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Abstract

:

The growing awareness to include sustainability goals in the chemical process design has been making palpable since many governments and research institutions have made many efforts precisely to progress new ways to transform available resources into valuable chemicals. In this sense, this work is presenting a computer-aided evaluation based on environmental impact assessment and comparison of technical parameters for estimating the potential effects of two biorefinery designs. The first process involved a multiproduct production of acetone, butanol, and ethanol from cassava waste, while the second biorefinery comprised of succinic acid and bioethanol production from a mixture of cassava waste and banana rachis. These residues are highly available in the North Colombia region due to the agroindustrial activities of that zone. The developed environmental analysis employed the waste reduction algorithm (WAR) for estimating impact generation and output rates considering atmospheric and toxicological categories. Otherwise, process simulation of biorefineries showed production of 546.3 kg/h of acetone, 280.0 kg/h of ethanol, and 1305 kg/h of butanol for topology 1, while topology 2 delivered a synthesis of 13,865.7 kg/h of acetic acid and 2277.9 kg/h of ethanol. Data generated from process simulation allowed performing a technical comparison between evaluated biorefineries, showing a higher performance of evaluated indicators for topology 2. These evaluated variables included resource energy efficiency, and production yield, among others. The environmental analysis provided relevant information, indicating that topology 2 is a better alternative from an ecological viewpoint since this design would emit substances with lower effects than topology 1.
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1. Introduction


The cleaner production and resource conservation principles have emerged as obligated aspects that needed to be included in the design of new process technologies. It is worth mentioning that since decades ago, the chemical industry has started changing its traditional conception in order to move into a more sustainable framework, considering the known effects derived from the use of fossil fuels and conventional technologies [1]. The above involved the change in the traditional conceptualization of a chemical process, aiming to progress novel ways that embody environmental impact mitigation, resource conservation, and inclusion of strategies to increase productivity [2]. Since the first industrial revolution, the activities of many sectors have increased in order to meet higher quality standards [3]. It should be noted that even though society has been capable of achieving very high living standards during the past century, this development has brought consequences over the environment, counting massive amounts of CO2 and greenhouse gases (GHG) derived from the industrial progress [4]. So, governmental institutions and scientists have identified that the development of new technologies based on sustainable design principles is a must in order to increase the efforts for mitigating the effects of the global economy into the biosphere [5].



The aim of a sustainable chemical process implies the improvement of energy efficiency, seeking the best environmental performance, increase profitability, and using renewable resources [6]. Biorefineries have been established as promising alternatives for sustainably produced biofuels, intermediates, and derivatives, from the use of biomass (renewable resource), which provides advantages over fossil-based processes [7]. In this sense, many contributions have been addressed regarding the design of sustainable biorefineries. Lopez-Linares et al. [8] designed an ethanol production process from hemicellulosic sugars using Escherichia coli as a biocatalyzer. Mixed-integer nonlinear programming was implemented to synthesize a profitable biorefinery for producing alcohol from agricultural wastes [9]. Nhien et al. [10] developed a heat integrated and intensified biorefinery design for bioethanol production from lignocellulosic biomass. Multiproduct designs are widespread in biomass transformation processes; for example, a multiproduct biorefinery for the production of bioethanol and lignin was introduced by Davila et al. [11] through a separate saccharification and fermentation pathway.



The recent efforts that have been made for advancing biorefinery design is palpable, but it also is relevant to mention that there remain issues regarding the progress of this type of industry. These limitations involve delays as a result of high scaling up costs, enormous energy demand, and need for specialized equipment, among others that have made that construction of these plants to be currently unpractical and not economical [12]. So, the addition of technical performance parameters and process evaluation techniques is a crucial task in advance of this field [13]. Therefore, environmental analysis arises as a strategic decision-making tool in the process analysis that permits to diagnose and quantify ecological effects derived from the operation of both existing or developing chemical processes [14]. A variety of methods for the quantification of environmental performance are available in the literature; these include the tool for the reduction and assessment of chemical and other impacts (TRACI) [15], the waste reduction algorithm (WAR) [16], or the life cycle assessment (LCA) [17]. Recent contributions have addressed that implementation of an environmental analysis provides useful insights and allows a straightforward comparison between process alternatives. The environmental assessment was implemented for the selection of bio-oil processes from algal and waste biomasses [18]. Alonso-Fariñas et al. [19] implemented environmental analysis for the valorization of mild olive wastes comparing processes based on anaerobic digestion and oil extraction.



As explained, some studies have addressed the use of an environmental analysis for chemical process evaluation; in this sense, this work incorporated the examination of environmental issues through the WAR methodology as a decision-making tool in the evaluation and comparison of promising alternatives of biorefinery design based on the biochemical transformation of lignocellulosic residues. Besides, the proposed procedure included process modeling and simulation of topologies, combined with environmental assessment and technical parameter examination based on the data generated from the studies’ processes. It is worth mentioning that the topological pathways examined in this work represent alternatives for waste valorization and solid residue management. The above considering these biorefinery designs are based on the transformation of corn stover and cassava crantz, which are residues highly available in the North Colombia region.




2. Materials and Methods


This section described the developed procedure for evaluating process alternatives based on the biorefinery concept. The method first jumbled the description of the features and simulation of proposed biorefinery designs. In this sense, relevant data is provided, including mass/energy balances, production yields, energy usage, and downstream modeling, among others. The availability of this data allowed evaluating and further comparing simulated topologies under technical parameters and environmental assessment.



The analyzed biochemical pathways were modeled and simulated using Aspen Plus ® software package. As before mentioned, the mathematical formulation for performing an environmental assessment involved data about mass and energy balances, considering a baseline production capacity, which is fixed based on the availability of lignocellulosic wastes in the North Colombia region. The main assumptions for modeling and simulating the examined biorefinery designs are the followings:




	
Steady-state modeling;



	
Biomass is already cleaned and milled;



	
All cellulose content is glucan;



	
All hemicellulose content is xylan;



	
All five-carbon carbohydrates are xylose;



	
All six-carbon carbohydrates are glucose;



	
Ash is assumed to be calcium oxide (CaO);



	
Used microorganisms entered biological processes already available for hydrolysis and fermentation processes.








The procedure involved the conceptual design of production technologies based on biomass transformation. In this sense, topologies for the synthesis of ethanol, butanol, and succinic were simulated and further analyzed. Taking the data that provides a process simulation, this study implemented the WAR tool to evaluate the potential environmental effects derived from the steady-state operation of these plants. Additionally, technical parameters were considered to obtain more comprehensive insights from the developed procedure.



Two biorefinery designs were studied and compared based on data provided by the process simulation, estimation of technical parameters, and process evaluation under an environmental assessment. The first design, denominated as topology 1 focused on producing acetone, butanol, and ethanol via biomass fermentation. This design comprised of a feedstock feed flow of 12,809 t/y cassava waste, which is the primary raw material in this topology. The second biorefinery, denominated as topology 2, encompassed the production of ethanol and succinic acid via alcoholic fermentation. In this case, the feedstock feed comprised of a mixture of two biomasses; (i) cassava waste and (ii) banana rachis, with a flow of 7873.3 kg/h and 28,930.4 kg/h, respectively.



The chemical composition of lignocellulosic biomass is well established, mainly comprised of carbohydrates, moisture, acetate, and ash. Table 1 summarizes the corresponded mass fraction of constituent substances for cassava waste [20] and banana rachis [21].



It is essential to describe that the feedstock flow assumed for these topologies corresponded to the local availability of these residues in the North Colombia region, specifically located in the department of Bolivar [22]. So, the biorefinery designs that were described in the following stages represent promising alternatives for waste valorization and adequate management of solid residues derived from the agroindustrial productive chain sector.



