to eliminate protein from the cells. 214 

Thus, 1 gram of dried fungal biomass was suspended in 30 mL of 0.5 M NaOH and autoclaved for 215 

20 min at 121 °C. Then the alkali-insoluble materials (AIM) were subsequently separated using a 216 

centrifuge (4000g, 10 min) and washed several times with distilled water. The AIM was then 217 

freeze-dried and weighed. The subsequent extraction of chitosan from AIM was performed 218 

according to the method developed by Naghdi et al. [53]. Briefly, 0.25 g of AIM was suspended 219 

in 25 mL of 0.1 N H2SO4 and stirred at room temperature for 30 min. After re-centrifugation, the 220 

solid phase was separated and washed three times using distilled water. This step was followed by 221 

the addition of  0.1 % (w/v) NaOH followed by the washing using distilled water. In the end, the 222 



sample was treated with 25 mL of 0.1 N lactic acid at room temperature while stirred 223 

simultaneously (150 rpm, 1 h). The solution was centrifuged (4000×g, 10 min), the supernatant 224 

was separated, and its pH was adjusted to 10 by 2 M NaOH. At this time, chitosan was precipitated 225 

with the sediment carefully collected and washed several times with distilled water. The recovered 226 

chitosan was freeze-dried, weighted, and characterized by comparing its spectrum to commercially 227 

sourced authentic chitosan standard, using FTIR. The yield of chitosan, as one of the final products 228 

of the proposed biorefinery, was calculated according to the following equation (Eq.4): 229 

𝐶ℎ𝑖𝑡𝑜𝑠𝑎𝑛 𝑦𝑖𝑒𝑙𝑑 (𝑔 𝑔−1𝑑𝑟𝑦 𝑓𝑢𝑛𝑔𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠) = 230 

𝐶ℎ𝑖𝑡𝑜𝑠𝑎𝑛 𝑦𝑖𝑒𝑙𝑑 (𝑔 𝑔−1𝐴𝐼𝑀) × 𝐴𝐼𝑀 𝑦𝑖𝑒𝑙𝑑 (𝑔 𝑔−1𝑑𝑟𝑦 𝑓𝑢𝑛𝑔𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠)                          Eq. 4 231 

The determination of N-acetyl glucose amine, glucose amine, and phosphate contents in the fungal 232 

cell walls was performed according to the method described by Mohammadi et al. [54]. Also, Eq. 233 

5 was used to calculate the degree of deacetylation (DD) of purified chitosan [55]. 234 

DD = (1 −
𝐺𝑙𝑐𝑁𝐴𝑐

𝐺𝑙𝑐𝑁
) × 100                                                                                                         Eq. 5 235 

 236 

2.7. Biodiesel production 237 

Transesterification of lipids extracted from M. indicus cells was conducted according to the 238 

method presented by Laurens et al.[56]. Briefly, 1.0 g fungal lipid was subjected to 60 mL of 5 % 239 

v/v HCl in methanol at 85 °C. Hydrochloric acid catalyzed the transesterification reaction, and 240 

fungal lipids and methanol were the reactants. After one hour, the reaction products were separated 241 

into two phases using a centrifuge (4000 rpm, 15 min). Then the upper phase was precisely drained 242 

and weighted to determine the biodiesel yield according to Eq. 6 [57].  243 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝑙𝑖𝑝𝑖𝑑 𝑡𝑜 𝑏𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙 (%) = 244 

𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑏𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙 (𝑔)

𝐿𝑖𝑝𝑖𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
× 100                                                                                                       Eq. 6 245 



2.9. Biogas production 246 

The cell residues after lipid extraction were applied to biogas production according to the method 247 

presented by Hensen et al. [58]. Also, the whole cells of M. indicus were subjected to mesophilic 248 

anaerobic digestion to determine their biogas production potential. Briefly, the amount of 0.25 g 249 

cells of defatted cell residues and 20 mL inoculum provided from a 7000 m3 digester (Isfahan 250 

Municipal Wastewater Treatment, Isfahan, Iran) were mixed with 5 mL deionized water in a 118 251 

mL dark bottle. The bottles were then sealed using rubber septum and aluminum caps and purged 252 

with pure nitrogen to establish the anaerobic condition. Afterward, the bottles were placed in an 253 

incubator at 37 °C for 40 days and shaken manually once a day. Every 3 days, samples were 254 

recovered, and the compositional distribution of the biogas was subsequently analyzed using gas 255 

chromatography. For calculating the amount of produced methane, as one of the target products of 256 

the biorefinery, Eq. 7 was applied: 257 

𝑀𝑒𝑡ℎ𝑎𝑛𝑒 𝑦𝑖𝑒𝑙𝑑 (𝑚𝐿 𝑔−1𝑑𝑟𝑦 𝑏𝑖𝑜𝑚𝑎𝑠𝑠) = 258 

𝑀𝑒𝑡ℎ𝑎𝑛𝑒 𝑦𝑖𝑒𝑙𝑑 (𝑚𝑙 𝑔−1𝑉𝑆) × 𝑉𝑆 (𝑔 𝑉𝑆 𝑔−1 𝑑𝑟𝑦 𝑏𝑖𝑜𝑚𝑎𝑠𝑠)                                                            Eq. 7 259 

 260 

where VS (volatile solids) was measured for fungal biomass according to the standard method 261 

provided by the National Renewable Energy Laboratory [33].  262 

2.10. Analytical method 263 

A high-performance liquid chromatography (HPLC, Agilent 1100, Agilent Technologies, CA, 264 

USA) equipped with a refractive index (RI) detector and a Bio-Rad Aminex HPX-87P analytical 265 

column (Bio-Rad, CA, USA) was used to quantify the sugars. The eluent was deionized water at 266 

85 °C with a flow rate of 0.6 mL min-1. Also, ethanol was determined using the same HPLC device, 267 

equipped with an ion exchange Aminex column (HPX-87H, Bio-Rad, CA, USA). The mobile 268 

phase was 5 mM H2SO4 at 60 °C with a flow rate of 0.6 mL min-1. 269 



To analyze GlcN and GlcNAc contents of AIM, an HPLC device (Jasco International Co., Tokyo, 270 

Japan) equipped with ion-exchange Aminex column (HPX-87H, Bio-Rad, Richmond, CA) at 60 271 

°C with 0.6 mL min-1 eluents of 5 mM H2SO4 as mobile phase was used. The determination of 272 

2,5-anhydromannose and acetic acid was performed using a RI and UV-vis detector, respectively.  273 

Fatty acid composition of fungal lipid was determined using gas chromatography (Sp3420A, 274 

Beijing Beifen Ruili Analytical Instrument Co., China) equipped with a capillary split less 275 

injection, a flame ionization detector (FID), and a SolGel-WAX column (30 m × 0.25 mm internal 276 

diameter × 1.0 mm film, SGE Analytical Science Pty Ltd., Ringwood, Australia). Nitrogen with a 277 

flow rate of 1.0 mL min-1 was used as carrier gas. The injector temperature, flame ionization 278 

detector temperature, split flow, and split ratio were adjusted at 220 °C, 250 °C, 1.6 mL min-1, and 279 

20:1, respectively. Furthermore, the content of fatty acid methyl esters (FAME) was determined 280 

using the method developed by Sabzalian et al. [59]. The retention time of each fatty acid was 281 

compared with fatty acid standards (C14:0 to C24:1) for identification. 282 

2.11. Mass balance 283 

The analysis of mass balance was performed according to the data obtained from dilute-acid 284 

pretreatment, enzymatic hydrolyses, fermentation, transesterification, and anaerobic digestion.  285 

The yields of products and byproducts, including chitosan, animal feed, glycerol, bioethanol, 286 

biodiesel, and biomethane, were calculated for 1 kg of dry corn stover as the biorefinery feedstock. 287 

