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Abstract

:

Ulva rigida seaweed is constituted by ulvan, which is a sulfated polysaccharide with uses in a wide variety of applications. After the ulvan-oriented extraction process, a crystalline and recalcitrant residue, the so-called pulp, appears. In this work, this residue was valorized through a multiple-stage process. The total processing of the algae consists of hot water extraction, acid hydrolysis, ABE fermentation, and distillation in order to obtain not only ulvan but also butanol and bioethanol to be used as biofuels by simulating two third-generation algae-based biorefineries in Aspen Plus v10 software. Third-generation plants do not compete with food and algae biomass, and they do not require delignification nor pretreatment steps, which are usually the bottleneck of second-generation plants. A plant producing butanol as biofuel together with diluted ulvan, acetone, and ethanol as byproducts was modelled in Aspen Plus software. Regarding the profitability of the investment, the plants producing bioethanol and butanol were economically feasible. The economic parameters for the bioethanol and butanol plants were as follows: NPV equal to 27.66 M$ and 16.67 M$, and IRR equal to 46% and 37%, respectively. The discounted return period was acceptable for these types of plants, which were 4.11 and 3.16 years for the ABE biorefinery and the bioethanol biorefinery, respectively.
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1. Introduction


Land use and groundwater consumption for food, energetic, or industrial purposes are becoming a problem that will increase in the next decades. The world population is projected to reach 8.5 billion in 2030 and to increase further to 9.7 billion in 2050 and 11.2 billion by 2100 [1]. Major changes in land use that impact groundwater are taking place because of population growth, increasing food demands, and expanding biofuel cultivation [2]. While policies have focused mainly on terrestrial biomass, marine crops have long been recognized for their low land use or groundwater consumption; GHG abatement potential and their ability to absorb CO2; their efficiency in utilizing wastewater macronutrients such as nitrogen and phosphorous; their rapid growth in comparison with forestry biomass; and their low lignin content avoiding the pretreatment step, which is usually the bottleneck of second-generation lignocellulosic biorefineries [3,4]. Another advantage of algae is related to the water footprint, which is lower than other lignocellulosic resources such as sugar beet, alfalfa, sugarcane, maize, sorghum, or soybean. Algal biofuel may use 40–16,000 L of water per liter of fuel; however, this value changes dramatically if algal production is designed to use wastewater [5].



Apart from the production of biofuels, green seaweeds are cultivated mainly as a raw material for the food industry, for use as fertilizers and for the extraction of hydrocolloids or the so-called phycocolloids [6]. One of the main phycocolloids is ulvan, and it can be extracted from Ulva rigida macroalgae. Ulvan is a sulfated polysaccharide that contains L-rhamnose, D-glucose, and D-xylose in a molar ratio of 4:0.1:0.3, and uronic acids D-glucuronic and L-iduronic in a molar ratio of 1.0:0.2 [7]. Among the different sulfate polysaccharides (carragenans in red algae or fucoidans in brown algae), ulvans from green algae are by far the least studied [8,9]. Ulvan displays several physico-chemical and biological features of potential interest for food, pharmaceutical, and agricultural applications. Moreover, sulfated polysaccharides (SPs) exhibit beneficial biological activities such as anticoagulant, antiviral, antioxidative, anti-tumor, immunomodulating, antihyperlipidemic, and antihepatotoxic effects, potentiating its use in pharmaceutical application [8,10,11,12]. There is no clear consensus regarding adequate SP composition or analytical procedures. Therefore, the exact chemical structure and composition as well as the molecular weight of ulvan is not well known [13]. Such deep analysis is necessary due to the complex structure of the seaweed cell wall that apart from ulvan is composed by cellulose, glucuronan, xyloglucan, and the presence of starch inside the cell, as represented in Figure 1. Although hot water extraction at neutral pH is a selective process providing ulvan-rich extracts, this is the first time where co-elution of the heteropolysaccharides has been considered.



In this work, two different biorefinery approaches were studied. One of them produced not only ulvan but also ABE fermentation for acetone, butanol, and ethanol production. In the second one, ulvan and bioethanol were produced. In order to obtain the monomers as the principal precursors of all products, they were extracted from the seaweed and determined by high-performance liquid chromatography coupled with refractive index detector (HPLC-RID). Considering the high content of neutral sugars presented in the U. rigida, this feedstock was used in this work as a perfect candidate for a sugar-based third-generation biorefinery.



