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It is crucial to leave behind the traditional linear economy approach. Shifting the paradigm and adopting a circular (bio)economy seems to be the strategy to decouple economic growth from continuous resource extraction. To this end, producing bio-based products that aim to replace a part, if not all, of the fossil-based chemicals and fuels is a promising step. This can be achieved by using multi-product integrated biorefineries that convert organic wastes into chemicals, fuels, and bioenergy to optimize the use and close the materials and energy loops. To further address the development and implementation of organic waste integrated biorefineries, we proposed the open-source organic waste to value-added products (O2V) model and multi-objective optimization tool. O2V aims to provide a quick and straightforward holistic assessment, leading to identifying optimal or near-optimal design, planning, and operational decisions. This model not only prioritizes economic benefits but also takes on board the other pillars of sustainability. The proposed tool is built on a comprehensive superstructure of processing alternatives that include all stages concerning the conversion of organic waste to value-added products. Furthermore, it has been framed and formulated in a “plug-and-play” format, where, when required, the user only needs to add new process data to the structured information database. This database integrates data on (i) new processes (e.g., different conversion technologies), (ii) feedstocks (e.g., composition), and (iii) products (e.g., prices), among others. Due to Denmark’s high availability of organic waste, implementing a second-generation integrated biorefinery in Denmark has been chosen as a realistic showcase. The application of O2V efficiently led to the identification of trade-offs between the different sustainability angles. Thus, it made it possible to determine early-stage decisions regarding product portfolio, optimal production process, and related planning and operational decisions. Henceforth, it has been demonstrated that applying O2V aids in shifting the fossil to bio-based production, thereby contributing to the switch toward a circular bioeconomy.
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1 INTRODUCTION
A linear economy that favors extraction, use, and disposal is no longer acceptable. It is increasingly clear that we have finite resources and that today’s production/consumption is tomorrow’s burden. Climate change, the ever-rising energy crisis, and resulting worldwide tension are unambiguous signs pushing the sustainable production and consumption agenda. The concept of circular economy (CE) arises from the need to decouple economic growth from climate change by encouraging closing the energy and materials loop and optimizing use (UnitedNations, 2019; Venkata Mohan et al., 2019). Furthermore, CE endorses the zero-waste policy and actively shifts the traditional paradigm into a bio-based reality (bioeconomy, Figure 1). It is vital to accomplish this as fast as possible; this is achieved through the development and implementation of biorefineries (Figure 1). Biorefining is typically defined as the conversion of biomass into various commodities and specialty chemicals that differ considerably depending on the feedstock (e.g., fuels and bioplastics, respectively) (Giuliano et al., 2016). Furthermore, thriving toward a sustainable and circular bio-economy, the concept of integrated biorefineries is gaining ground as a strategy to reduce waste and energy consumption due to its multi-product nature (Chemmangattuvalappil and Ng, 2013). It leads to producing a myriad of chemicals and fuels where the latter could be used in-house to cover part, if not all, of the plant’s energy requirements. Convincing parallels can be drawn between refining and biorefining Gargalo et al. (2017). However, to avoid the traditional pitfalls observed in the conventional refinery, efficient design, implementation, and operation strategies have to be put in place to attain sustainable production and economic growth. Therefore, research into bio-based avenues in the form of integrated biorefineries for the production of everyday commodities and specialty chemicals has been significantly rising. A current hurdle entails handling the uncertainty encircling this topic; various unknown factors, performance variation, and several process alternatives, among other factors, lead to a multitude of potential options concerning the design, operation, and product assortment to be supplied by biorefineries (Gargalo et al., 2017; Svensson et al., 2015). Thereupon, it is imperative to develop and implement efficient strategies for planning and implementing viable integrated biorefineries for future commercial applications starting at the very early stages of design. The two main approaches for early-stage conceptual design are hierarchical decomposition and superstructure optimization (Mencarelli et al., 2020; Chemmangattuvalappil et al., 2020). The latter is the most common strategy because it facilitates the systematic screening of design alternatives. This approach allows assessing and optimizing the processes’ performance from various perspectives using different objective functions (e.g., minimizing costs and environmental burden). However, there is a delicate balance between simplicity and detail to identify the optimal or a set of promising alternatives confidently. A crudely defined superstructure built on very limited details and processing pathways leads to a poor solution. It usually follows a standard set of steps: (i) define the goal, scope, and complexity of the problem (e.g., decisions on the level of detail, assumptions); (ii) compile a comprehensive library of process models and pertinent data; (iii) set up the superstructure of connections and processing routes; (iv) derive the problem’s mathematical formulation [constraints and objective function(s)]; and finally, (v) apply a numerical solver and identify the optimal solution(s). Superstructure-based optimization has consistently and successfully been applied throughout the years for biorefinery design and in the Process Systems Engineering (PSE) field in general. Therefore, there are many studies on the topic. Because the goal of this work is not to present an extensive literature review, examples of such efforts are here limited to works that (i) are carried out in the last decade (2011–2021); (ii) focus on the design and optimization of multi-product biorefineries by applying a superstructure-based mathematical optimization approach, (iii) use organic waste/biomass as feedstock, and (iv) are deterministic studies. These works are collected, analyzed, and benchmarked in Supplementary Table S1. As demonstrated in Supplementary Table S1, many studies focus primarily on the production of ethanol and biofuels. For example, early studies (Ponce-Ortega et al., 2012a; Gabriel and El-Halwagi, 2013) identified the best conversion pathways of LCF and different types of biomass into bio-alcohols, respectively. Other studies (Vikash and Shastri, 2019; Restrepo-Flórez and Maravelias, 2020) also focused their research on identifying the best routes for the production of ethanol and ethanol derivatives, having lignocellulosic feedstock (LCF) as the starting material. Although to a significantly