The calculation of mass yields (𝑋𝑖) was performed according to Eq. 8: 288 

𝑋𝑖(𝑔 ) = 𝑌𝑖 × 𝑚𝑖                                                                                                                        Eq. 8 289 

where 𝑚𝑖(g)  refers to the weight of glucose, xylose, or fungal biomass that resulted in forming 290 

the corresponded products, i.e., ethanol, glycerol, chitosan, biodiesel, and biomethane, and 𝑌𝑖 291 

refers to the yield of fermentation, digestion, or extraction.  292 



2.12. Socioeconomic analysis 293 

The positive impacts of biofuel production in this biorefinery on reducing greenhouse gas 294 

emissions (GHG) and connected social cost (SCC) were quantified using equations 9-20. 295 

Firstly, the collectible amount of corn stover for biofuel production was measured as follows [13]: 296 

𝑄𝑅 = (1 − 𝑓𝑚) ×  𝑄𝑅,𝑊                                                                                                            Eq. 9 297 

𝑄𝑅,𝑊 =  𝑓𝐶𝑅(𝑃𝐶𝑜𝑟𝑛 × 𝑅𝑃𝑅 − 𝑆𝐶𝑜𝑟𝑛 × 𝑓𝐺𝐶)                                                                              Eq. 10 298 

where 𝑅𝑃𝑅, 𝑃𝐶𝑜𝑟𝑛, 𝑌𝐶𝑜𝑟𝑛, 𝑆𝐶𝑜𝑟𝑛,𝑄𝑅,𝑊, and 𝑄𝑅  are the amounts of residue to product ratio, corn 299 

stover production (t), corn stover yield (t ha-1), area harvested (ha), collectible wet residues (t), and 300 

collectible dry residues (t), respectively. Also, 𝑓𝐶𝑅 , 𝑓𝐺𝐶 , and 𝑓𝑚 denote residue collectible 301 

efficiency, the factor of ground cover (t ha-1), and moisture content by weight, respectively.  302 

The quantity of each biofuel (𝑄𝑏𝑖𝑜𝑓𝑢𝑒𝑙(L)) that could be produced annually from collectible corn 303 

stover residues through the proposed biorefinery was calculated by Eq. 11 [13]: 304 

𝑄𝑏𝑖𝑜𝑓𝑢𝑒𝑙 = 𝑌𝑏𝑖𝑜𝑓𝑢𝑒𝑙 × 𝑄𝑅                                                                                                          Eq. 11 305 

where 𝑌𝑏𝑖𝑜𝑓𝑢𝑒𝑙 is the combined yield of bioethanol, biodiesel, and biogas (L t-1 dry corn stover). 306 

Bioethanol is blended with gasoline and biodiesel with diesel as a transportation fuel. Also, biogas, 307 

after refining, would be replaced with compressed natural gas (CNG) in the transport sector. The 308 

total amount of fossil-bio fuel blend (𝑄𝑏𝑙𝑒𝑛𝑑(L)) was calculated by Eq. 12. The amount of x in this 309 

equation denotes the volume fraction of biofuel in the fossil-bio fuel blend. In addition, the amount 310 

of saved fossil fuel (𝑄𝑠𝑎𝑣𝑖𝑛𝑔(L)) due to using a biofuel blend was computed using Eq. 13. To 311 

estimate the amount of fossil fuel saving or equivalent to the blend (Eq. 14), the parameter of 312 

energy ratio (𝑅) was used and computed by dividing the energy density of biofuels into fossil fuels. 313 

 𝑄𝑏𝑙𝑒𝑛𝑑 =
𝑄𝑏𝑖𝑜𝑓𝑢𝑒𝑙

𝑥
                                                                                                                     Eq. 12 314 

𝑄𝑠𝑎𝑣𝑖𝑛𝑔 = 𝑅 × 𝑄𝑏𝑖𝑜𝑓𝑢𝑒𝑙                                                                                                          Eq. 13  315 



𝑄𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 =  𝑄𝑠𝑎𝑣𝑖𝑛𝑔 + (1 − 𝑥)𝑄𝑏𝑙𝑒𝑛𝑑                                                                                Eq. 14 316 

For determination of the reduction in GHG emissions, well-to-wheel GHG emission factors are 317 

used as follows [60]: 318 

∆𝐺𝐻𝐺= 𝐶𝑓𝑜𝑠𝑠𝑖𝑙𝑄𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 − 𝐶𝑏𝑙𝑒𝑛𝑑𝑄𝑏𝑙𝑒𝑛𝑑                                                                              Eq. 15 319 

𝐶𝑏𝑙𝑒𝑛𝑑 = 𝑥𝐶𝑏𝑖𝑜𝑓𝑢𝑒𝑙 + (1 − 𝑥)𝐶𝑓𝑜𝑠𝑠𝑖𝑙                                                                                       Eq. 16 320 

where 𝐶𝑓𝑜𝑠𝑠𝑖𝑙, 𝐶𝑏𝑖𝑜𝑓𝑢𝑒𝑙, and 𝐶𝑏𝑙𝑒𝑛𝑑 indicate the well-to-wheel GHG emissions of fossil fuel, 321 

biofuel, and the blend (t CO2 eq l-1 fuel), respectively.  322 

The reduction in the total SCC (∆𝑆𝐶𝐶 ($)) resulting from substituting biofuels with fossil fuels is 323 

calculated by Eq. (17) [60]: 324 

∆𝑆𝐶𝐶= ∆𝐺𝐻𝐺 × 𝑆𝐶𝐶                                                                                                                 Eq. 17 325 

The SCC is estimated to be 40 $ to 220 $ for each tone of emitted carbon dioxide. However, 326 

according to the United States Environmental Protection Agency (EPA) information, the SCC can 327 

be estimated for a given year by the following equation [61]: 328 

𝑆𝐶𝐶 = 1.0286 × 𝑌 − 2031.8                                                                                               Eq. 18 329 

where Y refers to the year, 1.0286 and 2031.8 are constants with units of $ year-1 and $, 330 

respectively. 331 

3. Results and discussion 332 

The results obtained in this work were divided into different parts, i.e., dilute-acid pretreatment, 333 

enzymatic hydrolysis, byproduct extraction, and biofuel production. This section presents and 334 

discusses the results obtained in each part.  335 

3.1. Dilute acid pretreatment 336 

The compositional analysis of untreated corn stover showed that the glucan content was 49.3 wt.%, 337 

xylan 11.2 wt.%, and acid-insoluble lignin 12.8 wt.%. Having concluded the pretreatment, in 338 



accordance to methods presented in section 2.3 above, glucose and xylose were produced at the 339 

yields of 54 wt.% and 89 wt. %, respectively as shown in Figure 1. Notably, the concentration of 340 

hydroxyl-methyl furfural (HMF) and furfural were 0.02 and 0.002 g g-1 dry corn stover, 341 

respectively, reinforcing the suitability of the dilute acid pretreatment approach for processing corn 342 

stover. The compositional analysis of pretreated corn stover showed that glucan was the dominant 343 

carbohydrate (89.9 wt.%), followed by lignin (20.3 wt.%) (Figure 1). The xylan content (1.2 wt.%) 344 

showed that it has been almost released into the liquid phase in the form of xylose and furfural. 345 

Also, 29 % of the initial mass of biomass was recovered after pretreatment, as the solid fraction 346 

which is composed of lignin, ash, and residual polysaccharides. These results are comparable with 347 

the previous studies by Zhang et al. [62] on dilute acid hydrolysate of corn stover. They reported 348 

the yield of 84.5 % and 49.7 % for the releasing of glucose and xylose, respectively, from corn 349 

stover pretreated with 4 % w/w H2SO4 at 190 °C for 3 min. Moreover, the higher yield of xylose 350 

recovery (86 %) was obtained after the pretreatment with 1.2% w/w H2SO4  at 160 °C for 8 min 351 

[63]. Generally, more severe pretreatment resulted in more hemicellulose and cellulose solubility 352 

[64]. The difference in corn stover type, temperature, and reactor types could be the reason for 353 

differences in glucose and xylose yields of this study with previously reported results. 354 

 355 
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 371 

 372 

Fig. 1. Composition of corn stover before and after diluted acid pretreatment. All the experiments were 373 

performed in duplicate, and the average standard deviation was less than 0.3 % for glucan, 0.1 % for xylan, 374 

0.4 % for lignin, 0.4 g L-1 for glucose, 0.2 g L-1 for xylose and HMF, and 0.01 g L-1 for furfural. 375 