Characterization of polysaccharides and monomers presented in the U. rigida is crucial in this research where two third-generation biorefinery models based on biological conversion of sugars are presented. Once the models were set up, an economic analysis of the two proposed biorefineries was carried out by determining production costs and revenues as well as the net present value (NPV) and the internal return rate (IRR). Finally, a sensitivity analysis with respect to the algae price and the selling price of ethanol and butanol was developed.




2. Materials and Methods


2.1. Seaweed Conditioning and Extractives Analysis


Fresh algae of Ulva rigida provided by the INVESTALGA AHTI S.L. company was used in this work. Seaweed was milled and sieved using a vibrating sieve (Retsch). Then, seaweed was washed three times with ultrapure water and oven-dried at 105 °C for 24 h. Ash at 575 °C and 900 °C were also determined.



Extractives were determined according to the standard UNE-EN ISO 14453:2014 by an extraction with acetone as solvent using a Soxhlet apparatus. Acetone was used as the solvent, and the total extraction time was 72 h.




2.2. Holocellulose, Seifert Cellulose, and Alfa-Cellulose


Holocellulose, which is the sum of cellulose and hemicellulose, was obtained following Wise’s chlorite method [16,17]. The sample was treated with water and sodium chlorite in an acid medium achieved by the addition of some drops of acetic acid. The mixture was heated at 75–80 °C using a water bath. The procedure was repeated three times until the sample was bleached. Then, the sample was cooled, filtered, and washed with water and acetone, dried, and weighed.



Total cellulose was determined by using the Seifert method [18] using the sample free of extractives and after holocellulose treatment. A total of 2 g of sample was mixed with 12 mL of acetone, 4 mL of 1,4-dioxane, and 3 mL of 35% HCl. The mixture was heated to boiling point and condensed for 35 min. Then, the mixture was cooled and underwent filtered washing with 100 mL of methanol, 300 mL of water, and 100 mL of acetone. After filtering and washing, the cellulose cake was dried and weighed.



Cellulose determined as alpha-cellulose was measured according to the method of Cruz et al. [19]. A total of 0.1 g of sample after holocellulose treatment was weighed and extracted consecutively with 17.5% and 9.45% sodium hydroxide solutions at 25 °C. The soluble fraction, consisting of beta- and gamma-cellulose, was determined volumetrically by oxidation with potassium dichromate, and the alpha-cellulose (insoluble fraction) was derived by difference.




2.3. Monomer Quantification


The first step was to depolymerize the cell wall polysaccharides of the algae. The methodology most widely used for this purpose is methanolysis [9]. Nevertheless, in a previous study, the authors stated that the major release was observed by acid hydrolysis with 2 M HCl at 100 °C after 6 h of treatment [20]. Once the hydrolyzates were obtained, monomers coming from ulvan, glucuronan, cellulose, and xyloglucan were quantified in the HPLC/RID (Shimadzu Prominence LGE-UV low-pressure gradient system) using the methodology of Llano et al. [21]. In Figure 2, a block diagram with all steps followed in this work for algae characterization is shown.




2.4. Aspen Plus Modelling of the ABE Process


The factory model was performed in Aspen Plus v10 software. Freshly washed algae was introduced as the input stream. Compounds analyzed in this research were introduced in the feed stream. The thermodynamic method chosen was the non-random two-liquid model (NRTL), which correlates and calculates the mole fractions and activity coefficients of inlet and formed compounds. NRTL is appropriate for liquid–liquid (LLE), vapor–liquid (VLE), and vapor–liquid–liquid (VLL) equilibriums. Furthermore, NRTL permits model azeotropes, as in this model, there is an azeotrope between butanol (58% w/w) and water (42% w/w).