2.1. Topology 1: Butanol Production from Cassava Waste


The study presented here contemplated a topological pathway for the production of biobutanol from lignocellulosic biomass (cassava waste) through the biochemical pathway of acetone-butanol-ethanol (ABE) fermentation. The process comprised of four central stages: (a) pretreatment unit, (b) hydrolysis unit, (c) fermentation unit, and (d) purification unit. Globally, the process begins with the processing of raw material (lignocellulosic biomass) that entered the plant already cleaned and crushed. In this case, biomass was chemically treated to let obtaining solubilized five-carbon carbohydrates (xylose and arabinose) and cellulose [23]. Through filtration and separation stages, this section provides two main outlet streams (solid phase and liquid phase) that follow to hydrolysis and fermentation stages, respectively. It is worth mentioning that this study set the modified non-random two-liquid (NRTL) model and the Redlich–Kwong (RK) equation to model and estimate substance property and equilibria for this topology [24].



Solid-phase mainly composed of cellulose and not hydrolyzed carbohydrates, continued to a hydrolysis unit to solubilize six-carbon carbohydrates into glucose via enzymatic action [25]. The resulted stream from this operation was cleaned and sent to the fermentation stage, in which dissolved five and six-carbon sugars (xylose and glucose) were transformed into acetone, butanol, and ethanol, along with several byproducts, through biochemical reactions that involved the use of a specific microorganism [26]. ABE fermentation generated the main products in low concentration, so a complex separation/extraction system was included to obtain the products at commercial concentration and very high purity [27]. The following sections explain in a more detailed way all features and technical aspects about each of the described sections of the modeled butanol production process. Figure 1 displays the hierarchized butanol production layout that shows the main stages of the modeled process.



2.1.1. Pretreatment Stage in Topology 1


As before mentioned, the pretreatment stage was the first section in the processing of topology 1. Figure 2 shows the process flowsheet of the pretreatment stage in topology 1. The dilute acid pretreatment was chosen as a chemical method for treating cassava waste in this topology. Biomass (stream 1) entered this subprocess already cleaned and milled, then to a mixing unit in which needed dilute H2SO4, which remained below 0.5 wt % in the reactor, and was blended with the mainstream [28]. As the pretreatment reactor operated at 190 °C and 13 atm, the mixed biomass was preheated to 120 °C before entering the reactor, while the remaining energy and required pressure was supplied in the reactor by steam [29]. The dilute acid reactor broke the internal bonds of the biomass constituents, allowing the partial solubilization of glucose (7% from cellulose), xylose (90% from hemicellulose), acetic acid (100% from acetate), and a tiny portion of lignin (5%) [30].



The outlet stream was flash cooled to 1 atm, resulting in a decrease in the temperature of the system to 140 °C. The gas phase formed in the flash cooling (stream 8) was collected and condensed for sending this stream to the wastewater treatment. Otherwise, the mixed liquid and solid phase entered a filter unit, which separated the flow between cellulose and dissolved xylose. The process incorporated an ion-exchange unit (IEX-1) to reject acid substances in the rich-five carbon stream for avoiding inhibitory and corrosion effects on the operation [31]. The EIX-1 unit operated at 40 °C and 1 atm and used ammonia (1 N) as an extractant agent during the operation of this stage [32]. This line of the process entered the overliming stage for further purification of the rich-xylose stream. The mainstream was first reacidified (MX-4) with sulfuric acid and subsequently neutralized (RX-2) with lime, precipitating gypsum (CaSO4 × 2H2O) as the subproduct. A hydrocyclone unit separated liquid flow from formed gypsum and the remaining solids. In summary, the pretreatment stage processed the raw biomass, extracting xylose (stream 24) that was directed to the fermentation stage and cellulose (stream 14) that followed to the enzymatic hydrolysis stage.




2.1.2. Hydrolysis Stage in Topology 1


As described, liquid–solid separation rejected solids from solubilized sugars, which were directly directed to ABE fermentation. A saccharification stage (RX-3) was added to transform cellulose into glucose through cellulase enzymatic action. In this case, the cellulase enzyme grouped a set of microorganisms, mainly comprised of endoglucanases, exoglucanases, and glucosidase, which broke the carbohydrate structure, its hydrolyzation, and further formation of glucose [33]. These enzymes were represented in the process by a cellulase flow (stream 30) that entered the RX-3 unit, allowing reducing sugar generation. The chemical formula (CH1.57) used for the above substance was provided by [34] that reported a database for property estimation of missing components in biofuel processing using the Aspen Plus ® software. Through the above processing, this system produced glucose from cellulose with a yield of 90%. The saccharification reactor operated at 30 °C and 1 atm, so the cellulose stream was cooled (HX-5) to needed reactor conditions, and lignin was extracted via filtration [35]. In this system, the water content needs to remain at 70 wt %, so stream 28 provided the demanded freshwater.



Furthermore, recycling stages were included to decrease water demand and raise glucose yield. Finally, a filtration unit (FT-5) removed impurities from the mainstream, and this was sent to the fermentation stage (stream 37). Figure 3 displays the process flowsheet of the hydrolysis section in topology 1.




2.1.3. Fermentation Stage in Topology 1


Stream with soluble sugars (glucose and pentose) were mixed before entering the ABE fermentation system. Both reducer sugars were converted in acetone, butanol, and ethanol through saccharolytic clostridia strain [36]. ABE fermentation (RX-4) was performed at 35 °C [37], under anaerobic conditions [38], and keeping water content above 80%, in which stream 40 supplied required water to meet this condition. Several chemical reactions and mechanisms occurred during the fermentation operation. Other side products like carbon dioxide, hydrogen (fermentation gases), acetic, and butyric acid, among others were produced [39]. It should be noted that there was also a generation of biomass accumulation that groups solid fermentation residues represented as cell biomass (CH1.64O0.39N0.23S0.0035) [40]. Figure 4 displays the process flowsheet of the fermentation stage in topology 1. In this work, this reaction system followed the configuration reported by Haigh et al. [41], which described that through continuous separate hydrolysis and fermentation, the system could reach production yields of 61.74% for butanol, 28.61% for acetone, and less than 1% for ethanol. It should be noted that butanol production was prioritized, so the selection of the ABE fermentation reaction configuration obeyed that goal. After this stage, the process continued to the separation unit for the extraction of desired products.




2.1.4. Separation Stage in Topology 1


There are reported in the bibliography many methods and technologies to perform the extraction of ABE solvents [42]. These include gas striping, azeotropic distillation, double-effect distillation, reactive distillation, filtration/membrane, and a combination of these technologies, among other types of downstream processing [43]. This work considered that a combination of gas stripping, double-effect distillation, and decantation unit could allow acceptable rates of product recovery, considering previous succeeded results [44]. In topology 1, the separation stage first encompassed a gas stripping operation (GS-1) that allowed the separation of most of the water content, along with impurities (stream 44). In this case, nitrogen was selected as a gas stripping agent [45]. As ABE products are volatile, these were trapped in the gas phases during gas stripping. Therefore, this stream was condensed to −10 °C and 1 atm (FC-2), allowing separation of fermentation gases and nitrogen (stream 48) from the solvents stream. The condensed stream was heated up to 25 °C and sent to the fist double-effect distillation unit called the Beer Column (DT-1) [46]. In this unit, a massive amount of water was separated while ABE products out this unit in the distillate stream (stream 52). It is worth mentioning that the simulated DT-1 employed 15 separation stages, with a mass reflux ration of 1.5 and condenser pressure of 1 atm. Figure 5 shows the process flowsheet for the separation stage in topology 1.