 376 

3.2. Enzymatic hydrolysis and anaerobic cultivation 377 

The enzymatic hydrolysis of pretreated corn stover, mainly composed of glucan, was 378 

complemented using cellulase. After 72 h of enzymatic hydrolysis, 67.2 g L-1 and 10.8 g L-1 of 379 

glucose were released in the liquid phase from the pretreated and the untreated corn stover 380 

respectively.  This result showed that, as expected, the dilute acid pretreatment enhanced glucose 381 

release during the enzymatic hydrolysis process.  The fermentation of the liquid phase under the 382 

action of M. indicus, under anaerobic conditions, was then undertaken and compared to the 383 

synthetic media. The results of glucose consumption and ethanol production during fermentation 384 

are presented in Figure 2. The results show that the glucose was assimilated in less than 24 h, with 385 
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maximum ethanol yields of  0.38 g g-1 (76.2 wt.%) for enzymatic hydrolysate of corn stover and 386 

0.45 g g-1 (88.7 wt.%) for synthetic media obtained. Also, the maximum glycerol yield was 0.01 g 387 

g-1 for enzymatic hydrolysate of corn stover and 0.07 g g-1 for synthetic media (data not shown). 388 

These results are consistent with the results presented by Karimi et al. [65], where a lower ethanol 389 

yield from the hydrolysate of rice straw compared to synthetic media (i.e., 0.35 g g-1 vs. 0.46 g g-390 

1) was obtained in anaerobic cultivation of M. indicus. Furthermore, Figure 2 shows that glucose 391 

in the enzymatic hydrolysate was not entirely assimilated by M. indicus cells, while no glucose 392 

was detected in synthetic media after 24 hours. Other works have also observed this phenomenon 393 

[66-68], which is hypothesized to be due to the hydrolysis of microorganism cell walls by the 394 

remaining enzyme in enzymatic hydrolysate as well as the production of reducing sugars [68].  395 

 396 

Fig. 2. Ethanol yield (g g-1) and glucose concentration (g L-1) during anaerobic cultivation of M. indicus in 397 

synthetic media and enzymatic hydrolysate of corn stover. The symbols represent the: concentration of 398 

glucose in synthetic media ( ), the concentration of glucose in the enzymatic hydrolysate of corn stover (399 

), ethanol yield in cultivation on synthetic media ( ), and ethanol yield in cultivation on enzymatic 400 

hydrolysate of corn stover ( ). 401 
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3.3. Aerobic cultivation 403 

The dilute acid hydrolysate was used as the carbon source for aerobic cultivation. Figure 3 shows 404 

the concentrations of glucose and xylose during this aerobic cultivation. The M. indicus cells 405 

assimilated glucose within the first 24 h and then consumed xylose within the next 48 h. Also, the 406 

yields of ethanol and glycerol are presented in Figure 4. The ethanol yield was observed to increase 407 

to 0.45 g g-1 within the first 24 hours and then decreased to 0.38 g g-1 over the following 48 hours. 408 

The maximum glycerol yield was 26.6 mg g-1 and 36.0 mg g-1 after 24 h for synthetic media and 409 

dilute acid hydrolysate of corn stover, respectively. These results are consistent with the results 410 

obtained in the aerobic cultivation of M. indicus by other researchers [36, 50, 51]. However, in 411 

contrast to anaerobic cultivations, the ethanol yield in the presence of dilute acid hydrolysate was 412 

1.5 times more than in synthetic media, which is inline of the results presented by Lenartson et al. 413 

[69]. It is related to the presence of major inhibitors, i.e., HMF, furfural, and acetic acid, which are 414 

produced/released during dilute acid hydrolysis, that induce M. indicus cells to produce more 415 

ethanol instead of increasing their biomass [69].  416 

 417 
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Fig. 3. Sugar concentration (g L-1) during aerobic cultivation of M. indicus in synthetic media and dilute 419 

acid hydrolysate of corn stover. The symbols represent the: concentration of xylose in synthetic media  420 

( ), the concentration of xylose in the dilute acid hydrolysate of corn stover ( ), the concentration of glucose 421 

in synthetic media ( ), and the concentration of xylose in the dilute acid hydrolysate of corn stover ( ) 422 

 423 
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 428 

 429 

 430 

 431 

Fig. 4. Ethanol yield (g g-1) and glycerol yield (g g-1) during aerobic cultivation of M. indicus in synthetic 432 

media and dilute acid hydrolysate of corn stover. The symbols represent the: ethanol yield in synthetic 433 

media ( ), ethanol yield in the dilute acid hydrolysate of corn stover ( ), glycerol yield in cultivation on 434 

synthetic media ( ), and glycerol yield in cultivation on dilute acid hydrolysate of corn stover ( ). 435 

 436 

3.4. Biomass and lipid production in M. indicus cells 437 

The yields of produced biomass and extracted lipids of M. indicus cells during anaerobic and 438 

aerobic cultivation are presented in Table 1. In anaerobic cultivation, the biomass and lipid yields 439 

were 0.15 g g-1 and 30.60 mg g-1. These yields increased to 0.51 g g-1 and 151.30 mg g-1 in aerobic 440 

cultivation. These amounts met the results previously reported [48, 50] on the evaluation of 441 

biomass and lipid yield of M. indicus in different culture conditions. When grown in synthetic 442 
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media, the biomass and lipid yields were slightly higher than cultivated in dilute acid hydrolysate, 443 

either aerobically or anaerobically. Table 1 also shows that the lipid contents were comparable for 444 

different aeration conditions and carbon sources considered in the study.  445 

 446 

Table 1. The yield of produced biomass (g g-1 carbon source) and extracted lipid (mg g-1 carbon source), 447 

as well as lipid content (% wt) of M. indicus cells cultivated in aerobic and anaerobic cultivation 448 

Aeration 

conditions 

Carbon source 

Biomass yield 

(g g-1) 

Lipid content 

(% wt) 

Lipid yield       

(mg g-1) 

Anaerobic Glucose 0.15±0.01 20.40±0.70 30.60±0.31 

Aerobic Glucose and xylose 0.55±0.02 19.50±0.20 156.91±2.11 

Anaerobic Enzymatic hydrolysate 0.14±0.01 18.90±0.90 27.72±0.23 

Aerobic Dilute-acid hydrolysate 0.51±0.03 19.10±0.20 151.30±2.00 

 449 

3.4. Lipid extraction and biodiesel production 450 

The fatty acid composition of lipids extracted from M. indicus cells cultivated under aerobic 451 

conditions is depicted in Table 2. Stearic acid (53.6 %) was the dominant fatty acid, followed by 452 

palmitoleic acid (22.8 %). The content of other fatty acids, such as palmitic acid, linoleic acid, and 453 

nonadecanoic acid, were 13.5%, 6.2 %, and 4.3 %, respectively. Sattari et al. [48] reported linoleic 454 

acid as the dominant fatty acid in M. indicus cells, while dilute acid hydrolysate of rice straw was 455 

used as a carbon source. The length of fatty acids produced in M. indicus cells during fatty acid 456 

synthesis can be affected by various factors, such as the feedstock used, the pretreatment applied, 457 

the presence of inhibitors in the hydrolysate, and the presence of oxygen [48, 70, 71]. Stearic acid 458 

and palmitoleic acid, which are the main fatty acids found in the lipid extracted from M. indicus 459 

biomass, are particularly suitable for biodiesel production due to their low-temperature fluidity 460 

which leads to favorable cold flow and oxidative stability properties [72]. Therefore, the lipid 461 



extracted from M. indicus cells was transesterified by HCl/methanol to produce biodiesel. The 462 

yield of biodiesel was 54 %, according to Eq. 6.  463 

 464 

Table 2. The content of fatty acids containing in lipid extracted from M. indicus biomass 465 

Fatty acids Content (% wt) 

Palmitic acid (C16:0) 13.5 

Palmitoleic acid (C16:1) 22.8 

Stearic acid (C18:0) 53.6 

Linoleic acid (C18:2) 6.2 

Nonadecanoic acid (C18:3) 4.3 

 466 

3.5. Extraction of chitosan and determination of cell wall properties 467 

In addition to intracellular lipids, M. indicus cells synthesize chitosan in the cell walls, which is a 468 

highly valuable byproduct. Table 3 summarizes the results of chitosan, phosphate, AIM, GLcN, 469 