Inlet flux of fresh algae and water streams were set in 50,000 kg/h, considering the plant sizes found in the literature [22,23]. Both streams were introduced at room temperature. Ulvan extraction was carried out following experimental conditions developed by the authors in collaboration with the enterprise INVESTALGA AHTI SL that was based on previous studies of Pezoa et al. [9]. After the hot water extraction stage (under confidential conditions protected by the enterprise), diluted ulvan was separated from a stream composed by xyloglucan, glucuronan, and cellulose. Such a mixture of hemicellulose and cellulose was depolymerized through a two-step acid hydrolysis previously developed by the authors [24] and tested in recalcitrant biomass resources such as pulp (algae residue), wood, and textile cellulose. Reactions occurring in the stoichiometric reactors of hydrolysis and fermentation are described in Table 1. The extent of reactions was chosen from the literature [25,26,27].



Fermentation and purification stages were not carried out in the laboratory. ABE fermentation was performed at 35 °C using C. acetobutylicum and adjusting the pH at 6–7 with NaOH [28,29]. Under these conditions, sodium sulfate precipitates and is separated from the sugar substrate.



The last stage was the product separation and purification of ethanol and butanol for selling them as biofuels. This stage consists of a solid–liquid separation unit, one flash unit, and five distillation columns with a partial condenser. Such a complex system is required for selling butanol as a biofuel [28,30,31]. Acetone is separated at the second column, whereas a third column was required to overcome the azeotrope formed between water and butanol, using oleic alcohol as the extractant [28,30].




2.5. Aspen Plus Modelling of the Bioethanol Process


The model of the bioethanol biorefinery comprises the stages of ulvan hot water extraction, the polysaccharides cleavage by acid hydrolysis with H2SO4, detoxification using Ca(OH)2, fermentation with Z. mobilis, and a purification step through distillation and dehydration with molecular sieves.



The thermodynamic method selected for making calculations in the Aspen Plus software was POLYNRTL, which is a model that permits the calculation of activity coefficients of non-ideal liquid mixtures that permits modelling the azeotrope mixture of ethanol–water. The use of POLYNRTL instead of NRTL as used in the ABE process (described in Section 2.4) is that non-random two-liquids is recommended for working under 10 atm, and the acid hydrolysis simulated occurs between 12 and 15 atm. POLYNRTL includes the Redlich–Kwong state equation, which is adequate for the vapor phase under moderate pressure. The plant size was the same as the ABE and was fed with 50,000 kg/h of U. rigida.



Two-step acid hydrolysis was performed: a first hydrolysis (170 °C and 12 atm) for breaking down hemicelluloses and xyloglucan and a second hydrolysis (200 °C and 15 atm) for breaking down the recalcitrant cellulose into glucose monomers. The extent of the reaction was taken from the literature [25,26]. The next step was detoxification to remove fermentation inhibitors, which are sugar degradation compounds (mostly carboxylic acids and furfurals) caused by the high pressures and temperatures reached in the hydrolysis step. Among the detoxification alternatives previously tested by the authors, the best one and also the one applied in this work was oveliming at pH 10 using Ca(OH)2 at 30 °C, which has already been tested in lignocellulosic hydrolyzates [32,33], assuming a total inhibitor degradation of 50%, together with 11.2% of sugar losses. Before the fermentation step, the pH was adjusted to 5.0. Fermentation was carried out using Z. mobilis under atmospheric anaerobic conditions at 38 °C, providing glucose and xylose conversions into ethanol of 0.92 and 0.8, respectively [34]. Hydrolysis and fermentation reactions are shown in Table 2.



The last step of the model was the purification of ethanol that includes distillation columns and, due to the azeotrope formed at 95.6% of ethanol, molecular sieves were used, although their capital costs are high because they are more energy efficient than azeotropic and/or extractive distillation [35].




2.6. Economic Assessment


After the simulation was complete, from the mass balances obtained from the process, it was possible to evaluate the costs from the production and estimate a return period.