A critical portion of remaining carbon dioxide was rejected through flash separation (FC-3), while the outlet liquid stream entered the second distillation tower denominated as the acetone column (DT-2). As its name might indicate, this separation unit permitted the extraction of acetone, which was the most volatile component between ABE solvents. The acetone column presented a configuration based on 15 equilibrium stages, a mass reflux ration of 2.5, condensation pressure of 0.7 atm, and distillate rate of 740 kg/h. As a result, acetone was obtained in the distillate flow in DT-2, and it was sent to a compressor unit to raise the pressure back to atmospheric conditions. This design included a final flash separator (FC-4) in order to extract acetone (stream 59) at the highest possible purity. This product was obtained with a rate of 546.30 kg/h, with a mass concentration of 96.2%.



The bottoms stream of the acetone column (stream 56) entered a third double-effect distillation unit denominated ethanol column (DT-3). This tower comprised of the use of 25 stages, distillate flow of 280 kg/h, and mass reflux ratio of 10. This separation system used the difference in the boiling point between ethanol and butanol, obtaining the first one in the distillate flow. The current configuration of the ethanol column could just extract this substance at the azeotrope concentration that it forms with water [47]. This purity corresponded to 85.1 wt % ethanol. Higher ethanol purities can be obtained by implementing different specific separation technologies; these can include azeotropic distillation, reactive distillation, and molecular sieves, among others [47]. This work did not include additional purification equipment for ethanol extraction since this substance is considered as a subproduct of the process. Table 2 summarizes the stoichiometric equations of simulated stages and their corresponding reactions for topology 1.



Most of the butanol flow remained in the bottoms stream (stream 62) of the ethanol column; this stream was directed to a decanter unit in order to break the heterogeneous azeotrope that was formed between butanol and water. Decantation operation (DC-1) was developed at 60 °C and 0.7 atm, which separated the main flow between the rich-aqueous stream (stream 63) and rich-organic stream (stream 64). The last one, with the majority of butanol flow, was sent to a final distillation column (DT-4) to extract this product at very high purity. This distillation tower is called the butanol column. The configuration of this unit involved setting eight stages, a mass reflux ratio of 2, and a distillate rate of 670 kg/h. It is worth highlighting that the process included recycling of distillation flow (stream 65) to increase butanol yield. The butanol column allowed separation of persisting impurities and water content, obtaining a butanol product flow of 1304.70 kg/h with a concentration of almost 97%. All technical information about separation units for topology 1 are reported in Table 3. Table 4 summarizes process data about main streams in simulated topology 1.





2.2. Topology 2: Ethanol and Succinic Acid Production from Banana Rachis and Cassava Waste


This study considered the evaluation of a second topological pathway for the production of succinic acid and ethanol from a biomass mixture composed of banana rachis and cassava waste. The process comprised of five central stages: (a) pretreatment unit, (b) hydrolysis unit, (c) five carbon fermentation, (d) six carbon fermentation, and (e) purification unit. Figure 6 displays the generalized process layout for topology 2. Likewise, topology 2 was first stated with the treatment of raw material employing dilute acid technology in order to break and solubilize constituent carbohydrates presented in the molecular structure of the biomass.



The main flow in the pretreatment stage was divided into the liquid stream (mainly xylose) and solid stream (mainly glucose). The first one was directly directed to the five-carbon fermentation stage for ethanol production [49]. Otherwise, the solid stream with non-dissolved cellulose was sent to the hydrolysis unit for glucose formation via enzymatic action. The outlet stream from the hydrolysis section entered the six-carbon fermentation unit in order to produce succinic acid as the main product and acetic acid as a byproduct through biological processes [30]. Both leaving streams from the fermentation processes were sent to the purification stage in order to extract succinic acid and ethanol at high purity concentration. The following sections explain more technical details associated with the modeling and simulation of the described pathway for succinic acid and ethanol coproduction. In this case, the NRTL method was selected as the thermodynamic model for property estimation considering recommendations made by the National Renewable Energy Laboratory (NREL) and its reported Aspen Database for estimation of biofuel processing substances [34].



2.2.1. Pretreatment Stage in Topology 2


This stage was designed and simulated, considering the same conditions described for topology 1. The main difference for this case was that topology 2 processes a mixture of two raw materials (stream 1 and stream 2), which were chemically treated via the acid dilute pretreatment. Figure 7 displays the pretreatment stage in topology 2. Additionally, the conditions of the pretreatment reactor (190 °C and 13 atm) and further flash cooling, filtration, and overliming were the same settings for the ABE fermentation process. The rich cellulose stream (stream 15) was obtained in the first filtration unit, while the separated liquid phase followed to the ion-exchange unit (IEX-1) for the rejection of acid substances and further reacidification (MX-5) and overliming stages (RX-2). A hydrocyclone (HC-1) split gypsum formed during overliming, and the purified liquid stream with xylose was sent to the five-carbon fermentation unit. Otherwise, stream 15 was directed to the enzymatic hydrolysis stage for cellulose saccharification.




2.2.2. Hydrolysis Stage in Topology 2


As explained for topology 1, the most crucial aspect of hydrolysis is the possibility to obtain glucose from cellulosic material using a cellulase enzyme. As mentioned for the previous section, the enzymatic hydrolysis section in topology 2 presented the same setting and features implemented for this section in topology 1. In this case, the inlet flow of this stage was stream 15 (with cellulose content) that was cooled (HX-5) to the required temperature for performing hydrolysis reaction. Stream 32 supplied the needed water to keep the biological system under demanded moisture content. Recycling stages (FT-3 and FT-4) were included to increase the cellulose production rate. This processing was a crucial stage since higher production of glucose gives the possibility to generate higher amounts of succinic acid. A filter rejected impurities in the mainstream, so the filtered glucose flow (stream 41) was directed to the six-carbon fermentation unit. Figure 8 shows the process flowsheet of the hydrolysis section in topology 2.




2.2.3. Five-Carbon Fermentation in Topology 2


Liquid stream coming from the pretreatment section entered this unit (as main inlet flow) with a mixture of five-carbon sugars mainly composed of xylose. This stream entered a first filtration unit to remove remaining impurities in the flow that might implicate inhibitory effects in the fermentation system. The development of the fermentation system for this stage involves a variety of bioprocesses and bioreactions in the reactor that allow conversion of reducer sugars to ethanol, glycerol, lactic acid, and carbon dioxide, among others components [50]. This study selected the biocatalyst Zymomonas mobilis, which is a promising microorganism for procuring ethanol production via fermentation [51]. Figure 9 displays the process flowsheet of five-carbon fermentation in topology 2.



In this topology, the fermentation reactor (RX-4) operated at 30 °C and 1 atm, maintaining water content of 80 wt %. Fermentation reactions demand water content to reach optimum conditions that, in this case, stream 42 supplied needed freshwater. The system involved several reactions in which xylose was transformed into ethanol, glycerol, xylitol, and acetic and lactic acids, among others. Additionally, fermentation gases like oxygen, hydrogen, and carbon dioxide were generated during this operation [52], and the chemical equations and reactions used in this simulated took into account the generation of solid residues derived from the fermentation system [30,53]. Furthermore, production selectivity for these reactions, through the action of Zymomonas mobilis (supplied through stream 47), corresponded to a yield of 85% for ethanol, 0.3% for glycerol, 1.4% for acetic acid, and 0.2% for lactic acid [30].



The fermentation broth (stream 48) generated from the reaction system was sent to filtration (FT-7) for the removal of impurities and pollutants (stream 49). The filtered stream entered the beet column (DT-1) for rejecting CO2 dissolved in the fermentation broth and a massive amount of water. This unit was quite vital since ethanol was present in the mixture, with a concentration below 8%. Distillate flow (stream 52) leaving the beer column was sent to a water scrubber (SC-1), recovering a portion of the dissolved ethanol (stream 55) mixed with carbon dioxide in the fermentation vent stream. It is worth mentioning that stream 55 and stream 51 were mixed (MX-8) and sent to the purification stage in order to produce highly concentrated ethanol. Otherwise, scrubbed carbon dioxide (stream 53) was compressed (CM-1) and sent to the six-carbon fermentation unit for CO2 supply, decreasing the rate of fresh supply for this reagent. The described configuration not only could permit to reduce the operating cost of the plant but also meant a generation of less environmental impacts, decreasing the carbon footprint of the process [54].