lower degree, the early-stage design of biorefineries for the production of high-value-added chemicals and building blocks has also been explored. Early studies such as Zondervan et al. (2011b) analyzed the pathways for the conversion of LCF and crude oil into ethanol, butanol, succinic acid, and blends of these compounds with gasoline. A recent study by Elyasi et al. (2021) aimed to identify the best pathway for producing energy and chemicals from biomass. This work emphasizes building a comprehensive network of processing pathways and corresponding process data to convert LCF and other organic wastes (e.g., manure) into value-added chemicals and energy. To the best of our knowledge, we present the most extensive network of processing technologies, and corresponding models and data, for all stages of biomass conversion. The superstructure includes all available technologies for the different steps of biomass conversion (e.g., preprocessing, pretreatment, hydrolysis and fermentation, and purification). The value-added products used as the base case resulting from the conversion of LCF are succinic acid, lactic acid, and ethanol. Moreover, electricity, biogas, and steam are obtained from the conversion of manure and lignin and can ultimately be used to cover the plant’s needs. The production of these compounds acts as a showcase demonstration and reflects current needs (e.g., bioplastics precursors for fossil-plastics replacement). Furthermore, as presented in Supplementary Table S1, very few studies use multi-objective optimization (MOO) (6 out of 22 studies). The works that use MOO typically consider CO2 emissions as the second objective function. Thus, the multi-faceted aspects of sustainability are rarely considered. This study applies MOO that explicitly integrates zero-waste and bio-based circular economy policies by aiming at closing the loop and optimizing use. To this end, one of the objective functions is defined as the E-factor, typically used in green chemistry (Sheldon, 2017), to address the minimization of waste in the whole facility. We believe that, by minimizing waste, we reduce some of the environmental impact and health hazards associated with waste disposal and thus contribute positively to the environmental and social aspects (e.g., soil acidification and health and safety of local communities, respectively). Furthermore, it is remarkable that 21 out of the 22 modeling and optimization studies reviewed in Supplementary Table S1 have used closed-source software (e.g., GAMS). Nevertheless, it is progressively important to support the use of open-source software and programming languages to encourage knowledge-sharing, standardization, and validation of models (Gargalo et al., 2021; Mencarelli et al., 2020). Overall, in the PSE field, as reviewed by Mencarelli et al. (2020), very few studies indeed focus on using open-source software and programming languages for process design and optimization. For example, Chen et al. (2018b) proposed the Pyomo.GDP modeling environment. Their study supported GDP modeling and thus can be used in different solution strategies Chen and Grossmann (2019a). In addition, Pyomo.GDP also used the IDAES model library (chemical processes), proposed by Lee et al. (2018), which uses Pyomo.Network. Notably, to the best of our knowledge, there are no open-source-based biomass biorefinery design and optimization studies. Therefore, this work stands out by proposing a fully open-source organic waste to value-added products (O2V) model and optimization tool (Pyomo, Python-based). O2V aims to aid/assist the transition from a linear economy to a zero-waste and circular bioeconomy. Thereby, O2V provides a quick and reliable strategy to identify the potential optimal set of design, planning, and operational decisions for developing and implementing sustainable organic waste-based integrated biorefineries. In summary, this study introduces the following novel aspects.
• It proposes the O2V model and (multi-)objective optimization tool to identify the best planning and design decisions for the development of an integrated organic waste-based biorefinery (e.g., product portfolio and technologies);
• It addresses the zero-waste and bio-based circular economy policies/initiatives by employing E-factor as one of the objective functions;
• It proposes, to the best of our knowledge, the most comprehensive network of processing pathways for the conversion of organic waste into value-added products (all LCF conversion steps are mathematically described);
• The model has been formulated in the “plug-and-play” setup; in other words, the addition of new data and products to the superstructure of alternatives is straightforward and does not require modifications to the mathematical formulation (the data are added to a structured database);
• The realistic case of developing and implementing a sustainable integrated biorefinery in Denmark is selected. This case is chosen as a showcase to demonstrate the model’s applicability due to the high availability of organic wastes (LCF and pig manure) in Denmark, thus making it possibly an ideal location for such a platform.
[image: Figure 1]FIGURE 1 | Circular bioeconomy: motivation, strategy, and results. Symbols from www.flaticon.com.
The remainder of the article is structured as follows. Section 2 describes the pathways for the conversion of organic waste into value-added products. It also provides details regarding data collection, superstructure generation, and the specifics concerning the implementation of an integrated biorefinery in Denmark. In Section 3, the O2V model is described and the mathematical formulation is defined. The results and discussion are presented in Section 4. Finally, conclusions and future perspectives are drawn in Section 5.
2 ORGANIC WASTE TO VALUE-ADDED PRODUCTS IN DENMARK: TOWARD A REALISTIC AND SUSTAINABLE INTEGRATED BIOREFINERY
The main objective of this work is to design a sustainable integrated biorefinery for the conversion of organic waste into value-added products. Denmark was selected as the location and thus the showcase. The data needed are collected (in a structured database) and presented in this section.
2.1 Availability of Organic Waste in Denmark
LCF availability in Denmark is expected to reach 4.5 million dry tons/year by 2030 (Panoutsou and Singh, 2020). Straw is the second biggest contributor to the total available LCF (1.367 million dry tons/year). Panoutsou and Singh (2020) presented that wheat straw and barley straw have the highest availability. In 2019, the annual production in Denmark was 2017 and 2580 million kg of barley and wheat straw, respectively (Denmark, 2020b). However, this total is not entirely available. Approximately 50% is not collected and the rest is mainly used to produce energy and feed (Nilsson et al., 2016). Pig manure is another significant source of organic waste in Denmark. A total of 12 million pigs were registered in Denmark (2020a). Considering an average of 4.1 kg of manure/swine per day (Losinger and Sampath, 2000), the total quantity of manure is approximately 18,000 million kilos per year. Therefore, wheat and barley straw are the LCF sources selected along with pig manure due to the aforementioned considerations. These are very promising feedstocks for the development and implementation of a sustainable integrated biorefinery in Denmark.