To estimate cost production, the method described in Towler and Sinnot was used [32]. This method estimates the cost of construction and installation of every equipment from the flowsheet. It uses the following expression (Equation (1)):


   C e  = a + b  S n   



(1)




where Ce is the cost of the equipment ($); a and b are cost constants, which value depends on the equipment being evaluated; S is a size parameter, obtained from the simulation that depends on the equipment that is being evaluated; and n is an exponent that also depends on the equipment. The values obtained from this method were estimated using carbon steel as a material to update this value and use it for stainless steel; this method has been previously used to evaluate biorefinery plants [36,37,38]. Using Equation (1), we estimated the inside battery limits (ISBL), which consider all the equipment used in the flowsheet, to estimate the outside battery limits (OSBL), wherein a factor of 0.5 of the ISBL was chosen. OSBL takes into consideration the initial expenses derived from buildings and equipment, other than the one shown in the flowsheet. Additional cost estimations included were obtained from the literature [39]. These costs were as follows: Engineering costs between 30% and 10% of the sum of ISBL and OSBL; contingency charges were also considered to allow changes in the initial budget, and they were assumed to be 10% of the sum of the ISBL and OSBL. Capital investment cost (CAPEX) was calculated as the sum of ISBL, OSBL, engineering costs, and contingency charges multiplied by a factor of 1.15 for new and unproven processes, recommended by Towler and Sinnot [36].



Production costs were calculated by factors obtained from the bibliography. A total of 344 working days were considered, and 31 days were chosen as maintenance and cleaning of the plant. Personal costs were calculated by considering 20 workers to cover 3 shifts of 8 h per day and with a wage of 1.15 times the minimum wage from Spain (EUR 1050/month). Additional costs regarding human resources were also considered, such as supervision costs (25% of the personal costs) and social security and insurance (50% of personal plus supervision costs); the total working capital was the sum of the three costs. Maintenance costs were 4% of the ISBL costs, property taxes accounted for 1.5% of the ISBL, and the rent of the land was considered to be 1.5% of the ISBL plus OSBL costs. Additional environmental charges accounted for 1% of the sum of the ISBL and OSBL costs. Utility costs were obtained directly from the model. Raw material costs were calculated according to a base case of 50,000 Kg/h.



Economic analysis was carried out considering the net present value (NPV) (Equation (2)) and the internal return rate (IRR).


  N P V =   ∑   i = 0  t     Q i        1 + i    n    − C A P E X  



(2)




where Qi are the cash flows for each year; i is the rate of return; and n is the period considered, in years. If the NPV > 0, the investment can be recovered; if NPV < 0, the investment cannot be recovered; and if NPV = 0, the investment is not recovered but there are not loses. The IRR is the percentage of recovery of the investment.



To estimate the time to recover the investment, the discounted payback period was chosen. This method uses the discounted cash flows obtained from the calculation of the NPV. The discounted payback period (DPP) is the year that NPV changes from negative to positive. If the return period is not even, Equation (3) is used.


  D P P = t +   A b s    C  Q t      Q   



(3)




where t is the year where NPV changes its sign; Q is the annual cash flow for year t; and CQt is the cumulative discounted cashflow for year t.





3. Results


3.1. Characterization Results of the Green Seaweed


The U. rigida used in this work was composed of ash (17.9–18.8%), extractives (3.4%), cellulose (10.2%), and hemicellulose (17.8%). The neutral sugars detected were, in descending order, rhamnose (8%), glucose (6.8%), and xylose (3.8%). Uronic acids coming from the ulvan sulfate polysaccharide were glucuronic acid (2.4%) and iduronic acid (4.3%). Finally, the ulvan content and xyloglucan found in the seaweed were 24.0% and 5.2%, respectively.



The pulp coming from the hot water extraction was also analyzed, and these data were also introduced into the model. As ulvan was already extracted in the hot water extraction step, the pulp contained mostly hemicellulose (20.5%), cellulose (15.9%), and xyloglucan (12.0%).




3.2. Results of the Two Sugar Biorefinery Models


Regarding the ABE plant (Figure 3), the simulation resulted in production rates of 2667 kg/h of butanol with a purity of 99.8%. Purities higher than 99.5% are enough to be used as a fuel [31]. The ABE biorefinery also co-produced 678 kg/h of acetone (purity of 82%) and 41 kg/h of ethanol at 98% purity. Similar results were found in the literature, giving 4575 kg/h of butanol at 96% from 45,631 kg/h of U. lactuca seaweed [40]. Such an amount of butanol is higher than that obtained in this research due to the thermochemical conversion instead of the use of a biological process, but the purity is not quite enough for biofuel purposes. Another work used a biochemical route, obtaining 1638 kg/h of pure butanol using sweat sorghum as a feedstock [41]. Haigh et al. [28] studied different lignocellulosic raw materials with a fermentation process producing butanol in the range of 2838 and 3202 kg/h, which is very similar that obtained in this work.