2.2.4. Six-Carbon Fermentation Stage in Topology 2


Fermentation of glucose involved the additions of a specialized biocatalyst for producing succinic acid from this substance. There is a set of studied microorganisms that can be used for the fermentation of both five and six-carbon sugars. Some advantages and disadvantages of them are associated with their productivity, stability, and selectivity [55]. For the fermentation of glucose to form succinic acid (and acetic acid), the recombinant C. glutamicum was selected since through this biocatalyst, the fermentation system can reach succinic acid about 0.149 kg/L under anaerobic conditions and carbon dioxide atmosphere [30]. Considering these conditions, the fractional conversion yield of glucose to succinic acid was 0.70 kg/kg, while this parameter corresponded to 0.10 kg/kg for acetic acid. Stream 41 (xylose and water mixture) entered a flash separator (FC-2) that operated above 100 °C, and 1 atm, for exceeding water removal and persisting impurities in the stream.



Figure 10 shows the process flowsheet diagram for the six-carbon fermentation in topology 2. The flashed stream continued to a heat exchange unit (HX-7) to decrease the temperature back to 30 °C before entering the six-carbon fermentation system (RX-5). As before mentioned, this reaction mechanism coproduces succinic acid and acetic acid, employing the recombinant C. glutamicum under 30 °C and 1 atm. It should be noted that succinic acid parted from the reaction between glucose and carbon dioxide. The last one is partially supplied through the integration of stream 54 that came from the scrubber unit in the five-carbon fermentation section.




2.2.5. Purification Stage Flowsheet in Topology 2


Purification unit for topology 2 involved the treatment and extraction of both the main products (succinic acid and ethanol), which were generated, at a shallow concentration, in performed fermentation stages. In this case, stream 56 (leaving 5-C fermentation) and stream 61 (leaving 6-C fermentation) were the main feed flows with the desired products that needed to be extracted. Stream 56 with ethanol content was sent to a second distillation unit (DT-2) to separate ethanol from water content. DT-2 operated, taking 14 equilibrium stages, a mass reflux ratio of 5, and a condenser pressure of 1 atm. It is worth mentioning that this operation permitted to obtain ethanol at the azeotrope concentration, so an additional molecular sieve adsorption (MS-1) unit was included in this design for reaching higher ethanol purity. MS-1 operated considering a temperature of 60 °C and a mass flow supply of carbon dioxide (stream 85) with a pressure of 200 psig [47]. Thus, high concentrated ethanol (stream 83) was produced with a concentration of 99.99 wt % and mass flow of 2277.90 kg/h. Table 5 summarizes data about main streams in topology 2.



Figure 11 displays the process flowsheet of the purification stage in topology 2. The other process line in this section involved the separation of succinic acid. This purification step was developed from the formation of sodium succinate. Succinic acid was put in contact (RX-6) with lye (stream 62), forming a solution composed of ion succinate, H2O, and Na+. This stream (stream 63) was evaporated for the removal of water, acetic acid, and other impurities, and sent to a second reaction system (RX-7) in which succinic acid was reformed by adding sulfuric acid. The mechanism involved sodium sulfate generation taking Na+ and sulfate group in sulfuric acid, and the formation of succinic acid through interaction between solubilized succinate group and protons (H+) donated by sulfuric acid [56]. Table 6 reports the technical parameters of the main separation units of topology 2.



The above procedure is needed because direct distillation does not guarantee successful separation of the not desired component that allows obtaining succinic acid at an analytical degree. The outlet stream from RX-7 (stream 70) passed through filtration (FT-8) for the removal of lye and sodium sulfate (solid components), and continued to the vacuum distillation unit (DT-3) allowing for water removal. Finally, the bottoms stream of vacuum distillation was cooled (HX-9) and crystallized (RX-8) under 4 °C, obtaining the product with a purity of 98.2% and mass flow rate of 13,865.7 kg/h [57]. Table 7 summarizes the stoichiometric equations of simulated stages and their corresponding reactions for topology 1.





2.3. Process Evaluation under an Environmental Assessment


This study addressed the implementation of process evaluation via an environmental assessment to examine two promising alternatives for the production of biofuels and chemical derivates from lignocellulosic biomass. This work selected the waste reduction algorithm to develop an environmental impact evaluation of examined bioprocess topologies. This selection obeyed the fact that this algorithm is freely available to download on the web page of the United States Environmental Protection Agency (USEPA) through the WAR GUI software ® [58]. This tool is implemented to estimate environmental impact generation derived from a physical–chemical process.



The WAR methodology introduced the potential environmental impact (PEI) concept, which measures the possible effects on the environment due to an accidental discharge or emission over an ecosystem [59]. These impacts are evaluated from both mass and energy streams. The procedure of the WAR method involved estimating eight impact categories classified between atmospheric and toxicological categories [60]. Table 8 provides information about the evaluated categories in the WAR.



The application of equations shown in Table 8 was attained with the data about extended mass (   m i    is the mass flow of component  i ) and energy balance of the analyzed process. These also considered the calculation of other side indicators that included a rat oral lethal dose at 50% (LD50), threshold limit value (TLV), lethal concentration at 50% in water (LC50),    a i    radiation heat absorption per unit GHG  i ,    a  C  O 2      represents the same absorption but in terms of CO2,    c i   ( t )    is the gas concentration of GHG time-basis, and    c  C  O 2     ( t )    is the same concentration in terms of CO2. Besides, the ozone depletion potential (ODP) was calculated in kilograms of CFC-11 equivalent, where   δ  [  O 3  ]  i   refers to the global ozone depletion produced by one unit of gas    i  ,   δ  [  O 3  ]  F C K W − 11   is the depletion of ozone produced by a unit of CFC-11, and mi is the mass (kg) of the gas emitted. The photochemical oxidation potential (PCOP; kg C2H4-equiv.) involves the change in ozone concentration due to a change in the emission of a volatile organic compound  i ,   a  C 2   H 4    refers to this same change, but with respect to ethylene emission,   b i    ( t )    is the integrated emission of a volatile organic compound  i  up to a time t,   b  C 2   H 4     ( t )    refers to this last condition with respect to ethylene, and mi is the mass (kg) of the organic compound volatile emitted. Finally, the acidification potential (AP) category (kg SO2-equiv.) implicated calculation of the acidification potential, where    V i    is the acidification potential of component  i ,    V  S  O 2      is the acidification potential of SO2, and    M  S  O 2      is the unit mass of SO2. WAR for estimating environmental impacts uses four indicators considering the defined boundaries of the system. Equations (1)–(4) provides the mathematical expression to calculate these environmental impact indicators [61].


   i  o u t    ( t )    =  i  o u t    (  c p  )    +  i  o u t    (  e p  )    +  i  w e    (  c p  )    +  i  w e    (  e p  )    =   ∑  j  c p    M j      (  o u t  )      ∑  k  c p    X  k j    ψ k  +   ∑  j  e p − g    M j      (  o u t  )      ∑  k  e p − g    X  k j    ψ k   



(1)






   i  o u t    ( t )    =    (   i  o u t    (  c p  )    +  i  o u t    (  e p  )    +  i  w e    (  c p  )    +  i  w e    (  e p  )     )      ∑  P   P P    =     ∑  j  c p    M j      (  o u t  )      ∑  k  c p    X  k j    ψ k  +   ∑  j  e p − g    M j      (  o u t  )      ∑  k  e p − g    X  k j    ψ k      ∑  P   P P     