2.2 Value-Added Products From Organic Waste
2.2.1 Lignocellulosic Feedstock
Although the most common use of straw in Denmark is for energy production, its great potential for the production of chemicals and fuels is not explored. A certain set of steps are needed to convert the LCF into valuable products. The main step is to convert LCF into fermentable sugars: C5 (e.g., xylose and arabinose) and C6 (e.g., mainly glucose, mannose, galactose, and rhamnose) (Lee, 2015). These sugars can be converted through fermentation (biological) or chemical processing. An extensive analysis of fuels and platform chemicals that can be obtained from the conversion of LCF was presented by Isikgor and Becer (2015). It is necessary to reduce the portfolio of products to include in the superstructure of alternatives that will be analyzed in this study. Different criteria can be applied to choose the most promising product portfolio for the integrated biorefinery (Bozell and Petersen, 2010). To this end, some of the strategies are as follows: (i) to perform an extensive analysis of recent literature and reports (e.g., European Union, IEA tasks); (ii) to assess if the product has direct fossil-based counterparts (can be used as a direct substitute); (iii) to identify the product as a commodity (high volume) or specialty chemical/precursor/building block (high value); and (iv) to analyze the potential for commercialization and industrial scale-up (Bozell and Petersen, 2010). The primary motivation behind the choice of products is to design an integrated biorefinery capable of and effective in producing high-volume products (EtOH) and specialty high-value-added products (SA, LA). Lactic acid and succinic acid are bioplastic precursors with direct applications in pharmaceutics and cosmetics. Their production market demand has steadily increased over the years. Bio-based ethanol can directly replace fossil-based ethanol in most applications. Furthermore, it is worth noting that these chemicals have been thoroughly studied, and therefore the data available are trustworthy for further use in follow-up studies, such as this study. Hence, based on the mentioned criteria, realistic manure and LCF-based product portfolio were selected, and these products are ethanol (EtOH), lactic acid (LA), and succinic acid (SA). The main processing stages for the production of fermentation products from LCF are as follows: (i) preprocessing (Kumar et al., 2009; Aristizábal-Marulanda and Cardona Alzate, 2019); (ii) pretreatment (Kumar et al., 2009; Aristizábal-Marulanda and Cardona Alzate, 2019); (iii) detoxification (Aristizábal-Marulanda and Cardona Alzate, 2019; Vikash and Shastri, 2019); (iv) hydrolysis and fermentation (Gomez et al., 2008; Aristizábal-Marulanda and Cardona Alzate, 2019); and (v) purification and concentration (Komesu et al., 2017; Aristizábal-Marulanda and Cardona Alzate, 2019). More details are presented in Section 2.3.
2.2.2 Manure
There are two main processing avenues to convert manure into value-added products: (i) energy-oriented technologies, such as biogas production, gasification, and combustion, followed by hydrothermal liquefaction, and (ii) technologies that lead to other products such as composting, pyrolytic carbonization, or hydrothermal carbonization (Khoshnevisan et al., 2021). In Denmark, biogas production has quadrupled between 2012 and 2020, producing approximately 20 PJ/year Støckler et al. (2020), in which manure and organic waste are the two chief feedstocks. Therefore, this valorization pathway, manure to biogas, and biogas upgrading are options included in this study.
Of note is that the production of biogas and EtOH can be used in-house to cover part, if not all, of the facility’s energy needs and thus closing both energy and materials loops (zero-materials and zero-energy wastes).
2.3 Data Collection and Superstructure Generation
As mentioned above, the goal is to identify the optimal design and planning decisions for a realistic and sustainable integrated biorefinery in Denmark based on the conversion of organic wastes. To achieve this, the design and planning decisions to identify are as follows: (i) the production capacity of the set of products; (ii) the set of technologies in the five production sections for the LCF-based conversion; and (iii) the technologies for the conversion of manure and lignin. Furthermore, to the best of our knowledge, we propose the most comprehensive and detailed network of alternatives to produce ethanol, LA, SA, biogas, and electricity from manure, barley, and wheat straw. The superstructure of alternatives is presented in Figures 2, 3, for the conversion of LCF, manure, and lignin (a by-product of LCF processing), respectively. Notably, there are a few compatibility limitations among the processing steps, which are elaborated upon in the following subsections. Considering this, the number of available production pathways decreases. A detailed description of the processing steps, the data requirements, and the assumptions made are given in the following subsections. Furthermore, to apply the O2V model and optimization tool, the required data are stored in a structured database (see Figure 5).
• List of technologies for the conversion of feedstocks into final products;
• Process models and associated data/parameters (e.g., yields, conversion, and recovery factors);
• List of the compatibility and limitations among processing steps;
• Composition of the organic wastes (Supplementary Table S3);
• Total quantities of feedstock available to be converted;
• Prices of products, feedstocks, chemicals, and utilities (Supplementary Tables S9, S21).
Step 1: Preprocessing
[image: Figure 2]FIGURE 2 | Superstructure of alternatives for the conversion of LCF into value-added products. SHF: separate hydrolysis and fermentation; SHCF: separate hydrolysis and co-fermentation; SSF: simultaneous saccharification and fermentation; SSCF: simultaneous saccharification and co-fermentation.
[image: Figure 3]FIGURE 3 | Superstructure of alternatives for the conversion of manure (A,B) lignin into value-added products. RNG: renewable natural gas-biogas; BIGCC: biomass integrated gasification combined cycle.
The preprocessing step aims to reduce the LCF biomass’s particle size before sending it to the pretreatment step. A maximum LCF biomass particle size characterizes the pretreatment technology in the inlet biomass. Thus, the pretreatment step imposes the preprocessing step’s particle size and energy consumption because a maximum input particle size characterizes the pretreatment step. This value is defined as the size at which the highest pretreatment efficiency is obtained, and any further decrease in size does not increase the efficiency of the process (Vikash and Shastri, 2019). In this work, a hammer mill is used to model this step. The energy consumption corresponding to the size reduction is based on the correlation presented by Kumar et al. (2009), which depends on the output particle size. These are presented in Supplementary Table S11.
Step 2: Pretreatment
This step aims to prepare the LCF to maximize the efficiency of the hydrolysis and fermentation stages. Thus, in this step, the porosity of the feedstock is amplified while dissolving lignin and hemicellulose, as well as reducing the cellulose’s crystallinity. Moreover, one of the main requirements is to minimize the formation of inhibitors (Kumar et al., 2009; Aristizábal-Marulanda and Cardona Alzate, 2019). There are different types and strategies (e.g., chemical and physical), which translate into the following pretreatment technologies: dilute acid, lime, ammonia fiber expansion (AFEX), liquid hot water (LHW), ionic liquid, and steam explosion. The recovery yields of the different species (cellulose, hemicellulose, and glucose) are reported in Supplementary Table S5.
Step 3: Hydrolysis and fermentation
The hydrolysis leads to the formation of fermentable sugars through enzymatic activity (cellulases and hemicellulases). Typically, the available commercial enzymes for saccharification and hydrolysis consist of a combination of several enzymes (Gomez et al., 2008). The required enzyme load for the hydrolysis, which depends on the preceding pretreatment stage, is given in Supplementary Table S14. Various organisms, such as bacteria and yeast (natural or engineered), can convert fermentable sugars into LA, SA, and ethanol (Di Lorenzo and Androsch, 2018). The strains are usually defined by their attainable titer (g/L), yield (g/g), and productivity (g/L/h). Supplementary Table S4 reports the bioconversion yields of fermentable sugars into products. The following hydrolysis and fermentation methods are considered in this work and hence included in the superstructure of alternatives: (a) separate hydrolysis and fermentation (SHF); (b) simultaneous saccharification and fermentation (SSF); (c) separate hydrolysis and co-fermentation (SHCF); and (d) simultaneous saccharification and co-fermentation (SSCF). A schematic representation of the main differences among the techniques is presented in Figure 4. The hydrolysis conversion factors for SHF and SHCF and the factors pertaining to the conversion of xylose to ethanol in SSCF and SSF are reported in Supplementary Table S6. The main traits and distinctions between the mentioned technologies are as follows.