Regarding the bioethanol plant (Figure 4), production rates of 8207 kg/h were obtained from the simulation. After the purification step using distillation coupled with molecular sieves, ethanol reached 99.5% purity, which is adequate to be used as a biofuel. Hydrolysis yield was around 0.476 g sugars/g pulp, and the fermentation yield was 0.192 g ethanol/g pulp.




3.3. Economic Analysis


Initially, the results from the application of the estimation cost method were shown—first, the initial investment estimation, and then the production costs and the revenues from the main products obtained. Figure 5 shows the initial investment estimation results. As can be seen in Figure 5, the biorefinery option with the highest investment costs was the bioethanol plant. We concluded that the main bottleneck was the purification process. The section that contributed the most to the initial investment estimation was the ISBL, which was related to the expenses from the construction of the plant. On the contrary, the section that contributed less was contingency, since it was destined to have unexpected expenses. The estimated investment costs for ABE and bioethanol biorefineries were 22.25 M$ and 25.71 M$, respectively.



To obtain the economic parameters used for the assessment of the plant, production costs and revenues should be estimated. Table 3 shows the production costs and revenues.



The plant with the highest production costs was the ABE biorefinery, and the section that contributed the most to the production costs was the utilities. Utility costs are associated with electricity, cooling water, and steam. ABE fermentation uses many heat exchangers; therefore, the use of steam is higher than in the other plants. Additionally, material costs (mostly chemical compounds) are the highest in this type of plant. This section was calculated using the flow from the streams obtained through the simulator and the unitary costs from the literature. Table 4 shows the unitary costs for each compound in each plant.



Investment costs are the same for the ABE and bioethanol biorefinery, since conversion processes share several similarities; however, production costs are significantly lower. In this study, production costs were found to be around 58 and 51 M$/year. These costs were mainly influenced by the use of chemicals and utilities, and therefore the capacity of the plant, in terms of stream flow, is an important factor. Other authors used Codium tomentosum (seaweed) to produce biodiesel. For a plant capacity of 20 t/batch, the initial investment was 78.14 M$, with operational costs of 106.49 M$/year [40]. Considering a ten-day batch, the feed flow would be 1603 kt/y. Meramo-Hurtado estimated the investment cost to be 270 M€ and the production costs 1203 M€/year for ABE fermentation, considering a plant capacity of 320 t/h, which is larger than the one considered in this study [41]. The different values found in the bibliography show that production costs are, in general terms, lower than the initial investment costs. However, they exhibit a strong dependence on the size of the plant, reaching a value even higher than the initial investment cost.



With the estimation of the costs and revenues, it was possible to calculate the net present value (NPV) of the plant. This parameter has been widely used for the economic assessment of plant investments and was used in this study [42,43,44,45]. Table 5 shows the NPV and IRR results.




3.4. Sensitivity Analysis


As can be seen from Table 5, the ABE and bioethanol biorefineries had a positive value of NPV, which means that the investment would be profitable at ten years and at a rate of 20%. IRR was also calculated, leading to a result of 27% for the ABE biorefinery and 36% for the bioethanol biorefinery. Patel et al. [46] studied the economic feasibility of biodiesel production from microalgae and obtained an NPV of USD 750.91 and a 5.18% IRR, with a return period of 7.76 years. It should be noted that these calculations were performed at the lab scale, and therefore the capacity of the plant was lower. Harahap et al. [47] analyzed the profitability of a biofuel plant reaching an NPV of 2.9 M$ with a payback period of 5.9 years and IRR of 17.4%, with a capacity of 3 kt biodiesel/y.



To observe the effect of the price of the raw material on the investment, a sensitivity analysis was performed. Varying the prices of the raw material had an effect on the production costs, and therefore on the return period of the investment. Figure 6 shows the sensitivity analyses of both plants for the price of the raw material.