GLcNAc yields, and degree of deacetylation (DD) available in M. indicus cells cultivated 470 

aerobically in synthetic media and dilute acid hydrolysate of corn stover. According to the results 471 

(Table 3), 36 mg g-1 chitosan was extracted from M. indicus cells cultivated on dilute acid 472 

hydrolysate, and 35 mg g-1 chitosan was obtained from that cultivated on synthetic media. This 473 

result is in the range of extracted chitosan from M. indicus cells cultivated on different 474 

lignocellulosic feedstocks reported by other researchers [48, 55]. Also, the results of FTIR analysis 475 

showed that the extracted chitosan has identical spectra compared to standard chitosan. FTIR 476 

spectra are depicted in the Supplementary data.  477 

The yield of AIM was 162 mg and 179 mg per gram of M. indicus biomass cultivated in dilute 478 

acid hydrolysate and synthetic media, respectively. As can be seen in Table 4, the yields of GLcN 479 



and GLcNAc were 0.497 g and 0.175 g per gram of AIM for M. indicus cells cultivated in the 480 

dilute acid hydrolysate. On the other hand, GLcN and GLcNAc yields were 0.458 g and 0.142 g 481 

per gram of AIM for fungal cells cultivated in synthetic media. Generally, the higher amount of 482 

GLcN and GLcNAc in the cell wall corresponds to the higher content of chitosan and chitin, 483 

respectively [54]. In this work, the higher yield of GLcN than GLcNAc reported in Table 3 showed 484 

that chitin has been converted into chitosan during the aerobic cultivation of M. indicus cells. 485 

Also, the degree of deacetylation (DD) was 69 % for chitosan extracted from fungal cells cultivated 486 

in synthetic media and 65 % for those cultivated in dilute acid hydrolysate, according to Eq. 5. 487 

Chitosan DD, an important parameter that determines many biological and physiochemical 488 

properties of chitosan, was reported between 60 and 90 % in the related literature [54, 55]. The 489 

DD of extracted chitosan in this work is in the range of the reported values for commercial 490 

chitosan. 491 

 492 

Table 3. The yield of AIM (g g-1 biomass), chitosan, GLcNAc, and GLcN (g g-1 AIM) for M. 493 

indicus cells cultivated on synthetic media and dilute acid hydrolysate of corn stover 494 

 495 

Major cell wall ingredients yields 

and main properties 

M. indicus cultivated in 

synthetic media 

M. indicus cultivated in dilute acid 

hydrolysate of corn stover 

AIM yield (g g-1 biomass) 0.179±0.002 0.162±0.005 

Chitosan yield (g g-1 AIM) 0.035±0.002 0.036±0.002 

GLcNAc yield (g g-1 AIM) 0.142±0.011 0.175±0.021 

GLcN yield (g g-1 AIM) 0.458±0.043 0.497±0.054 

Phosphate (g g-1 AIM) 0.118±0.011 0.166±0.002 

Degree of deacetylation (DD %) 68.995±0.255 64.788±0.388 



3.6. Biogas production 496 

The biomass of M. indicus after lipid extraction was subjected to anaerobic digestion in order to 497 

produce biogas. To investigate the effect of lipid content on the biogas yield, M. indicus cells were 498 

also anaerobically digested before lipid extraction. The concentrations (vol basis) of methane and 499 

carbon dioxide produced during 40 days are reported in Fig. 5. As seen in Fig. 5, the concentrations 500 

of methane and carbon dioxide increased dramatically within 25 days and remained almost 501 

constant for the last 15 days. 502 

 The results in Fig. 5 showed that 439.4 and 393.9 mL g-1 VS methane were produced from whole 503 

and de-fatted cells of M. indicus, respectively. Also, 214.5 mL g-1 VS carbon dioxide was obtained 504 

from the anaerobic digestion of fungal biomass and 165.8 mL g-1 VS from the anaerobic digestion 505 

of defatted ones. 506 

The theoretical methane production yield from pure lipids, proteins, and carbohydrates are 1014, 507 

496, and 415 mL per g of volatile solids, respectively [73]. According to the composition of whole 508 

cells of M. indicus (lipid 20 %, protein 56 %, and carbohydrates 11 %), the theoretical yields of 509 

methane production were 526.2 mL g-1 VS  and 414.5 mL g-1 VS for whole and defatted cells 510 

(protein 66 % and carbohydrate 21 %) respectively. According to Fig. 5-b, 83 % of the theoretical 511 

methane production yield was achieved from de-fatted cells in this study. Karimi et al. [74] 512 

reported a methane production yield of 157.4 mL g-1 VS for fungal biomass while blended with 513 

lignocellulosic feedstock. The comparatively higher biomethane yield in the present study may be 514 

related to the favorable effects of the carbon/nitrogen nutrient requirement available in the fungal 515 

cell wall, i.e., GLcNAc, GLcN, and proteins.  516 

 So far, there have not been reported results that presented data for biogas production from de-517 

fatted M. indicus cells. 518 



 519 

 520 

Fig. 5. The yield of methane (ml/g VS) from whole cells of M. indicus (a) and defatted ones (b).  521 

 522 

3.7. Characterizing pretreated and enzymatically hydrolyzed corn stover as animal feed 523 

Standard parameters used to characterize animal feed that were measured for corn stover before 524 

and after pretreatment and hydrolysis are summarized in Table 4. According to the results, corn 525 

stover lost a considerable amount of carbohydrates after pretreatment and enzymatic hydrolysis. 526 

For example, the ADF content, which consists of cellulose and lignin, was 44.8 % for the pretreated 527 

and hydrolyzed corn stover compared to only 18.4 % for the raw corn stover. In addition, the lignin 528 

content increased 5.5 times compared to the raw corn stover. 529 

On the other hand, the lipid and protein content, which are essential parameters in the assessment 530 

of animal feed, significantly increased. The lipid was nine times higher and the protein content 531 

was twice as high in the pretreated and hydrolyzed corn stover compared to the raw corn stover. 532 

However, the energy content of the pretreated and hydrolyzed corn stover, as determined by 533 

parameters such as digestible energy (DE), metabolizable energy (ME), and net energy lactation 534 
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(NEL3x) was 2.3, 1.8, and 1.1 Mcal kg-1, respectively, while these parameters for raw corn stover 535 

were 2.9, 2.5 and 1.5, respectively. Nevertheless, due to the high content of lignin in pretreated 536 

and hydrolyzed corn stover, it is suggested to use it as a feed that has low nutritional value, such 537 

as straw. 538 

Table 4. Standard parameters of animal feed for pretreated and hydrolyzed corn stover vs. raw 539 

corn stover  540 

Unit Content 
Parameter 

Untreated corn stover Hydrolyzed corn stover 

% wt 93.5 96.5 Dry matter 

% wt 7.7 15.4 Crude protein 

% wt 1.9 9.3 Ether Extract 

% wt 0.6 5.7 Acid detergent insoluble crude protein 

(ADICP) 

% wt 2.6 6.6 Natural detergent insoluble crude protein 

(NDICP) 

% wt 18.4 44.8 Acid detergent fiber (ADF) 

% wt 39.5 49.5 Natural detergent fiber (NDF) 

% wt 5.0 27.6 Acid detergent lignin (ADL) 

% wt 47.5 24.0 Non-fibrous carbohydrates (NFC) 

% wt 66.5 51.2 Total digestible nutrient (TDN)  

% wt 6.1 8.4 Ash 

Mcal kg-1 2.9 2.3 Digestible energy (DE) 

Mcal kg-1 2.5 1.8 Metabolizable energy (ME) 

Mcal kg-1 1.5 1.1 Net energy lactation (NEL3x) 

 541 

  542 



3.8. Mass balance and biorefinery products classification  543 

In accordance with the biorefinery concept, corn stover was used to produce multiple high-value 544 

products, and the mass balance results are shown in Figure 6. One kg of corn stover, containing 545 