[image: Figure 4]FIGURE 4 | Hydrolysis and fermentation configurations.
SHF: the solid stream containing cellulose and hemicellulose obtained from Step 2 goes through hydrolysis, leading to a mixture of glucose and xylose. This stream is then led to the fermentation reactor. The xylose in the liquid stream from the pretreatment section is fermented in a separated bioreactor.
SSF: both solid and liquid streams exiting the pretreatment section enter two different bioreactors. Both undergo simultaneous hydrolysis and fermentation (one bioreactor for each stream).
SSHF: this technique is reminiscent of SHF; however, the xylose-rich liquid stream from pretreatment is mixed with the fermentable sugars from the hydrolysis of the solid stream. Thus, all the sugars obtained from both streams are fermented in one reactor.
SSCF: this technique is reminiscent of SSF. However, the xylose-rich liquid stream and the solid stream (mainly composed of cellulose and hemicellulose) are both sent to one reactor, where all the sugars are fermented.
Step 4: Product Purification and Concentration
The outlet of Step 3 is composed of main products (moderate-to-low concentration), by-products, and other species (e.g., non-fermented sugars). The unwanted compounds are removed in the purification and concentration step to reach the desired concentration and purity. To this end, documented technologies are, for example, precipitation, liquid–liquid extraction, and reactive distillation. Their implementation depends on the main product, and it is usually a compromise between energy and solvent consumption as well as the technology’s TRL (technology readiness level). Details on the available technologies are explored by Komesu et al. (2017). In this work, the following technologies are included:
LA purification and concentration: (i) precipitation → esterification → distillation; and (ii) electrodialysis → esterification → distillation.
SA purification and concentration: (i) electrodialysis, (ii) direct crystallization, and (iii) reactive extraction.
Ethanol purification and concentration: (i) distillation → extractive distillation with ethyl alcohol; (ii) distillation → azeotropic distillation with cyclohexane; and (iii) distillation → adsorption. The primary products’ recovery factors regarding the different purification and concentration technologies are presented in Supplementary Table S7. Supplementary Table S7 also illustrates the compatibility between the main product and Step 4’s technologies. In addition, the utilities required for this step are reported in Supplementary Tables S15–S17 for SA, LA, and ethanol, respectively.
2.3.1 Lignin and Manure Conversion
In this study, two options for the conversion of lignin are included in the superstructure: conversion of lignin into electricity using BIGCC technology (González-García et al., 2012), or lignin is disposed of as waste. The bioconversion of manure into biogas is achieved by applying one of the following technologies: (A) fermentation and biogas upgrade by CO2 removal and (B) fermentation and biogas methanation using H2 (electrolysis). The recovery factors for the manure and lignin conversion are reported in Supplementary Table S8. The data regarding the utilities and chemicals used in both lignin and manure conversion processes are reported in Supplementary Tables 18, 19.
3 O2V MODEL AND OPTIMIZATION TOOL: ORGANIC WASTE TO VALUE-ADDED PRODUCTS
3.1 Model Outline
As previously mentioned, organic waste is a by-product of agro-activities, with a market price that is virtually zero. Thus, in order to thrive toward a circular bio-based and zero-waste economy, the upgrading of these wastes must/should not be overlooked. This study aims to identify and systematically investigate the optimal integrated biorefinery design(s) for converting organic waste into value-added products to aid and enable this paradigm shift. Therefore, in this work, as presented in Figure 5, we propose a modeling and optimization tool that aims to be accurate but also easy to apply for screening alternatives at the very early stages of design and decision-making.
[image: Figure 5]FIGURE 5 | O2V model inputs and outputs.
O2V was built upon integrating (i) upstream and downstream processing models (black box models) for the conversion of organic waste into value-added products; (ii) technology selection and operational strategies; (iii) economic, environmental, and social modeling criteria; and (iv) a multi-objective optimization scheme. The problem is formally stated as follows:
Goal: To maximize the operating profit and minimize the E-factor of the integrated biorefinery.
Given:
• A superstructure of alternatives for the integrated biorefinery that composes the design space;
• Organic waste composition (LCF and manure);
• Available amounts of organic waste that are available (yearly supply fluctuation is disregarded);
• A set of value-added products that comprises the product portfolio;
• Process models (black box models);
• Market prices of products, by-products, chemicals, and utilities;
• Economic, environmental, and social models (operating profit and e-factor).
Detailed model assumptions:
• Only glucose and xylose are considered to be produced. Other sugars obtained from cellulose and hemicellulose are not considered because cellulose is a homopolymer of glucose, and xylose is the most abundant sugar in hemicellulosic fractions (70%–80%) Sun et al. (1996);
• The effect of inhibitors on the different fermentation yields is not considered; it is assumed that all by-products are removed after the pretreatment;
• All fermentation by-products are considered to be removed during the purification and concentration stages (not included in the model);
• All flows are estimated on a dry basis;
• Only operating costs are considered in the economic model; capital and storage costs are disregarded;
• The model does not optimize operating conditions;
• Process data are based on available literature. Thus, some data are obtained from lab-scale experiments and simulations (e.g., Aspen) and might not truly represent the processes at an industrial scale. This might lead to a biased comparison due to the lack of maturity of some technologies;
• In the AFEX and ionic liquid pretreatments, 90% of the ammonia is recycled and 1-ethyl-3-methylimidazolium acetate is 100% recycled, respectively;
• The detoxification stage is not modeled because there is not enough data to account for the effects of inhibitors. As previously mentioned, it is assumed that the inhibitors are removed and do not impact the following steps.
3.2 Mathematical Formulation
The O2V model is formulated as a generalized disjunctive programming (GDP) model for the optimization of the integrated biorefinery superstructure shown in Figures 2, 3. Constraints are defined according to the superstructure of connections to represent, for example, mass balances and capacity limitations. The comprehensive mathematical model formulation is detailed below (constraints and objective function). The complete list of indices, sets, parameters, and binary and continuous variables used is given in the Nomenclature Section.