The base price for the raw material for both plants was 21 $/t [48]. At the base price, the discounted payback period was 4.11 years for the ABE biorefinery and 6.1 years for the bioethanol biorefinery. Within the biorefinery concept, it is assumed that a payback period between 6 and 8 years is acceptable [36], and therefore the case of study is economically feasible. The previous figure shows that increasing the price of the raw material increases the payback period. Regarding the ABE biorefinery algae price, it can increase up to 25 $/t, and the discounted payback period would increase it to 7 years. Bioethanol plants are more flexible to variations of the algae price; in fact, they can reach a price of nearly 36 $/t.



The raw material is not the only product for which the market can be affected by price variation. The products obtained can vary as well; therefore, a sensitivity analysis for the price of the selling products was also carried out (Figure 7). The methodology was the same for the sensitivity analysis of the algae price. However, in this case, the effect was shown in the benefits of the plant, which also affected the NPV and the return period.



As can be seen from Figure 7, the economic feasibility of the ABE biorefinery was less sensitive to price changes than the bioethanol biorefinery. Butanol price can decrease from the base case 2.8 $/kg [49,50,51] to 2.7 $/kg, but if it decreases further, the economic feasibility of the plant would be compromised, since the discounted payback period would rise to more than 8 years. In fact, if the price of butanol decreased to lower than 2.58 $/kg, the return period would be higher than 20 years. On the other hand, ethanol price can decrease from the base case 0.934 €/kg [42,52] to 0.83 €/kg, so that the payback period would be nearly 8 years. If the ethanol price were to decrease to 0.8 $/kg, the payback period would increase up to 20 years. Additionally, a sensitivity analysis was performed with the prices of acetone and ethanol, and it was found that these side-products did not have an important effect on the economic feasibility of the plant. Therefore, it can be assumed that the approval of the investment of the plant depends on the stability of the prices of the major products.





4. Conclusions


Two algae-based third-generation biorefineries were simulated in Aspen Plus. The plant size was set in both cases at 50,000 kg/h of U. rigida seaweed. The proposed models provided production rates of 2667 kg/h of butanol (99.8% purity) and 8207 of bioethanol (99.5% purity) for use as biofuel.



The economic feasibility of two algae-based biorefinery scenarios was carried out. The initial investment, operational costs, and revenues were calculated with the flowsheet obtained from the simulation of the two scenarios. Regarding the profitability of the investment, the plants producing bioethanol and butanol were economically feasible. The economic parameters for the bioethanol and butanol plants were as follows: NPV equal 27.66 M$ and 16.67 M$, and IRR equal to 46% and 37%, respectively. The discounted return period was acceptable for these types of plants, which were 4.11 and 3.16 years for the ABE biorefinery and the bioethanol biorefinery, respectively. It can be concluded that both plants were economically feasible. However, sensitivity analysis showed that both scenarios were very dependent to market fluctuations.
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Figure 1. Structure of the family of polysaccharides of Ulva sp. Photography of Ulva sp. Talus by optical microscopy and microscopic observation of U. ohnoi by using light microscopy were both taken from the literature [14,15]. 
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Figure 2. Scheme of polysaccharide and monomer characterization. 
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Figure 3. Flowsheet of the ABE plant. 
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Figure 4. Aspen Plus flowsheet of the bioethanol plant. 
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Figure 5. The estimation of the initial investment for the plants considered. 
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Figure 6. Sensitivity analysis for algae price. 
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Figure 7. Sensitivity analysis for the two third-generation biorefineries: (a) selling price of bioethanol; (b) selling price of butanol. 
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Table 1. Reaction scheme of the two-step acid hydrolysis and the ABE fermentation stage.
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Compound

	
Reactions of Hydrolysis

	
Extent of Reaction






	
Hemicellulose

	
(C5H8O4)n + nH2O → nC5H10O5

	
0.60




	
Hemicellulose

	
(C5H8O4)n + H2O → C2H4O2

	
0.40




	
Protein

	
C13H25O7N3S + 6H2O → 6.5CO2 + 6.5CH4 + 3NH3 + H2S

	
0.9




	
Triolein

	
C57H104O6 + 3 H2O → C3H8O3 + 3 C18H34O2

	
0.9




	
Tripalmitin

	
16C51H98O6 + 135 H2O → 64C3H8O3 + 39 C16H34O

	
0.9




	
Cellulose

	
(C6H10O5)m + mH2O → mC6H12O6

	
0.29 (first reactor)