(2)






       i  g e n   ( t )   =  i  o u t   ( c p )   −  i  i n   ( c p )     +  i  o u t   ( e p )   −  i  i n   ( e p )   +  i  w e   ( c p )   +  i  w e   ( e p )         =    ∑  j  c p     M j  (  o u t  )      ∑  k  c p     X  k j    ψ k  −    ∑  j  c p     M j  (  i n  )      ∑  k  c p     X  k j    ψ k  +    ∑  j  e p − g     M j  (  o u t  )      ∑  k  e p − g     X  k j    ψ k       



(3)






       i  g e n   ( t )   =    i  o u t   ( c p )   −  i  i n   ( c p )   +  i  o u t   ( e p )   −  i  i n   ( e p )   +  i  w e   ( c p )   +  i  w e   ( e p )       ∑  P   P P          =     ∑  j  c p    M j  ( o u t )     ∑  k  c p    X  k j    ψ k  −   ∑  j  c p    M j  ( i n )     ∑  k  c p    X  k j    ψ k  +   ∑  j  e p − g    M j  ( o u t )     ∑  k  e p − g    X  k j    ψ k      ∑  P   P P         



(4)







Equation (1) provides the expression for the output rate of PEI, Equation (2) gives the mass output rate, Equation (3) the total generation rate of PEI, and the total mass generation rate is estimated through Equation (4). In this sense,    i  o u t   ( c p )     and    i  i n   ( c p )     are the leaving and entering velocities of PEI derived from chemical interactions within process boundaries, respectively. Otherwise,    i  o u t   ( e p )     and    i  i n   ( e p )     provide the rate of PEI leaving and entering the system due to energy generation within the process.    i  w e   ( e p )     and    i  w e   ( c p )     are the indicators for leaving PEI rates from the process as a consequence of waste energy release derived from energy generation and chemical stages throughout the process boundaries.    P p    is the mass flow rate of product p, mass flow input and output of a stream j are represented by    M j      (  i n  )      and    M j      (  o u t  )     , respectively,    X k    is the mass fraction of a chemical compound k in the stream j, and    ψ k    is the overall PEI of substance k [31].



In this section, analysis results are presented, including an environmental assessment and a comparison of technical parameters for the simulated topologies. It is worth highlighting that the developed assessment focused on the analysis of a bounded system delimited by its process and energy streams. As the goal of the algorithm is to minimize the PEI for a process instead of minimizing the amount of waste (pollutants) generated by a process; the analysis presented here only included the manufacturing section.





3. Results and Discussion


Process simulation and analysis were performed, considering the described topologies in the methodology section. In this sense, this work analyzed a biobutanol production via ABE fermentation and a bioprocess for bioethanol/succinic acid synthesis via alcoholic fermentation. One of the essential features of process simulation is that this tool can provide several data about the performance of a physical–chemical process, parting from property estimation, thermodynamic equilibria, modeling downstream processing, and generation of extended mass and energy balances, among others [62]. So, it is advantageous to implement computer-aided modeling and simulation for performing a comparison of process topologies, seeking the most suitable design based on engineering and decision-making criteria.



3.1. Results of Technical Performance Indicators


The first part of the developed analysis included the estimation of technical parameters in order to compare the process performance of evaluated topologies. Likewise, variables like energy consumed, product yield, material consumption, water consumption, total product flow, and resource energy efficiency were considered in the analysis. Table 9 summarizes the results of evaluated technical parameters for both Topology 1 and Topology 2.



According to the data reported in Table 9, topology 2 demanded more energy in its processing than topology 1, to generate the desired production. This difference represents an increase of 116.79% with respect to the first topology. It should be mentioned that this is an expected value since topology 2 had a higher raw material processing capacity (36,803.7 kg/h) than that modeled for topology 1 (12,808.60 kg/h); this might indicate that topology 2 handled a more substantial mass inventory than topology 1. So, the analysis was included in the evaluation of resource energy efficiency to overcome the limited data that the energy consumption indicator provided. Equation (5) shows the expression to estimate this parameter [63].


  R e s o u r c e   e n e r g y   e f f i c i e n c y    ( % )  =   E n e r g y   c o n t e n t   o f   p r o d u c t   T o t a l   i n p u t   e n e r g y    



(5)







In this sense, the resource energy efficiency resulted in a higher value for topology 2 compared with the obtained result for topology 1. These outcomes indicate that even though topology 2 demanded higher energy usage, this processing pathway better used its available resources, meaning it had better energy performance compared with topology 1. Moreover, it should be noted that both topologies showed a low performance for this indicator since it is expected that a process based on biofuel production should obtain resource energy efficiencies near to 100%. Otherwise, it is worth mentioning that the total energy content of products is the sum of the specific energy content of each substance plus its mass flow. Ethanol has an energy content of 0.20 GJ/kg, while this parameter for butanol was 0.33 GJ/kg, for acetone was 0.30 GJ/kg, and for succinic acid was 0.13 GJ/kg [64].



The third analyzed parameter was the global production yield. This metric measures the production ration of generated products from the mass flow of processed feedstock, indicating how much a process took advantage of the chemical composition of the primary raw material. In the case of topology 1, this quantity corresponded to 0.17 kg of ABE products per kg of biomass. This value is within the expected production rate for this type of process [65]. Topology 2 obtained a higher production rate with a global yield of 0.43 kg of combined ethanol/succinic acid per kg of biomass. Zondervan et al. [57] synthesized a biorefinery design based on a mathematical programming approach that produced both ethanol and succinic acid with a rate of 0.26 kg per kg of biomass. Comparing that result with the outcome obtained in this study, the simulation presented in this work for topology 1 even showed a higher product yield, confirming that the models and technologies included were adequate for this kind of processing.



As expected, the total material consumption was higher for topology 2 with a total mass usage of 284,758.03 kg (or 284.76 t), while topology 1 used 120,150.04 kg (or 120.15 t). Relevant aspects are associated with a process that handles sizeable mass inventory. These can include an increase in both operating and fixed cost [66], process inherent safety [67], or in energy supply [68]. It is needed to highlight that the total amount of mass just gives an idea of the capacity of the process, but this indicator might serve to normalize other technical parameters making a comparison of scenarios possible. This indicator intrinsically included the total water consumption of both processes, which is an important parameter considering resource conservation principles. In this sense, topology 1 showed a total water usage of 74,628.70 kg/h, equivalent to a normalized indicator of 0.62 kg of water per kg of total mass. In the case of topology 2, these parameters corresponded to 221,398.02 kg/h and 0.78 kg of water per kg of total mass. These results indicate that topology 2 demanded more water per kg of processed mass than topology 1. It could be insightful to implement mass targeting in order to seek improvement opportunities by implementing water recycling and mass integration [69]. The above might allow decreasing not just water usage but also can lead to advance side performance indicators of both processes.




3.2. Results for Environmental Assessment under the WAR Method


As described in the Methods section, this study chose the WAR algorithm to evaluate and compare environmental performance for modeled biorefineries for the production of acetone, butanol, and ethanol along with succinic acid. The WAR through the WAR GUI software allows one to evaluate three different energy sources (oil, gas, and coal), in this regard; this study chose gas as the baseline energy source since previous investigations have addressed that natural gas generates less environmental impacts compared with the other two options [70]. Besides, two scenarios were formulated to develop an environmental assessment for both topology 1 and topology 2. These cases were stated seeking improvement opportunities and scenario comparison to establish sources of environmental inefficiencies based on quantitative data. Likewise, Scenario 1 involved the quantification of the potential environmental impact counting contributions of mass streams of the system (inlet, outlet, and product streams) without including energy generation and supply effects. Scenario 2 included both mass and energy contributions.