3.2.1 Constraints
The production planning constraints concerning the selection of feedstock and technologies, mass balance relationships, and capacity constraints, among others, are presented in this section. The constraints and relationships are grouped into steps divided according to the biorefinery stages (Step 1: Preprocessing; Step 2: Pretreatment; Step 3: Bioconversion; and lastly, Step 4: Product purification and concentration). Furthermore, the constraints related to the lignin and manure conversion are also described in this section. The indices, sets, parameters, and binary and continuous variables used in the different steps are detailed in the corresponding tables.
Step 1: Preprocessing
The O2V model allows multiple feedstocks to be chosen simultaneously. The following disjunction describes the inflow of feedstocks into the production network:
[image: image]
where [image: image] represents that feedstock b1 ∈ B1 is selected. Thus, the total amount of feedstock b1 sent to the preprocessing stage is positive [image: image]. Otherwise, when feedstock b1 ∈ B1 is not selected, the continuous variable representing the inflow of feedstock into the preprocessing stage is zero. Only one preprocessing technology can be chosen per feedstock b1 ∈ B1 as follows:
[image: image]
Constraint (2) ensures that (i) the binary variable [image: image] is activated only when the feedstock b1 ∈ B1 is selected and (ii) no preprocessing technology c ∈ C is chosen if there is no inflow of feedstock b1 ∈ B1 (b1 not selected, [image: image]). Furthermore, Constraint (3) through the disjunction, expresses that when/if the preprocessing technology c is not selected [image: image], the inflow of feedstock to that technology is 0. Else, if c is indeed chosen [image: image], the inflow of into preprocessing stage c must be greater than zero [image: image].
[image: image]
Step 2: Pretreatment
The feedstock, after the preprocessing stage, can be distributed to different pretreatment technologies (d ∈ D); however, only one pretreatment technology can be assigned to a specific feedstock (b1 ∈ B1). This is represented by the following constraints:[image: image]
[image: image]
The mass balance between both processing steps is established in Constraints (4, 5), imposing that [image: image] for only one d ∈ D, in the case where b ∈ B1 is selected. Thus, if the former binary variable is inactive (=0), then the total flow from step 1 to step 2 must be 0, [image: image]. In contrast, if the [image: image], the [image: image]. These “intuitive implications” are modeled by disjunction (6):
[image: image]
As detailed, the selection of the pretreatment options is linked to the preprocessing stage immediately before. Thus, it is necessary to ensure that they are consistent. For example, the diverse pretreatment options (d ∈ D) can handle a maximum particle size, which locks/couples the pretreatment to a certain preprocessing alternative (c ∈ C). This constraint is modeled by the following set of equations:
[image: image]
where INPret.(d) represents the maximum input particle size that the pretreatment option can handle. OUTPrepr.(c) represents the output particle size characterizing each preprocessing option c ∈ C.
If the binary variable [image: image] is active, then the set of Eq. (7) attribute the output particle size of a specific preprocessing option to the [image: image] variable. The set of Eq. (7) guarantee that the maximum input particle size into a pretreatment option is equal to the preprocessing output particle size.The output of the pretreatment step is then divided into two flows: solid and liquid. The liquid stream is composed of the sugars obtained in the pretreatment process and by-products (Vikash and Shastri, 2019), whereas the solid stream contains no converted hemicellulose and cellulose. Lignin can be found in both solid and liquid streams, depending on the pretreatment technology. This is modeled by the following constraint:
[image: image]
where αCel (b1) is the content of cellulose in the LCF (b ∈ B1). [image: image] is the cellulose recovery factor obtained when using pretreatment alternative (d ∈ D). Finally, the variable [image: image] stands for the amount of cellulose in the inflow of biomass/LCF (b1 ∈ B1) sent from the preprocessing (c ∈ C) to the pretreatment step (d ∈ D). Therefore, as explicit in Constraint (8), [image: image] represents the total cellulose recovered in the output solid stream of the pretreatment step(s). Applying the same reasoning, all the other components’ recoveries in the pretreatment options are estimated. These are presented in the folloeing constraints:
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As detailed specifically in Constraints (12, 13), xylose and glucose are obtained by the degradation of hemicellulose and cellulose in the pretreatment step. The parameters [image: image] and [image: image] represent the amount of xylose and glucose released per kilo of hemicellulose and cellulose, respectively. Extra raw materials, depending on the technology selected, are needed and directly used in the pretreatment step. This is modeled by the following constraint. It is important to note that this only concerns the raw materials that affect the mass balances:
[image: image]
where [image: image] represents the total flow of raw materials added. The factor [image: image] represents the total amount of raw materials g needed per kg of the inflow into the pretreatment step d. Finally, the total mass balances are expressed by Constraints (16, 17), for the solid and liquid streams, respectively. As mentioned above, the solid stream is mostly composed of hemicellulose, cellulose, and lignin, whereas the liquid stream contains mainly glucose, xylose, and lignin. Furthermore, this liquid stream is also modeled to include the raw materials added and the by-products generated in the pretreatment step:
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Step 3: Hydrolysis and fermentation
The solid and liquid streams from the pretreatment step are sent to different fermentation technologies (h ∈ H), which convert the low-value fermentable sugars into more valuable products. As previously mentioned, four fermentation types are considered in this work (Figure 4). Important to note is that both the enzymatic hydrolysis of cellulose and hemicellulose and sugar fermentation are modeled as a single stage. Moreover, it is assumed that only one main product is produced in each fermentation technique. Furthermore, some other assumptions are taken for the model formulation as follows: (a) fixed conversion factors of sugars into fermentation products are used; (b) the effects of parameters such as residence time and temperature are not considered and thus, the reactors operate at fixed operating conditions. These considerations and the allocation of solid and liquid streams are modeled as follows:[image: image]
[image: image]
Noteworthy is that some of the pretreatment technologies are not compatible with SSCF and SHCF. In addition, some data concerning the different fermentation types may be missing. Hence, some of these techniques might not be implemented. In order to accommodate and model these facts/arguments/details/information, a matrix [image: image] is created. [image: image] takes the value of 1 if the match between pretreatment technology d ∈ D and the fermentation section h ∈ H using the fermentation technology i ∈ I is considered feasible. Otherwise, it takes the value 0. The selection of a compatible combination is modeled in the following constraints:
[image: image]
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The flows of solid and liquid into the fermentation sections ([image: image] and [image: image], respectively) are only positive if the combination of technologies is possible.In order to avoid non-linearities, it is assumed that both solid and liquid streams obtained from feedstock b1 ∈ B are sent to the same fermentation step.