493 g glucan, 112 g xylan, 123 g lignin, and 57 g ash, was subjected to dilute acid pretreatment. 546 

After dilute acid pretreatment, 99 g xylose and 293 g glucose were released in the liquid phase, 547 

while 280 g glucan and 3 g xylan remained in the solid phase. The solid phase was hydrolyzed 548 

enzymatically to achieve 197 g glucose and then followed by the production of 74 g ethanol and 2 549 

g glycerol in the anaerobic cultivation of M. indicus cells. After anaerobic cultivation, the biomass 550 

of M. indicus was separated and subjected to dilute acid hydrolysate in the aerobic condition, which 551 

resulted in 129 g ethanol, 3.5 g glycerol, and 300 g fungal biomass. The obtained fungal biomass 552 

was divided into two parts with the same weights. One part was digested in an alkaline solution, 553 

resulting in 870 mg chitosan, while another was de-fatted and converted to 16 g biodiesel in 554 

HCl/MeOH. Finally, defatted fungal biomass was subjected to anaerobic digestion and produced 555 

2.8 L methane.  556 

Other studies that investigated the use of microbial lipids to create biodiesel [75, 76] have 557 

suggested using multiple types of microorganisms to produce biofuels. However, the current 558 

biorefinery has the advantage of using just one type of microorganism to produce all biofuels, as 559 

well as several valuable byproducts such as chitosan, glycerol, and animal feed. The viability of 560 

commercial biofuel production from corn stover is largely dependent on the production of these 561 

additional byproducts [3], making this integrated biorefinery a potentially suitable option." 562 

  563 
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 581 

Fig. 6. Mass balance over biorefining of corn stover by using M. indicus (based on the best results 582 

obtained) 583 

 584 

3.9. Socioeconomic analysis 585 

In Iran, a total amount of 2.7 million tons of corn stover was cultivated on 261,119 hectares in 586 

2020 [77]. In most cases, corn stover, as animal feed, is mainly harvested at 80-95% efficiency 587 

[78]. Therefore, it could be estimated the residue-to-product ratio (RPR) of ~0.10, leading to 588 
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remain 1.27 million tons of corn stover on the farmland as residue. According to  Eq. (9-10) and 589 

the factor of ground cover (fGC, 2.7 t ha-1) and residue collection efficiency (fCR, 0.35) [13], 197,742 590 

tons corn stover residue are collectable for biorefinery. By considering moisture content (fm, 0.2 w 591 

w-1), the amount of 158,194 tons dry corn stover residue is available for biorefining. The estimated 592 

biofuels, saved corresponded fossil fuels, and greenhouse gas reduction were subsequently 593 

determined and summarized in Table 5. Given the biofuel yields described in Figure 6, the annual 594 

volumes of bioethanol, biodiesel, and biogas production calculated using Eq. (11) are 40.7 million 595 

litters, 2.8 million m3, and 449.2 million m3, respectively. In the case of biodiesel, CO2 emission 596 

can be diminished by 2.7 million tons, whereas it could be reduced by 1.5 million tons for biogas 597 

production. Also, the ethanol produced in this biorefinery could prevent 58.3 thousand tons of CO2 598 

emission into the atmosphere. The data (Fig. 7) also shows that substituting biodiesel and 599 

biomethane for corresponding fossil fuels significantly reduced SCC by 127.7 million dollars and 600 

67.3 million dollars, respectively, while the reduction in SCC for replacing gasoline with 601 

bioethanol was estimated to be 2.6 million dollars. 602 

Table 5. The potential of produced biofuels from collectible corn stover residues and the amount 603 

of saved corresponded fossil fuels as well as a reduction in GHG emissions in Irana  604 

Biofuels Produced biofuels  
Saved corresponded fossil 

fuel b 

GHG reduction 

(million tons) 

Bioethano (million liters) 40.7 27.7 0.0583 

Biodiesel (million m3) 2.8 2.6 2.7 

Biomethane (million m3) 449.2 449.2 1.4 

a Well to wheel CO2 emission for biomethane and ethanol estimated to be 2.44 kg CO2/m3 methane [79], 1.91 kg CO2/l 605 
biodiesel [60] and 0.6 kg CO2/l ethanol [60]. Well to wheel CO2 emission for corn stover was estimated to be zero due 606 
to considering as zero waste.   607 
  608 
b A value of R equal to 0.68 l gasoline l -1 cellulosic ethanol, 0.91 l diesel l-1 biodiesel, and 1.00 m3 biomethane m3 609 
methane [60] 610 
 611 



 612 

Fig. 7. Substituting bioethanol, biodiesel, and biomethane for fossil fuels in Iran's transportation 613 

sector for the reduction in the total social cost of carbon dioxide (∆𝑆𝐶𝐶). 614 

 615 

5. Conclusions 616 

This study presents an integrated biorefinery for producing biofuels and valuable byproducts from corn 617 

stover via the integration of dilute acid pretreatment, enzymatic hydrolysis, and fermentation with a single 618 

microorganism. One of the main advantages of this biorefinery is its low acid consumption and short 619 

resident reaction time, as well as its ability to use non-detoxified hydrolysate because the M. indicus cells 620 

used in this process are resistant to inhibitor compounds present in the acid hydrolysate. The biorefinery 621 

approach outlined in this study also demonstrated a significant reduction in GHG emissions and a reduction 622 

in social costs. However, to have a complete circular process, complementary optimizations regarding the 623 

minimization of waste streams produced during the pretreated biomass naturalization, biodiesel and biogas 624 

production, as well as lipid and chitosan extraction are necessary. Besides, the corrosive properties of acids 625 

on material constructions along with the cost of enzymes are other challenges that may hinder the 626 

development of this biorefinery. Recycling and reusing (bio)chemicals used in the process, e.g., solvents, 627 

enzymes, and washing water, should be employed to reduce the negative impacts of produced wastes. Also, 628 
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performing the dilute acid pretreatment at a high solid loading can be reduced the corrosive effects of acids 629 

on the constructions. Moreover, further studies, including techno-economic analysis and life cycle 630 

assessment (LCA), are needed to comprehensively evaluate the potential of this biorefinery for 631 

commercialization. 632 

 633 

References 634 

 635 

[1] United Nation Climate Change. The World Needs a Swift Transition to Sustainable Energy. 636 
https://unfccc.int/news/the-world-needs-a-swift-transition-to-sustainable-energy;2021 637 
[accessed 19 January 2021].  638 

[2] Okoro OV, Sun Z, and Birch J. Meat processing waste as a potential feedstock for biochemicals 639 
and biofuels – A review of possible conversion technologies. Journal of Cleaner Production 640 
2017/01/20/ 2017; 142: 1583-608. https://doi.org/10.1016/j.jclepro.2016.11.141. 641 

[3] Aghaei S, Alavijeh MK, Shafiei M, and Karimi K. A comprehensive review on bioethanol 642 
production from corn stover: Worldwide potential, environmental importance, and 643 
perspectives. Biomass Bioenergy 2022; 161: 106447. 644 
https://doi.org/10.1016/j.biombioe.2022.106447. 645 

[4] Hanaki K and Portugal-Pereira J. The effect of biofuel production on greenhouse gas emission 646 
reductions. In: Takeuchi, K., Shiroyama, H., Saito, O., Matsuura, M. (eds) Biofuels and 647 
Sustainability. Tokyo: Springer; 2018, p. 53-71. https://doi.org/10.1007/978-4-431-54895-9_6. 648 

[5] IEA, Transport Biofuels. IEA, Paris CC BY 4.0, 2021. 649 
[6] Antizar‐Ladislao B and Turrion‐Gomez JL. Second‐generation biofuels and local bioenergy 650 

systems. Biofpr: Innovation for a sustainable economy 2008; 2: 455-69. 651 
https://doi.org/10.1002/bbb.97. 652 

[7] Okoro OV, Nie L, Podstawczyk D, and Shavandi A. Technoeconomic and Environmental 653 
Assessment of Alternative Biorefineries for Bioenergy and Polyphenolic Production from 654 
Pomace Biomass. BioEnergy Research 2022/11/01 2022;10.1007/s12155-022-10530-1. 655 