	
0.9 (second reactor)




	
Glucose

	
C6H12O6 → C6H6O3 + 3H2O

	
0.27




	
Reactions of ABE Fermentation

	
Extent of Reaction




	
C6H12O6 →C4H10O + 2CO2 + H2O

	
0.629




	
C6H12O6 + H2O →C3H6O + 3CO2 + 4H2

	
0.322




	
C6H12O6 → 2C2H6O + 2CO2 + H2

	
0.014




	
C6H12O6 → C4H8O2 + 2CO2 + 2H2

	
0.018




	
C6H12O6 → 3C2H4O2

	
0.014




	
   6 5    C5H10O5 → C4H10O + 2CO2 + H2O

	
0.629




	
   3 5    C5H10O5 → 2C2H5O + CO2

	
0.014




	
   3 5    C5H10O5 → C4H8O2 + 2CO2 + 2H2

	
0.018




	
   3 5    C5H10O5 → C2H4O2 + CO2 + H2

	
0.014
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Table 2. Reaction scheme of the two-step acid hydrolysis and the bioethanol fermentation stage.
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Compound

	
Reactions of the First Hydrolysis

	
Extent of Reaction






	
Hemicellulose

	
(C5H8O4)n + nH2O → nC5H10O5

	
0.92




	
Cellulose

	
(C6H10O5)m + mH2O → mC6H12O6

	
0.29




	
Xylose

	
C5H10O5 → C5H4O2 + 3H2O

	
0.0046




	
Protein

	
C13H25O7N3S + 6H2O → 6.5CO2 + 6.5CH4 + 3NH3 + H2S

	
0.90




	
Triolein

	
C57H104O6 + 3 H2O → C3H8O3 + 3 C18H34O2

	
0.90




	
Tripalmitin

	
16 C51H98O6 + 135 H2O → 64 C3H8O3 + 39 C16H34O

	
0.90




	

	
Reactions of the Second Hydrolysis

	




	
Cellulose

	
(C6H10O5)m + mH2O → mC6H12O6

	
0.96




	
Hemicellulose

	
(C5H8O4)n + nH2O → nC5H10O5

	
0.069




	
Glucose

	
C6H12O6 → C6H6O3 + 3H2O

	
0.27




	
Xylose

	
C5H10O5 → C5H4O2 + 3H2O

	
0.10




	
Reactions of Bioethanol Fermentation

	
Extent of Reaction




	
Glucose

	
C6H12O6 → 2C2H5OH + 2CO2

	
0.92




	
Xylose

	
3 C5H10O5 → 5 C2H5OH + 5CO2

	
0.80
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Table 3. The estimation of production costs and revenues for each plant.
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Production Costs (M$/Year)




	
Item

	
ABE

	
Bioethanol






	
Total personnel costs

	
0.58

	
0.58




	
Maintenance

	
0.38

	
0.44




	
Property taxes

	
0.14

	
0.16




	
Rent of land

	
0.21

	
0.25




	
Environmental charges

	
0.14

	
0.16




	
Materials

	
6.04

	
2.74




	
Utilities

	
38.09

	
31.61




	
Raw material

	
8.42

	
8.42




	
Total production costs

	
54.00

	
44.35




	
Revenues (M$/year)




	
Total

	
67.43

	
61.45




	
Pretax benefits

	
13.43

	
17.10




	
Depreciation and amortization

	
1.11

	
1.29




	
Interest charges and others

	
0.83

	
0.96




	
Profit before taxes

	
11.48

	
14.85




	
Income tax

	
2.30

	
2.97




	
Net profit

	
10.30

	
13.17
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Table 4. Cost of chemical compounds and raw material.
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	Plant
	ABE
	Bioethanol
	References





	H2SO4 ($/t)
	
	40
	[36]



	H2O ($/m3)
	
	1.9
	[37]



	NaOH ($/t)
	400
	
	[38]



	Ca(OH)2 ($/t)
	
	131.8
	[36]



	Algae ($/t)
	
	21
	[39]
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Table 5. Investment parameters.
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	Plant
	ABE
	Bioethanol





	Biorefinery
	VAN (M$)
	IRR



	ABE
	6.58
	0.27



	Bioethanol
	15.90
	0.36
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