SHF-related constraints:Additional constraints are modeled to account for limitations brought by the selection of SHF as the fermentation method. Given a feedstock b1 and fermentation i, the total solid flow going through the fermentation section h is represented by [image: image]. As the liquid fraction is fermented separately, water is added to the reactor to obtain the correct solid loading. Thus, if the solid loading is known, the water consumption in the fermentation section is given as follows:
[image: image]
The total output flow from the fermentation reactor is equivalent to the sum of solid and dilution water added to the reactor Constraint (23):
[image: image]
When a fermentation technique is chosen to convert the feedstock b1 into product h, [image: image], all pretreatment’s liquid and solid output flows d (from feedstock b1) is to be sent to fermentation technique i, that is, [image: image] and [image: image]. Else, [image: image] and [image: image]; thus, no flow is sent. In case of SHF and SHCF, hemicellulose and cellulose are hydrolyzed into sugars prior to the fermentation reactor. The amount of fermentable sugars obtained in the hydrolysis step depends on the pretreatment technique previously implemented. This is modeled using the following factors: [image: image] and [image: image]. They stand for the portion of hemicellulose converted into fructose and the fraction of cellulose converted into glucose, respectively.
Granted that SHF is selected, the glucose available [image: image] is given by the flow of cellulose recovered from the feedstock b1 leaving pretreatment option d. This is represented by multiplying [image: image] with the conversion factor [image: image]. In contrast, if SHF is not favored, the glucose available for SHF must be equal to zero. The same reasoning applies to xylose and the amount of xylose that is available for fermentation [image: image]. This flow, when SHF is picked, is obtained by multiplying the flow of hemicellulose, [image: image], with the conversion factor [image: image]. Because the xylose in the liquid stream is obtained in the pretreatment section, the xylose in the liquid stream available for fermentation with SHF ([image: image] is the same as the flow of xylose leaving the pretreatment step [image: image]. Therefore, if SHF is not chosen, these flows must be zero. These considerations and implications are mathematically expressed through the disjunction presentedas follows:
[image: image]
As previously mentioned, in the SHF, the liquid and solid flows are fermented separately. Thus, two xylose fermentation strains have to be selected for this purpose. The selection of the xylose fermentation strains for the liquid stream is given in the following constraint:
[image: image]
Constraint (25) ensures that if SHF is selected only one fermentation strain is chosen, [image: image]; else [image: image] and [image: image].
Similarly, the fermentation strain for xylose and glucose fermentation (obtained from hydrolysis) is modeled as follows:
[image: image]
The allocation of the glucose available to the different strains is modeled by Constraint (27). Likewise, the distribution of the total xylose (from hemicellulose?) stream to the different strains is given in Constraint (28):
[image: image]
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For the xylose in the liquid fraction, its distribution to the different strains is modeled by the following constraint:
[image: image]
In Constraints (25) to (29), the set J encompasses all the strains included in the model. Of note is that (i) every strain is linked to only one main product (pure culture fermentation), and (ii) particular strains are only compatible with certain fermentation techniques. The matrix [image: image] represents the compatibility among fermentation strains j, fermentation technology i, and main product h. It [image: image] takes the value 1 if the technologies are compatible, 0 otherwise. Henceforth, the selection of compatible technologies is modeled in the following constraints:
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The rationale applied to the above constraints is equivalent to the one used in Constraints (20, 21).
Furthermore, Disjunction (33) represents the flow of the main product h obtained from the conversion of the xylose (liquid stream), [image: image]. This flow is greater than zero if the fermentation strain j ∈ J is selected and 0 otherwise:
[image: image]
Likewise, the total quantity of the main product obtained from the conversion of glucose [image: image] and xylose [image: image] originating from the hydrolysis of hemicellulose and cellulose is modeled by the following disjunction:
[image: image]
SSF-related constraints:The following constraints are imposed if the fermentation technology SSF is selected. Analogous to the SHF case, the constraint that assures the reactor’s solid loading is modeled as follows:
[image: image]
If SSF is selected, cellulose and hemicellulose are sent to the same reactor for simultaneous saccharification and fermentation. Thus, the total inflow of cellulose, hemicellulose, and xylose into the SSF reactor is equal to the amounts obtained in the pretreatment stage. This is expressed through the following disjunction:
[image: image]
The constraints associated with the bioconversion of the pretreatment outflow liquid stream is equivalent to the ones described for SHF Constraints (25–34). Therefore, similar constraints are presented hereafter without further explanation:
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Similarly, the strain selection for the glucose and xylose fermentation in the SSF reactor is modeled by the following constraint:
[image: image]
The distribution of cellulose and hemicellulose among the different strains is modeled in the following constraints:
[image: image]
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The selection of compatible fermentation strains, sections, and techniques is modeled by the following constraints:
[image: image]
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When a fermentation strain j ∈ J is selected to convert hemicellulose and cellulose into the main product h using SSF, the binary variable is active [image: image], the total product formed from cellulose and hemicellulose [image: image] and [image: image] is obtained by multiplying the respective [image: image] and [image: image] with the conversion factor of cellulose and hemicellulose into the product h using the strain j ([image: image] and [image: image], respectively). Otherwise, in case the strain is not selected, the flows are set to 0. These considerations are modeled by the following disjunction:
[image: image]
SHCF-related constraints:The following constraints are imposed if the fermentation technology SHCF is selected. In order to reach the required reactor’s solid loading and unlike SSF and SHF, the addition of water is not the single solution. The xylose in the liquid stream leaving the pretreatment step is fermented in the same reactor as the sugars in the solid stream. Thus, there is the possibility that there is an excess of liquid in the reactor, which has to be removed to maintain the desired solid loading. The excess flow removed is given by the [image: image] variable. Henceforth, the two options, the addition of diluted water or the removal of excess liquid, are considered conflicting and thus modeled as in the following disjunction:
[image: image]
The total flow of liquid and solid streams into the fermentation section producing the main product h is modeled in the same way as in the SHF process. Moreover, the same holds true for the total amount of glucose and xylose available for fermentation into the main product. This is modeled by the following disjunction:
[image: image]
In contrast to SHF and SSF, only one fermentation strain j must be selected for SHCF. Xylose present in the liquid stream which leaves the pretreatment unit is mixed with the glucose and xylose formed by hydrolysis and then fermented. This is modeled as follows:
[image: image]