[8] Kamusoko R, Jingura RM, Parawira W, and Chikwambi Z. Strategies for valorization of crop 656 
residues into biofuels and other value‐added products. Biofpr 2021; 15: 1950-64. 657 
https://doi.org/10.1002/bbb.2282. 658 

[9] Vela-García N, Bolonio D, García-Martínez M-J, Ortega MF, Streitwieser DA, and Canoira L. Biojet 659 
fuel production from oleaginous crop residues: thermoeconomic, life cycle and flight 660 
performance analysis. Energy Convers. Manage. 2021; 244: 114534.  661 

[10] Qin L, Li X, Zhu J-Q, Li W-C, Xu H, Guan Q-M, et al. Optimization of ethylenediamine 662 
pretreatment and enzymatic hydrolysis to produce fermentable sugars from corn stover. Ind 663 
Crops Prod 2017; 102: 51-57. https://doi.org/10.1016/j.indcrop.2017.03.026. 664 

[11] Ruan Z, Wang X, Liu Y, and Liao W. Corn. In: Zhongli Pan, Ruihong Zhang, Steven Zicari, 665 
Integrated Processing Technologies for Food and Agricultural By-Products 666 

United States: Academic Press; 2019, p. 59-72. https://doi.org/10.1016/B978-0-12-814138-0.00003-4. 667 
[12] Berazneva J. Economic value of crop residues in African smallholder agriculture. 668 

2013;10.22004/ag.econ.150367. 669 

https://unfccc.int/news/the-world-needs-a-swift-transition-to-sustainable-energy;2021
https://doi.org/10.1016/j.jclepro.2016.11.141
https://doi.org/10.1016/j.biombioe.2022.106447
https://doi.org/10.1007/978-4-431-54895-9_6
https://doi.org/10.1002/bbb.97
https://doi.org/10.1002/bbb.2282
https://doi.org/10.1016/j.indcrop.2017.03.026
https://doi.org/10.1016/B978-0-12-814138-0.00003-4


[13] Alavijeh MK and Karimi K. Biobutanol production from corn stover in the US. Ind Crops Prod 670 
2019; 129: 641-53. https://doi.org/10.1016/j.indcrop.2018.12.054. 671 

[14] Sluiter A, Hayward T, Jurich C, Newman M, Templeton D, Ruth M, et al., Compositional 672 
variability among corn stover samples.  United States: NREL, 2000. 673 

[15] Bichot A, Lerosty M, Méchin V, Bernet N, Delgenès J-P, and Garcia-Bernet D. Evaluation of 674 
chemical-free microwave pretreatment on methane yield of two grass biomass with contrasted 675 
parietal content. Energy Convers. Manage. 2021; 229: 113746.  676 

[16] Kang X, Zhang Y, Lin R, Li L, Zhen F, Kong X, et al. Optimization of liquid hot water pretreatment 677 
on Hybrid Pennisetum anaerobic digestion and its effect on energy efficiency. Energy Convers. 678 
Manage. 2020; 210: 112718.  679 

[17] Chen X, Zhai R, Shi K, Yuan Y, Dale BE, Gao Z, et al. Mixing alkali pretreated and acid pretreated 680 
biomass for cellulosic ethanol production featuring reduced chemical use and decreased 681 
inhibitory effect. Ind Crops Prod 2018; 124: 719-25.  682 

[18] Guan M, Liu Q, Xin H, Jiang E, and Ma Q. Enhanced glucose production from cellulose and corn 683 
stover hydrolysis by molten salt hydrates pretreatment. Fuel Process. Technol. 2021; 215: 684 
106739.  685 

[19] Chen M, Zhao J, and Xia L. Comparison of four different chemical pretreatments of corn stover 686 
for enhancing enzymatic digestibility. Biomass Bioenergy 2009; 33: 1381-85. 687 
https://doi.org/10.1016/j.biombioe.2009.05.025. 688 

[20] Zhang K, Xu R, Abomohra AE-F, Xie S, Yu Z, Guo Q, et al. A sustainable approach for efficient 689 
conversion of lignin into biodiesel accompanied by biological pretreatment of corn straw. Energy 690 
Convers. Manage. 2019; 199: 111928. https://doi.org/10.1016/j.enconman.2019.111928. 691 

[21] Özdenkçi K, De Blasio C, Muddassar HR, Melin K, Oinas P, Koskinen J, et al. A novel biorefinery 692 
integration concept for lignocellulosic biomass. Energy Convers. Manage. 2017; 149: 974-87. 693 
https://doi.org/10.1016/j.enconman.2017.04.034. 694 

[22] Solarte-Toro JC, Romero-García JM, Martínez-Patiño JC, Ruiz-Ramos E, Castro-Galiano E, and 695 
Cardona-Alzate CA. Acid pretreatment of lignocellulosic biomass for energy vectors production: 696 
a review focused on operational conditions and techno-economic assessment for bioethanol 697 
production. Renewable Sustainable Energy Rev. 2019; 107: 587-601. 698 
https://doi.org/10.1016/j.rser.2019.02.024. 699 

[23] Hoang AT, Nizetic S, Ong HC, Chong CT, and Atabani A. Acid-based lignocellulosic biomass 700 
biorefinery for bioenergy production: Advantages, application constraints, and perspectives. J. 701 
Environ. Manage. 2021; 296: 113194.  702 

[24] Yong KJ and Wu TY. Second-generation bioenergy from oilseed crop residues: Recent 703 
technologies, techno-economic assessments and policies. Energy Convers. Manage. 2022; 267: 704 
115869. https://doi.org/10.1016/j.enconman.2022.115869. 705 

[25] Saral JS, Ajmal R, and Ranganathan P. Bioeconomy of hydrocarbon biorefinery processes. In: 706 
Sunil K. Maity, Kalyan Gayen, Tridib Kumar Bhowmick,Hydrocarbon Biorefinery. Elsevier; 2022, 707 
p. 355-85. https://doi.org/10.1016/B978-0-12-823306-1.00011-X. 708 

[26] Cherubini F. The biorefinery concept: using biomass instead of oil for producing energy and 709 
chemicals. Energy Convers. Manage. 2010; 51: 1412-21. 710 
https://doi.org/10.1016/j.enconman.2010.01.015. 711 

[27] Demirbas A. Biorefineries: Current activities and future developments. Energy Convers. Manage. 712 
2009; 50: 2782-801. https://doi.org/10.1016/j.enconman.2009.06.035. 713 

[28] Bbosa D, Mba‐Wright M, and Brown RC. More than ethanol: a techno‐economic analysis of a 714 
corn stover‐ethanol biorefinery integrated with a hydrothermal liquefaction process to convert 715 
lignin into biochemicals. Biofpr 2018; 12: 497-509. https://doi.org/10.1002/bbb.1866. 716 

https://doi.org/10.1016/j.indcrop.2018.12.054
https://doi.org/10.1016/j.biombioe.2009.05.025
https://doi.org/10.1016/j.enconman.2019.111928
https://doi.org/10.1016/j.enconman.2017.04.034
https://doi.org/10.1016/j.rser.2019.02.024
https://doi.org/10.1016/j.enconman.2022.115869
https://doi.org/10.1016/B978-0-12-823306-1.00011-X
https://doi.org/10.1016/j.enconman.2010.01.015
https://doi.org/10.1016/j.enconman.2009.06.035
https://doi.org/10.1002/bbb.1866


[29] Hoang AT. 2-Methylfuran (MF) as a potential biofuel: A thorough review on the production 717 
pathway from biomass, combustion progress, and application in engines. Renewable Sustainable 718 
Energy Rev. 2021; 148: 111265.  719 

[30] Hoang AT, Pandey A, Huang Z, Luque R, Ng KH, Papadopoulos AM, et al. Catalyst-based synthesis 720 
of 2, 5-dimethylfuran from carbohydrates as a sustainable biofuel production route. ACS 721 
Sustainable Chemistry & Engineering 2022; 10: 3079-115.  722 

[31] Hoang AT, Nižetić S, Ölçer AI, and Ong HC. Synthesis pathway and combustion mechanism of a 723 
sustainable biofuel 2, 5-Dimethylfuran: Progress and prospective. Fuel 2021; 286: 119337.  724 