3.2.1. Overall Output and Generation Rates


The first part of the analysis involved the estimation of the overall output and generation rates of PEI. As before mentioned, two scenarios are examined to seek sources of environmental issues, and the results (time basis) are shown in Figure 12. Topology 2 presented the highest rates of impact between the two processes, with an output rate of PEI of 1.30 × 104 PEI/h for scenario 1 and 1.39 × 104 for scenario 2. This outcome meant that the contributions of environmental effects due to energy generation just represented an increase of 6.92%, which is a deficient value compared with the impacts associated with substance flow. Otherwise, topology 1 obtained lower rates of PEI with an output rate of environmental impacts of 4.68 × 103 PEI/h for scenario 1 and 4.85 × 103 PEI/h for scenario 2. In the case of topology 1, the energy contribution just represented an increase of 3.63% with respect to the results obtained in scenario 1.



In terms of the generation rate of PEI, topology 2 showed negative values for both scenarios. This outcome meant that this biorefinery could transform entering raw materials into less harmful to aquatic, terrestrial, human health, and natural environment ecosystems in general. Precisely, the generation rate for scenario 1 in topology 2 corresponded to −2.73 × 103 PEI/h, while in scenario 2, this value was −1.47 × 103 PEI/h. This result might indicate that energy supply might impact the generation rate of PEI in this case, reducing its consumption rate to about 46.15%. This result is an expected value since generation or supply of energy is directly associated with the operation of the plant, and it always will tend to increase the generation rate of impacts. For topology 1, the behavior of the generation of PEI was on the contrary, showing positive rates for this category that corresponded to 2.35 × 103 PEI/h and 2.84 × 103 PEI/h for scenarios 1 and 2. Here the contribution or energy sources just implied a rise of 20.85% with respect to the base case.



Results for the overall output rates provided insightful information about the general behavior of evaluated scenarios (separately) but lacked bias considering that the size of topologies was different. The environmental analysis presented here included the estimation of both generation and output rates of PEI through a mass-product basis. This approach allows performing straightforward comparisons by normalizing environmental rates. Figure 13 displays the results for the overall output and generation rates in a mass-product basis.



According to Figure 13, topology 1 showed higher mass basis rates, with 2.20 PEI/kg for scenario 1 and 2.28 PEI/kg for scenario 2, compared with those obtained by topology 2. The last one presented 0.80 PEI/kg and 0.86 PEI/kg for scenarios 1 and 2, respectively. These outcomes evidenced that even though topology 2 obtained higher impact outlet rates, topology 1 would emit higher impacts by random discharges per kg of synthesized products. Additionally, the difference between these designs was vast, considering that topology 1 would produce 2.65 times the impacts that could be generated from topology 2. Topology 2 exhibited better environmental performance, with equivalent rates of −0.17 PEI/kg (Scenario 1) and −0.09 PEI/kg (Scenario 2), compared with those obtained by topology 1, which in both scenarios were above 1.00 PEI/kg.




3.2.2. Atmospheric Impact Categories


The analysis was also complemented with the evaluation of atmospheric impact categories for both case studies. In this sense, rates for environmental impacts on the mass basis were used to compare both bioprocesses. Figure 14 shows generation rates of PEI for atmospheric categories of both topologies.



This section of the analysis revealed that topology 1 showed higher rates for generation of environmental impacts than topology 2, especially in PCOP and AP categories. With the production of 0.885 PEI/kg for topology 2 (in both scenarios) in the photochemical oxidation potential category, while in topology 2, these rates corresponded to 0.12 PEI/kg (also in both scenarios). These results evidenced that topology 1 would generate more volume of substances that can remain over time in the atmosphere due to their low oxidation [70]. Another impacted category in topology 1 was the AP category. This fact is associated with the rates of impacts derived from energy generation.



It is worth noting that in both topologies, energy usage affects profoundly impacted this category, since for scenario 1 in topology 1, the generation rate was −4.37 × 10−5 PEI/kg, while in the same scenario for topology 2, this value corresponded to −4.41 × 10−4 PEI/kg. The obtained rates of PEI for GWP and ODP categories remained in shallow values, indicating that these bioprocesses would not represent significant concerns in terms of global atmospheric pollution over time. The analysis of atmospheric impacts also included an evaluation of the output rate of PEI for belonging categories in this group, and these results are shown in Figure 15.



It should be noted that the output rate of PEI refers to the possible amount of environmental impact that leaves a system together with mass and energy flows, and this quantity includes the rate of generated impacts directly derived from process operation. In this sense, it is palpable that the output rate of PEI of the PCOP category was equal to the generation rate for topology 1 (0.885 PEI/kg) and topology 2 (0.12 PEI/kg). Similar behavior was presented for the AP category. These impacts are mostly associated with product streams and energy generation that could potentially accelerate photochemical smog formation and medium acidification in these systems [71]. Comparing the obtained atmospheric categories in both bioprocesses, it is evident that topology 2 showed better environmental performance than topology 1, with lower output rates of PEI on the mass basis in all categories.




3.2.3. Toxicological Impact Categories


As developed for atmospheric categories, this analysis included toxicological category examination through the comparison of rates of PEI in kg of product basis. Figure 16 shows the analysis of generation rates of PEI for toxicological categories.



Excellent outcomes were obtained in the generation rate for the human toxicity by dermal exposure (HTPE) category in both evaluated topologies, showing negative magnitudes for this factor in all scenarios. In this sense, topology 2 obtained a rate of −0.25 PEI/kg in scenario 1 and scenario 2, while topology 1 showed −0.07 PEI/kg also in both scenarios. These results mean that the process would emit fewer toxic substances that affect human toxicity by dermal exposure or inhalation than those that entered the systems. Similar behavior was evidenced in topology 2 for human toxicity by ingestion (HTPI), terrestrial toxicity potential (TTP), and aquatic toxicity potential (ATP) categories but with lower rates of environmental impact consumption. Otherwise, topology 1 showed generation rates of PEI for HTPI and TTP categories of 0.143 PEI/kg in both scenarios, firsts indicating that this process generates associated impacts in human and terrestrial toxicity. In a second case, these results evidenced that the energy supply did not affect the generation of impacts in the toxicological categories. As developed for the previous section, the analysis presented the examination of the output rates of PEI for the toxicological group, and these results are shown in Figure 17.



According to the results of Figure 17, topology 1 presented moderately higher output rates of PEI for all toxicological categories in both scenarios. It is worth highlighting that the contribution of energy generation in the outlet rates of PEI for this group of categories was practically neglected. The above indicated that the energy impact in environmental behavior mostly affected PCOP and AP categories, which is an expected result for this type of design [72]. In both topologies, HTPI and TTP were the most impacted categories with output rates of PEI of 0.326 PEI/kg for topology 1 and 0.610 PEI/kg for topology 2. Nevertheless, it should be mentioned that these values remained within low values for this type of processing, confirming the excellent environmental performance of both designs [73]. Furthermore, the developed analysis of toxicological categories, along with the overall and atmospheric category examination, evidenced that topology 1 might represent a better alternative for biomass transformation, as demonstrated by its higher environmental performance.






4. Conclusions


This study presented a computer-aided simulation and evaluation of topological biorefinery pathways, for in a first case, a coproduction of ABE products, and in a second case, synthesis of succinic acid and ethanol. The above was accomplishing employing process simulation through Aspen Plus ® software and the waste reduction algorithm. Results revealed that there was a promising production of valuable products from the use of current available lignocellulosic biomasses in the North Colombia region. With a production capacity of 546.3 kg/h of acetone, 280.0 kg/h of ethanol, and 1305 kg/h of butanol in biorefinery design 1, while biorefinery design 2 could produce 13,865.7 kg/h of acetic acid and 2277.9 kg/h of ethanol. Evaluated technical data also evidenced that both topologies employed several external resources for their production processes. This outcome may represent a real drawback in the development of this type of technology as a result of high current energy and water supply–demand. In this sense, it makes sense to mention that topology 2 showed a higher performance concerning evaluated technical parameters than the results obtained by topology 1.