The allocation of glucose and xylose, among the different strains j ∈ J, alike SHF, is represented in the folloeing constraints:
[image: image]
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To determine the main products h, total flows are modeled as in the SHF-related constraints. Despite that, and in contrast to SHF, the xylose from the liquid stream is fermented together with the sugars obtained through the hydrolysis of the solid stream. This is modeled by the following disjunction: 
[image: image]
SSCF-related constraints: The following constraints are imposed if the fermentation technology SSCF is selected. In SSCF, as in SSF, hemicellulose and cellulose undergo hydrolysis and fermentation in one single reactor. The constraint regarding the reactor’s solid loading is given in Constraint (54). Because it follows the same rationale as in the previous fermentation techniques, no further explanation is provided here:
[image: image]
The solid and liquid flows are estimated with the same reasoning as in SSF. The same applies to the calculation of the cellulose, hemicellulose, and xylose amounts available to be converted into the main product h. Thus, a similar disjunction to the one for SSF is given as follows:
[image: image]
Alike SHCF, only one fermentation strain can be chosen for SSCF. This is modeled in constraint (56), and no further explanation is provided. The distribution of cellulose, hemicellulose, and xylose present in the liquid stream is given by, as in SSF, Constraints (57, 59). The same holds for the identification of compatible fermentation strains, section, and techniques. This is given in constraints (60) to (62):
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To determine total flow of the main products, the same rationale as in SSF is used. However, xylose fermentation is modeled differently since the xylose fermentation occurs together with the sugars from the saccharification step. These constraints are modeled in the following disjunction:
[image: image]
Total flow of the main products:The total flow of the main products h ∈ H produced from each fermentation technique i ∈ I is modeled by constraint ∀h ∈ H:
[image: image]
Step 4: Purification and concentration
The fermentation broth can be sent to different purification and concentration technologies. This is modeled in constraint (66):[image: image]
Constraint (65) that follows ensures that if a certain product is not obtained in the fermentation section [image: image], then that product is not sent to a purification and concentration technology k ∈ K ([image: image] and [image: image]). Otherwise, if product h ∈ H is produced then [image: image], but only one purification and concentration step can be chosen for each product h ∈ H. This is modeled in constraint (66):
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An important consideration is the compatibility between the main product and the purification and concentration processes. Thus, to consider this, a compatibility matrix is defined [image: image], where [image: image] if the purification and concentration processes k ∈ K are compatible with the main product (h ∈ H). By using this parametric matrix, the choice of compatible purification and fermentation operation is modeled by the following constraint:
[image: image]
The flow of the main product obtained after the purification and concentration processes [image: image] is estimated where [image: image] represents the recovery factor of the given process. When a given purification and concentration step is not selected, the outflow of the main product is 0. The following disjunction reflects the abovementioned implications:
[image: image]
The total flow of the main product exiting all purification and concentration steps k ∈ K is given as follows:
[image: image]
Lignin conversion:In this work, lignin is sent to the fermentation and after the purification and concentration steps, a lignin cake is recovered. The assumption is that all lignin in the solid stream exiting the pretreatment section is fully recovered, [image: image]. The binary variable [image: image], if active, reflects the recovery of lignin. Then, when recovering lignin, two options for the subsequent step are included in the model: (i) disposed as waste or (ii) convert it into BIGCC for the production of electricity [image: image]. The decision between both alternatives is modeled by the following disjunction:
[image: image]
Manure conversion:The model developed in this work also accounts for the possibility to also convert manure into value-added products (YManure). Furthermore, three alternatives are considered for the conversion of manure into biomethane based on anaerobic digestion and gasification (l ∈ L). This is modeled by the following constraint:
[image: image]
The following disjunction represents the selection (YManure) and corresponding inlet flows of manure into the conversion step (FManure(l)):
[image: image]
3.2.2 Objective Functions
Two objective functions are defined reflecting economic and environmental/social optimization. These are given in Equations 73, 74, respectively.
[image: image]
[image: image]
OP stands for operating profit, where VH, VRM, and VB correspond to the sales of the main products produced, the cost of the raw materials used in all stages, and the cost of the feedstock, respectively. E-factor, traditionally applied as a metric in green chemistry, is here used to minimize waste and thus waste disposal.
3.2.2.1 Multi-Objective Optimization
The multi-objective optimization leads to a Pareto front of solutions composed of the alternatives that represent the optimal trade-offs between the two targets. By minimizing waste, we aim to reduce environmental impact and health hazards associated with waste disposal, thus leading to benefits regarding both environmental and social aspects (e.g., soil acidification and the health and safety of local communities). In this work, these solutions are reached by applying the ϵ-constraint method, as defined in del Castillo-Romo et al. (2018).
3.3 Model Implementation and Solution
The above-described model has been implemented in Pyomo, an open-source software embedded in python. The GDP model was modified into an MINLP using a standard reformulation method provided by Pyomo. This is the most efficient strategy in terms of solving time. Another approach was tested where instead of reformulating the model into MINLP, the problem was solved straightforwardly with GDPopt. GDPopt is a logic-based nonlinear and open-source GDP solver for Pyomo (Chen et al., 2018a). The former strategy has been chosen because it indeed has the shortest computing time. Furthermore, although several solvers and their capabilities were investigated, Gurobi was the solver selected because most of the solvers were not compatible with the model developed. Some examples are IPOPT, GLPK, and CBaC. The former can solve nonlinear problems but cannot handle integer terms, and the latter two cannot solve nonlinear problems. Gurobi can deal with integer variables because it includes a bilinear solver (added in the Gurobi 9.0 version). As the model includes a nonlinear Equation (74), bilinear equality constraint, Gurobi was the most appropriate choice. The two most used approaches to reformulate a GDP model into an MINLP model are (i) the convex hull relaxation (HR) and (ii) the Big-M (Vecchietti et al., 2003; Chen and Grossmann, 2019b). The choice between these two strategies comes with a trade-off. Because Big-M requires a lower number of constraints and variables than HR, by using HR, one can reach a better continuous relaxation and thus stronger lower bounds (Chen and Grossmann, 2019b; Grossmann and Trespalacios, 2013). Testing both approaches is required if the solving time is a criterion to consider. Even though the better bounds gained with HR can lead to shorter solving times, the increased size of the reformulation might act in the opposite direction Grossmann and Trespalacios (2013). In this work, the Big-M reformulation performed better in terms of solving times and thus has been the strategy followed to convert the GDP model into MINLP.