[32] Kamm B and Kamm M. Principles of biorefineries. Appl. Microbiol. Biotechnol. 2004/04/01 2004; 725 
64: 137-45. 10.1007/s00253-003-1537-7. 726 

[33] Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D, et al., Determination of structural 727 
carbohydrates and lignin in biomass. Laboratory analytical procedure 728 

United States2010. 729 
[34] Abedinifar S, Karimi K, Khanahmadi M, and Taherzadeh MJ. Ethanol production by Mucor 730 

indicus and Rhizopus oryzae from rice straw by separate hydrolysis and fermentation. Biomass 731 
Bioenergy 2009; 33: 828-33. https://doi.org/10.1016/j.biombioe.2009.01.003. 732 

[35] Taherzadeh MJ and Karimi K. Acid-based hydrolysis processes for ethanol from lignocellulosic 733 
materials: a review. BioResources 2007; 2: 472-99.  734 

[36] Alavijeh RS, Karimi K, and van den Berg C. An integrated and optimized process for cleaner 735 
production of ethanol and biodiesel from corn stover by Mucor indicus. Journal of Cleaner 736 
Production 2020; 249: 119321. https://doi.org/10.1016/j.jclepro.2019.119321. 737 

[37] Karimi K, Shafiei M, and Kumar R. Progress in physical and chemical pretreatment of 738 
lignocellulosic biomass. In: Biofuel technologies. Springer; 2013, p. 53-96.  739 

[38] Adney B and Baker J, Measurement of cellulase activities: laboratory analytical procedure (LAP). 740 
National Renewable Energy Laboratory. Technical Report2008. 741 

[39] Salehian P and Karimi K. Alkali pretreatment for improvement of biogas and ethanol production 742 
from different waste parts of pine tree. Ind. Eng. Chem. Res. 2013; 52: 972-78. 743 
https://doi.org/10.1021/ie302805c. 744 

[40] AOAC Official Method. AOAC 930.15-1930(1999), Loss on drying (Moisture) for feeds 745 
http://www.aoacofficialmethod.org/index.php?main_page=product_info&cPath=1&products_i746 
d=2702;1999 [accessed 3 January 2023].  747 

[41] AOAC Official Method. AOAC 942.05-1943, Ash of animal feed. 748 
http://www.aoacofficialmethod.org/index.php?main_page=advanced_search_result&search_in749 
_description=1&keyword=942.05&x=8&y=8;1943 [accessed 3 January 2023].  750 

[42] AOAC Official Method. AOAC 920.39-1920, Fat (crude) or ether extract in animal feed. 751 
http://www.aoacofficialmethod.org/index.php?main_page=advanced_search_result&search_in752 
_description=1&keyword=920.39&x=9&y=8;1920 [accessed 3 January 2023].  753 

[43] Theodorou MK and France J. Feeding systems and feed evaluation models. 1th ed. UK: CABI 754 
Pub.; 2000.  755 

[44] Soest PV and Wine R. Use of detergents in the analysis of fibrous feeds. IV. Determination of 756 
plant cell-wall constituents. J AOAC 1967; 50: 50-55. https://doi.org/10.1093/jaoac/50.1.50. 757 

[45] Cornell CALS. Cornell Net Carbohydrate and Protein System 758 

 2022 [accessed November 2021].  759 
[46] Council NR. Nutrient requirements of dairy cattle. 7th rev. ed. Washington: National Academies 760 

Press; 2001.  761 

https://doi.org/10.1016/j.biombioe.2009.01.003
https://doi.org/10.1016/j.jclepro.2019.119321
https://doi.org/10.1021/ie302805c
http://www.aoacofficialmethod.org/index.php?main_page=product_info&cPath=1&products_id=2702;1999
http://www.aoacofficialmethod.org/index.php?main_page=product_info&cPath=1&products_id=2702;1999
http://www.aoacofficialmethod.org/index.php?main_page=advanced_search_result&search_in_description=1&keyword=942.05&x=8&y=8;1943
http://www.aoacofficialmethod.org/index.php?main_page=advanced_search_result&search_in_description=1&keyword=942.05&x=8&y=8;1943
http://www.aoacofficialmethod.org/index.php?main_page=advanced_search_result&search_in_description=1&keyword=920.39&x=9&y=8;1920
http://www.aoacofficialmethod.org/index.php?main_page=advanced_search_result&search_in_description=1&keyword=920.39&x=9&y=8;1920
https://doi.org/10.1093/jaoac/50.1.50


[47] Millati R, Edebo L, and Taherzadeh MJ. Performance of Rhizopus, Rhizomucor, and Mucor in 762 
ethanol production from glucose, xylose, and wood hydrolyzates. Enzyme Microb. Technol. 763 
2005; 36: 294-300. https://doi.org/10.1016/j.enzmictec.2004.09.007. 764 

[48] Satari B, Karimi K, and Zamani A. Oil, chitosan, and ethanol production by dimorphic fungus 765 
Mucor indicus from different lignocelluloses. J. Chem. Technol. Biotechnol. 2016; 91: 1835-43. 766 
https://doi.org/10.1002/jctb.4776. 767 

[49] Satari B and Karimi K. Mucoralean fungi for sustainable production of bioethanol and biologically 768 
active molecules. Appl. Microbiol. Biotechnol. 2018; 102: 1097-117. 769 
https://doi.org/10.1007/s00253-017-8691-9. 770 

[50] Sharifyazd S and Karimi K. Effects of fermentation conditions on valuable products of ethanolic 771 
fungus Mucor indicus. Electron. J. Biotechnol. 2017; 30: 77-82. 772 
https://doi.org/10.1016/j.ejbt.2017.09.003. 773 

[51] Karimi K, Kheradmandinia S, and Taherzadeh MJ. Conversion of rice straw to sugars by dilute-774 
acid hydrolysis. Biomass Bioenergy 2006; 30: 247-53. 775 
https://doi.org/10.1016/j.biombioe.2005.11.015. 776 

[52] Bligh EG and Dyer WJ. A rapid method of total lipid extraction and purification. Canadian journal 777 
of biochemistry and physiology 1959; 37: 911-17. https://doi.org/10.1139/o59-099. 778 

[53] Naghdi M, Zamani A, and Karimi K. A sulfuric–lactic acid process for efficient purification of 779 
fungal chitosan with intact molecular weight. Int. J. Biol. Macromol. 2014; 63: 158-62. 780 
https://doi.org/10.1016/j.ijbiomac.2013.10.042. 781 

[54] Mohammadi M, Zamani A, and Karimi K. Determination of glucosamine in fungal cell walls by 782 
high-performance liquid chromatography (HPLC). J. Agric. Food. Chem. 2012; 60: 10511-15. 783 
https://doi.org/10.1021/jf303488w. 784 

[55] Abasian L, Shafiei Alavijeh R, Satari B, and Karimi K. Sustainable and effective chitosan 785 
production by dimorphic fungus Mucor rouxii via replacing yeast extract with fungal extract. 786 
Appl. Biochem. Biotechnol. 2020; 191: 666-78. https://doi.org/10.1007/s12010-019-03220-w. 787 

[56] Laurens LM, Quinn M, Van Wychen S, Templeton DW, and Wolfrum EJ. Accurate and reliable 788 
quantification of total microalgal fuel potential as fatty acid methyl esters by in situ 789 
transesterification. Anal. Bioanal. Chem. 2012; 403: 167-78. https://doi.org/10.1007/s00216-790 
012-5814-0. 791 

[57] Kılıç M, Uzun BB, Pütün E, and Pütün AE. Optimization of biodiesel production from castor oil 792 
using factorial design. Fuel Process. Technol. 2013; 111: 105-10. 793 
https://doi.org/10.1016/j.fuproc.2012.05.032. 794 

[58] Hansen TL, Schmidt JE, Angelidaki I, Marca E, la Cour Jansen J, Mosbæk H, et al. Method for 795 
determination of methane potentials of solid organic waste. Waste Manage. (Oxford) 2004; 24: 796 
393-400. https://doi.org/10.1016/j.wasman.2003.09.009. 797 