Regarding results provided by the environmental analysis, these indicated that from a global point of view, topology 1 presented higher rates of environmental impacts, which evidenced that this topology had a weaker performance from the ecological point of view. Additionally, it was determined that impacts associated with energy generation did not affect the environmental performance in both designs. This outcome was a positive finding since energy supply was evaluated from natural gas (fossil fuel) usage, and this source might not affect the life cycle of the system. In summary, topology 2 seemed to be the most convenient design between examined topologies under the methods and indicators implemented in this work. Directions for future works might involve the inclusion of side indicators for studying more in detail other technical aspects that can include process economics under uncertainty, principles of the circular economy, process safety, or exergetic analysis. Besides, the proposed designs can be further improved by implementing methodologies for process integration or intensification, which could permit better use of their resources. The above also might implicate consideration of burning in a broiler or anaerobic digestion to reduce energy requirements for the whole process.
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Figure 1. Hierarchized layout for butanol production. 
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Figure 2. Pretreatment stage flowsheet in topology 1. 
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Figure 3. Hydrolysis stage flowsheet in topology 1. 
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Figure 4. Fermentation stage flowsheet in topology 1. 
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Figure 5. Separation stage flowsheet in topology 1. 
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Figure 6. Hierarchized layout for succinic acid and ethanol production. 






Figure 6. Hierarchized layout for succinic acid and ethanol production.



[image: Applsci 10 06586 g006]







[image: Applsci 10 06586 g007 550] 





Figure 7. Pretreatment stage flowsheet in topology 2. 






Figure 7. Pretreatment stage flowsheet in topology 2.



[image: Applsci 10 06586 g007]







[image: Applsci 10 06586 g008 550] 





Figure 8. Hydrolysis stage flowsheet in topology 2. 
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Figure 9. Five-carbon fermentation flowsheet in topology 2. 
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Figure 10. Six carbon fermentation flowsheet in topology 2. 
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Figure 11. Purification stage flowsheet in topology 2. 
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Figure 12. Overall output and generation rates (time basis) for evaluated topologies. 
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Figure 13. Overall output and generation rates (mass basis) for evaluated topologies. 
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Figure 14. Generation rates of potential environmental impact (PEI) for atmospheric categories. 
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Figure 15. Output rates of PEI for atmospheric impacts. 
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Figure 16. Generation rates of PEI for toxicological categories. 






Figure 16. Generation rates of PEI for toxicological categories.



[image: Applsci 10 06586 g016]







[image: Applsci 10 06586 g017 550] 





Figure 17. Output rates of PEI for toxicological categories. 
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Table 1. Chemical composition of lignocellulosic biomasses.
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	Component
	Formula
	Cassava Waste
	Banana Rachis





	Cellulose
	C6H10O5
	0.40
	0.42



	Hemicellulose
	C5H8O4
	0.13
	0.13



	Lignin
	C7.3H13.9O1.3
	0.12
	0.12



	Water
	H2O
	0.24
	0.19



	Ash
	CaO
	0.05
	0.05



	Acetate
	[C2H3O2]-
	0.05
	0.10
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Table 2. Summary of the stoichiometric equations for topology 1.






Table 2. Summary of the stoichiometric equations for topology 1.





	
Stage

	
Reaction

	
Yield

	
Ref.






	
Pretreatment

	
   Glucan +  H 2  O → Glucose   

	
0.07

	
[34]




	
   Xylan +  H 2  O → Xylose   

	
0.90




	
   Xylan → Furgural + 2  H 2  O   

	
0.05




	
   Acetate →  Acetic   acid    

	
1.00




	
   Lignin →  Soluble   lignin    

	
0.05




	
Enzymatic hydrolysis

	
   Glucan +  H 2  O → Glucose   

	
0.90

	
[30]




	
ABE fermentation

	
    Glucose    →    Butanol  + 2   CO  2  +  H 2  O   

	
0.50

	
[48]




	
    Glucose    +      H   2   O    → Acetone + 3   CO  2  + 4  H 2    

	
0.28




	
    Glucose    → 2 Ethanol + 2   CO  2    

	
0.05




	
    Glucose    →  Butyric   acid  + 2   CO  2  + 2  H 2    

	
0.10




	
    Glucose    → 3    Acetic   acid    

	
0.07




	
   6  Xylose    → 5 Butanol + 10   CO  2  + 5  H 2  O   

	
0.50




	
    Xylose    → Acetone + 2   CO  2  + 2  H 2    

	
0.30




	
   3  Xylose    → 5 Ethanol + 5   CO  2    

	
0.15




	
   2  Xylose    → 5    Acetic   acid    

	
0.01
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Table 3. Summary of the technical parameters of the main separation units in topology 1.
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Unit

	
Operation

	
Reaction

	
Value






	
GS-1

	
Gas stripping

	
Number of stages

	
8




	
Reflux ratio

	
1.5




	
Condenser

	
Partial-vapor




	
Feed stage

	
2




	
Gas-feed stage

	
7




	
Condenser pressure

	
1 atm




	
DT-1

	
Double-effect distillation

	
Number of stages

	
15




	
Reflux ratio

	
1.5




	
Condenser

	
Partial-vapor




	
Feed stage

	
2




	
Distillate rate

	
3793 kg/h




	
Condenser pressure

	
1 atm




	
DT-2

	
Double-effect distillation

	
Number of stages

	
15




	
Reflux ratio

	
2.5




	
Condenser

	
Partial-vapor




	
Feed stage

	
7




	
Distillate rate

	
740 kg/h




	
Condenser pressure

	
0.7 atm




	
DT-3

	
Double-effect distillation

	
Number of stages

	
25




	
Reflux ratio

	
10




	
Condenser

	
Partial-vapor




	
Feed stage

	
7




	
Distillate rate

	
280 kg/h




	
Condenser pressure

	
0.3 atm




	
DT-4

	
Double-effect distillation

	
Number of stages

	
8




	
Reflux ratio

	
2




	
Condenser

	
Partial-vapor




	
Feed stage

	
4




	
Distillate rate

	
670 kg/h




	
Condenser pressure

	
0.5 atm
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Table 4. Process data of the main streams for topology 1.
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Variable

	
1

	
24

	
37

	
42

	
44

	
60

	
62

	
69






	
Temperature (°C)

	
28.00

	
50.0

	
30.4

	
35.0

	
35.0

	
35.0

	
30.0

	
28.0




	
Pressure (bar)

	
1.01

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0




	
Enthalpy Flow (Gcal/h)

	
−26.81

	
−3.7

	
−93.4

	
−154.1

	
−161.0

	
−0.6

	
−0.5

	
−1.5




	
Mole Flows (kmol/h)

	
240.74

	
71.5

	
1371.2

	
2261.7

	
2483.1

	
9.7

	
7.3

	
18.9




	
Mass Flows (kg/h)

	
12,809

	
2910

	
29,871

	
47,584

	
49,084

	
546.3

	
280.0

	
1305




	
Mass fraction of components




	
Water

	
0.174

	
0.131

	
0.750

	
0.803

	
0.803

	
0.008

	
0.136

	
0.024




	
Lignin

	
0.141

	
0.025

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Cellulose

	
0.435

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Hemicellulose

	
0.141

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Ash

	
0.054

	
0.191

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Xylose

	
0.000

	
0.507

	
0.000

	
0.031

	
0.001

	
0.000

	
0.000

	
0.000




	
Ethanol

	
0.000

	
0.000

	
0.000

	
0.000

	
0.005

	
0.024

	
0.851

	
0.000




	
Glucose

	
0.000

	
0.000

	
0.174

	
0.000

	
0.000

	
0.006

	
0.000

	
0.000




	
Cell biomass

	
0.000

	
0.000

	
0.000

	
0.000

	
0.056

	
0.000

	
0.000

	
0.000




	
Calcium hydroxide

	
0.000

	
0.119

	
0.000

	
0.117

	
0.000

	
0.000

	
0.000

	
0.000




	
Acetic acid

	
0.000

	
0.000

	
0.000

	
0.000

	
0.010

	
0.000

	
0.000

	
0.000




	
Acetate

	
0.054

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
Carbon Dioxide

	
0.000

	
0.000

	
0.000

	
0.000

	
0.074

	
0.005

	
0.000

	
0.000




	
Butanol

	
0.000

	
0.000

	
0.000

	
0.000

	
0.030

	
0.000

	
0.013

	
0.964




	
Acetone

	
0.000

	
0.027

	
0.000

	
0.002

	
0.014

	
0.962

	
0.000

	
0.000




	
Hydrogen

	
0.000

	
0.000

	
0.000

	
0.000

	
0.002

	
0.000

	
0.000

	
0.000




	
Butyric acid

	
0.000

	
0.001

	
0.000

	
0.000

	
0.005

	
0.000

	
0.000

	
0.011
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Table 5. Process data of the main streams for topology 2.
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	Variable
	1
	2
	15
	27
	46
	59
	76
	83