[59] Sabzalian MR, Saeidi G, and Mirlohi A. Oil content and fatty acid composition in seeds of three 798 
safflower species. J. Am. Oil Chem. Soc. 2008; 85: 717-21. https://doi.org/10.1007/s11746-008-799 
1254-6. 800 

[60] Alavijeh MK and Yaghmaei S. Biochemical production of bioenergy from agricultural crops and 801 
residue in Iran. Waste Manage. (Oxford) 2016; 52: 375-94. 802 
https://doi.org/10.1016/j.wasman.2016.03.025. 803 

[61] Asadi N, Alavijeh MK, and Zilouei H. Development of a mathematical methodology to investigate 804 
biohydrogen production from regional and national agricultural crop residues: A case study of 805 
Iran. Int. J. Hydrogen Energy 2017; 42: 1989-2007. 806 
https://doi.org/10.1016/j.ijhydene.2016.10.021. 807 

[62] Zhang J, Wang X, Chu D, He Y, and Bao J. Dry pretreatment of lignocellulose with extremely low 808 
steam and water usage for bioethanol production. Bioresour. Technol. 2011; 102: 4480-88.  809 

https://doi.org/10.1016/j.enzmictec.2004.09.007
https://doi.org/10.1002/jctb.4776
https://doi.org/10.1007/s00253-017-8691-9
https://doi.org/10.1016/j.ejbt.2017.09.003
https://doi.org/10.1016/j.biombioe.2005.11.015
https://doi.org/10.1139/o59-099
https://doi.org/10.1016/j.ijbiomac.2013.10.042
https://doi.org/10.1021/jf303488w
https://doi.org/10.1007/s12010-019-03220-w
https://doi.org/10.1007/s00216-012-5814-0
https://doi.org/10.1007/s00216-012-5814-0
https://doi.org/10.1016/j.fuproc.2012.05.032
https://doi.org/10.1016/j.wasman.2003.09.009
https://doi.org/10.1007/s11746-008-1254-6
https://doi.org/10.1007/s11746-008-1254-6
https://doi.org/10.1016/j.wasman.2016.03.025
https://doi.org/10.1016/j.ijhydene.2016.10.021


[63] Mittal A, Vinzant TB, Brunecky R, Black SK, Pilath HM, Himmel ME, et al. Investigation of the role 810 
of lignin in biphasic xylan hydrolysis during dilute acid and organosolv pretreatment of corn 811 
stover. Green Chemistry 2015; 17: 1546-58.  812 

[64] Karimi K and Taherzadeh MJ. A critical review of analytical methods in pretreatment of 813 
lignocelluloses: composition, imaging, and crystallinity. Bioresour. Technol. 2016; 200: 1008-18.  814 

[65] Karimi K, Emtiazi G, and Taherzadeh MJ. Production of ethanol and mycelial biomass from rice 815 
straw hemicellulose hydrolyzate by Mucor indicus. Process Biochem. 2006; 41: 653-58. 816 
https://doi.org/10.1016/j.procbio.2005.08.014. 817 

[66] Wyman C. Handbook on bioethanol: production and utilization. United States: CRC press; 1996.  818 
[67] Golias H, Dumsday GJ, Stanley GA, and Pamment NB. Evaluation of a recombinant Klebsiella 819 

oxytoca strain for ethanol production from cellulose by simultaneous saccharification and 820 
fermentation: comparison with native cellobiose-utilising yeast strains and performance in co-821 
culture with thermotolerant yeast and Zymomonas mobilis. J. Biotechnol. 2002; 96: 155-68. 822 
https://doi.org/10.1016/S0168-1656(02)00026-3. 823 

[68] Karimi K, Emtiazi G, and Taherzadeh MJ. Ethanol production from dilute-acid pretreated rice 824 
straw by simultaneous saccharification and fermentation with Mucor indicus, Rhizopus oryzae, 825 
and Saccharomyces cerevisiae. Enzyme Microb. Technol. 2006; 40: 138-44. 826 
https://doi.org/10.1016/j.enzmictec.2005.10.046. 827 

[69] Lennartsson PR, Karimi K, Edebo L, and Taherzadeh MJ. Effects of different growth forms of 828 
Mucor indicus on cultivation on dilute-acid lignocellulosic hydrolyzate, inhibitor tolerance, and 829 
cell wall composition. J. Biotechnol. Sep 25 2009; 143: 255-61. 830 
https://doi.org/10.1016/j.jbiotec.2009.07.011. 831 

[70] Laoteng K, Čertík M, and Cheevadhanark S. Mechanisms controlling lipid accumulation and 832 
polyunsaturated fatty acid synthesis in oleaginous fungi. Chem. Pap. 2011; 65: 97-103. 833 
https://doi.org/10.2478/s11696-010-0097-4. 834 

[71] Karimi K and Zamani A. Mucor indicus: biology and industrial application perspectives: a review. 835 
Biotechnol. Adv. 2013; 31: 466-81. https://doi.org/10.1016/j.biotechadv.2013.01.009. 836 

[72] Cao Y, Liu W, Xu X, Zhang H, Wang J, and Xian M. Production of free monounsaturated fatty 837 
acids by metabolically engineered Escherichia coli. Biotechnol. Biofuels 2014; 7: 1-11. 838 
https://doi.org/10.1186/1754-6834-7-59. 839 

[73] Schmidt T, McCabe B, and Harris P. Process monitoring and control for an anaerobic covered 840 
lagoon treating abattoir wastewater. Chem Eng Technol 2018; 41: 755-60. 841 
https://doi.org/10.1002/ceat.201700391. 842 

[74] Karimi S and Karimi K. Efficient ethanol production from kitchen and garden wastes and biogas 843 
from the residues. Journal of Cleaner Production 2018; 187: 37-45. 844 
https://doi.org/10.1016/j.jclepro.2018.03.172. 845 

[75] Morikawa Y, Zhao X, and Liu D. Biological co-production of ethanol and biodiesel from wheat 846 
straw: a case of dilute acid pretreatment. RSC Adv. 2014; 4: 37878-88. 847 
https://doi.org/10.1039/C4RA07251K. 848 

[76] Vasaki M, Sithan M, Ravindran G, Paramasivan B, Ekambaram G, and Karri RR. Biodiesel 849 
production from lignocellulosic biomass using Yarrowia lipolytica. Energy Conversion and 850 
Management: X 2022; 13: 100167. https://doi.org/10.1016/j.ecmx.2021.100167. 851 

[77] Iran’s Ministry of Agriculture. Agricultural statistics of  crops - first volume. https://maj.ir/page-852 
amar/FA/65/form/pId3352#;2022 [accessed 23 November 2022].  853 

[78] Wikifarmer. Yield, Harvest and Post-harvest handling of Maize. https://wikifarmer.com/yield-854 
harvest-and-post-harvest-handling-of-maize/;2023 [accessed 17 Feb 2023].  855 

https://doi.org/10.1016/j.procbio.2005.08.014
https://doi.org/10.1016/S0168-1656(02)00026-3
https://doi.org/10.1016/j.enzmictec.2005.10.046
https://doi.org/10.1016/j.jbiotec.2009.07.011
https://doi.org/10.2478/s11696-010-0097-4
https://doi.org/10.1016/j.biotechadv.2013.01.009
https://doi.org/10.1186/1754-6834-7-59
https://doi.org/10.1002/ceat.201700391
https://doi.org/10.1016/j.jclepro.2018.03.172
https://doi.org/10.1039/C4RA07251K
https://doi.org/10.1016/j.ecmx.2021.100167
https://maj.ir/page-amar/FA/65/form/pId3352#;2022
https://maj.ir/page-amar/FA/65/form/pId3352#;2022
https://wikifarmer.com/yield-harvest-and-post-harvest-handling-of-maize/;2023
https://wikifarmer.com/yield-harvest-and-post-harvest-handling-of-maize/;2023


[79] Sujith Kollamthodi JN, Craig Dun, Charlotte Brannigan, Fiona Twisse, Marius Biedka, Judith 856 
Bates, The role of natural gas and biomethane in the transport sector. Richardo Energy and 857 
Environment2016. 858 

 859 