	Temperature (°C)
	28
	28
	166.85
	50
	30
	30
	4
	28



	Pressure (bar)
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01



	Enthalpy Flow (Gcal/h)
	−16.79
	−61.38
	−39.59
	−13.43
	−99.2
	−295.04
	−13.14
	−3.3



	Mole Flows (kmol/h)
	155.56
	552.09
	220.47
	246.21
	1,451.99
	4,300
	129.1
	49.48



	Mass Flows (kg/h)
	7873.3
	28,930.4
	23,842.2
	10,350.6
	30,824.3
	92,043.7
	13,865.7
	2277.9



	Water
	0.189
	0.174
	0.009
	0.121
	0.827
	0.776
	0.018
	0.000



	Lignin
	0.119
	0.141
	0.205
	0.024
	0.000
	0.000
	0.000
	0.000



	Cellulose
	0.417
	0.435
	0.619
	0.000
	0.000
	0.000
	0.000
	0.000



	Hemicellulose
	0.129
	0.141
	0.011
	0.000
	0.000
	0.000
	0.000
	0.000



	Ash
	0.047
	0.054
	0.036
	0.187
	0.001
	0.000
	0.000
	0.000



	Xylose
	0.000
	0.000
	0.096
	0.502
	0.135
	0.000
	0.000
	0.000



	Ethanol
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	1.000



	Glucose
	0.000
	0.000
	0.023
	0.119
	0.032
	0.161
	0.000
	0.000



	Furfural
	0.000
	0.000
	0.000
	0.001
	0.000
	0.000
	0.000
	0.000



	Sulfuric acid
	0.000
	0.000
	0.001
	0.000
	0.000
	0.000
	0.000
	0.000



	Gypsum
	0.000
	0.000
	0.000
	0.027
	0.000
	0.000
	0.000
	0.000



	Calcium hydroxide
	0.000
	0.000
	0.000
	0.019
	0.005
	0.000
	0.000
	0.000



	Acetic acid
	0.000
	0.000
	0.001
	0.000
	0.000
	0.000
	0.000
	0.000



	Succinic acid
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.982
	0.000



	Cellulase
	0.000
	0.000
	0.000
	0.000
	0.000
	0.062
	0.000
	0.000



	Acetate
	0.099
	0.054
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
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Table 6. Summary of the technical parameters of the main separation units in topology 2.
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Unit

	
Operation

	
Reaction

	
Value






	
DT-1

	
Double-effect distillation

	
Number of stages

	
6




	
Reflux ratio

	
1.5




	
Condenser

	
Partial-Vapor




	
Feed stage

	
2




	
Distillate rate

	
2800 kg/h




	
Condenser pressure

	
1 atm




	
DT-2

	
Double-effect distillation

	
Number of stages

	
14




	
Reflux ratio

	
5




	
Condenser

	
Partial-Vapor




	
Feed stage

	
7




	
Distillate rate

	
2650 kg/h




	
Condenser pressure

	
1 atm




	
DT-3

	
Double-effect distillation

	
Number of stages

	
7




	
Reflux ratio

	
1.5




	
Condenser

	
Partial-Vapor




	
Feed stage

	
2




	
Distillate rate

	
950 kg/h




	
Condenser pressure
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Table 7. Summary of the stoichiometric equations of the main stages for topology 2.
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Stage

	
Reaction

	
Yield

	
Ref.






	
Pretreatment

	
   Glucan +  H 2  O → Glucose   

	
0.07

	
[32]




	
   Xylan +  H 2  O → Xylose   

	
0.90




	
   Xylan → Furgural + 2  H 2  O   

	
0.05




	
   Acetate →  Acetic   acid    

	
1.00




	
   Lignin →  Soluble   lignin    

	
0.05




	
Enzymatic hydrolysis

	
   Glucan +  H 2  O → Glucose   

	
0.90

	




	
C5 Fermentation

	
   3 Xylose → 2    ethanol  + 2   CO  2    

	
0.85

	
[30]




	
   3 Xylose + 5  H 2  O → 5 Glycerol + 2.5  O 2    

	
0.003




	
   3 Xylose + 5   CO  2  → 5  Succinic   acid  + 2.5  O 2    

	
0.009




	
   2 Xylose → 5  acetic   acid    

	
0.014




	
   3 Xylose → 5  lactic   acid    

	
0.002




	
   Glucose → 2    ethanol  + 2   CO  2    

	
0.95




	
   Glucose + 2  H 2  O → 2 Glycerol +  O 2    

	
0.004




	
   Glucose + 2   CO  2  → 2  Succinic   acid  +  O 2    

	
0.006




	
   Glucose → 3  acetic   acid    

	
0.015




	
   Glucose → 2  lactic   acid    

	
0.02




	
C6 Fermentation

	
   Glucose + 2   CO  2  → 2  succinic   acid  +  O 2    

	
0.70




	
   Glucose → 3  acetic   acid    

	
0.10




	
   3  Xylose    → 5 Ethanol + 5   CO  2    

	
0.15




	
   2  Xylose    → 5    Acetic   acid    

	
0.01
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Table 8. Description of the impact categories in waste reduction algorithm (WAR).
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Category

	
Symbol

	
Equation






	
Toxicological




	
Human toxicity by ingestion

	
HTPI

	
   HTPI =  1  L  D  50       




	
Human toxicity by dermal exposure

	
HTPE

	
   HTPE =  1  T L V     




	
Aquatic toxicity potential

	
ATP

	
   HTPE =  1  L  C  50       




	
Terrestrial toxicity potential

	
TTP

	
   TTP =  1  L  D  50       




	
Atmospherical




	
Global warming potential

	
GWP

	
   GWP =    ∫   a i     c i     ( t )    d t      ∫   a  C  O 2       c  C  O 2       ( t )  d t      m i      




	
Ozone depletion potential

	
ODP

	
   ODP =   d    [   O 3   ]   i    d    [   O 3   ]   i    F C K W − 11    m i      




	
Photochemical oxidation potential

	
PCOP

	
   PCOP =      a i     b i   ( t )         a   C 2   H 4       b   C 2   H 4     ( t )       m i      




	
Acidification potential

	
AP

	
   AP =      V i     M i         V  S  O 2       M  S  O 2         m i        
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Table 9. Technical parameters for the evaluated topologies.






Table 9. Technical parameters for the evaluated topologies.





	Technical Parameter
	Topology 1
	Topology 2





	Energy consumed (GJ/h)
	525.27
	1138.76



	Resource energy efficiency (%)
	12.38
	20.43



	Product(s) Yield (%)
	16.64
	43.86



	Total product flow (kg/h)
	2130.99
	16,143.67



	Total material consumption (kg)
	120,150.04
	284,758.03



	Total water consumption (m3/h)
	74,628.70
	221,398.02
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