4 RESULTS AND DISCUSSION
The results regarding the application of the O2V model and multi-objective optimization tool to identify the potential optimal integrated biorefinery for converting organic waste into value-added products are presented in this section. The mathematical formulation corresponding to the O2V model was implemented in Pyomo and solved to global optimality with Gurobi 9.0. The model consists of 57,239 variables and 98,895 constraints.
4.1 Base Case Scenario
The scenario built in this work for producing SA, LA, EtOH, and biogas (RNG) is based on setting up target production capacities for the different products. A total of 1,218 GWh of biogas is generated by 154 plants in Denmark Kampman et al. (2017). This corresponds to 1,000 kWh/h per facility, and thus it has been chosen as the production target for the production of biogas from manure. The commercial scale for the production of SA and LA by DSM and Roquette Frères is set at 50 kton/year (6.25 ton/h) Vaswani (2010). Due to its commercial status, this represents a realistic production scale; thus, it has been chosen to be the production target of both SA and LA. The target capacity for EtOH production was set at approximately 15 ton/h, a scale that has been identified as optimal by Raftery and Karim (2014). Although one could have established other starting scenarios, this base case was chosen because (i) it leads to an optimal multi-product biorefinery as expected under the integrated biorefinery settings, where aiming at replacing fossil-refineries, high-value low volume and low-value high volume products are co-produced; and (ii) it enables the development of a credible integrated biorefinery by using realistic commercial production capacities. Thus, the estimated capital investment is also assumed to be reasonable and economically relevant for practical implementation.
4.2 Multi-Objective Optimization Results
A Pareto front of solutions is obtained by applying the ϵ-constraint method, as presented in Section 3.2.2. The Pareto front is depicted in Figure 6; the corresponding production networks and data points are given in Table 2. The codes describing the different superstructure steps are reported in Table 1. The circles show the impact that changing the purification and concentration technologies (Step 4) has on the objective functions. Besides, it is worth noting that the impact of manure conversion is negligible when compared to changes in Step 4.
[image: Figure 6]FIGURE 6 | Pareto front of solutions: OP vs. E-factor. Extreme solutions: Solution A and Solution G.
TABLE 1 | Codes used to describe the solutions presented in Table 1 and Figure 6.
[image: Table 1]From Table 2 and Figure 6, the main differences among the solutions forming the Pareto front are the choice of technologies in Step 4 and manure conversion. However, the choice of manure conversion technologies does not impact the OP and E-factor as much as the selection of Step 4 (purification and concentration) technologies. The selection of different technologies in Step 4 is linked to the energy consumption and/or addition of solvents/chemicals. The most striking similarities are that (i) wheat straw is always selected as the main feedstock; (ii) dilute acid is invariably chosen as the pretreatment step; (iii) the selected technologies for Step 3 are consistent among all solutions; and (iv) lignin is consistently converted into electricity. Furthermore, a quick analysis of the extreme solutions shown in the Pareto front in Figure 6 is performed. Solution A, presented in Figure 7, represents the optimal OP (maximizes OP), and Solution G, depicted in Figure 8, stands for the optimal E-factor (minimizes waste production). Because both solutions have the same production targets, the main difference is the operating costs (raw materials/chemicals and feedstock). Overall, the following observations can be made by comparing solutions A and G.
TABLE 2 | Pareto of solutions as presented in Figure 6: OP, E-factor, and production network.
[image: Table 2][image: Figure 7]FIGURE 7 | Solution A (maximizes OP): (A) LCF conversion, (B) manure conversion, and (C) lignin conversion. The grey shading represents the choice of feedstock and technologies.
[image: Figure 8]FIGURE 8 | Solution G (minimizes E-factor): (A) LCF conversion, (B) manure conversion, and (C) lignin conversion. The grey shading represents the choice of feedstock and technologies.
Operating costs (OCs):
• As expected and presented in Figures 9, 10, the total OCs of Solution G are higher than Solution A (by approx. 15%).
• The OCs of Solution G are mainly due to Step’s 4 energy consumption (94.7%) in contrast to 44.2% for Solution A.
• The biggest part of the OC is the purification stage in both solutions: it represents 47.3% and 54.8% of the OC of Solutions A and G, respectively. This is followed by feedstock and enzyme-related costs.
• The total cost of utilities is divided into energy (e.g., cooling and heating) and raw materials costs (e.g., water and chemicals). The most impactful contributor to the cost of utilities in Solution A is the purchase of raw materials (57.7% of the cost of utilities), whereas the energy-related costs represent the biggest share of the cost of utilities in Solution G (78.7% of the cost of utilities).
• The total OCs of Solution G are higher than Solution A by approximately 15% (see Figures 9, 10);
• Solutions A and B have very similar OCs regarding all stages except for the purification and manure conversion steps (see Figure 6 and related discussion).
[image: Figure 9]FIGURE 9 | Solution A: operating cost by processing step.
[image: Figure 10]FIGURE 10 | Solution G: operating cost by processing step.
Operating profit (OP):
• Solution A has eight times higher OP than Solution G (see Table 2).
• The contribution of heat and RNG/biogas production to the yearly revenue (and OCs) is rather small (depicted in Figure 11) due to the low production capacities set as the base case scenario. The production target was, as mentioned in Section 4, set based on existing biogas plants in Denmark, assuming that these plants are operating at optimal production capacities.
• Solution G has a higher possibility of improving OP if energy recycling technologies are implemented. The hypothesis is that the same percentage of energy can be recovered in Solutions A and G because the OC related to energy consumption in G is higher than in Solution A (absolute values). However, Solution A has a bigger profit margin, thus potentially allowing management to invest in approaches to improve the plant’s environmental and social burden (reduce E-factor).
[image: Figure 11]FIGURE 11 | Solution A: contribution of the main products to the biorefinery’s revenue.
Assessment of OP by main product:The preceding discussion provides a summary of the biorefinery in its entirety and per processing stage. The analysis of the OP and OCs per product is detailed in this section. As previously mentioned, the model identifies the optimal network which leads to the target production capacities. Fixing the production capacity might force negative OP if all production pathways are not profitable (in this case, the model chooses the network that gives the least negative OP). Therefore, because the model does not give direct results on which products are the most optimal, it is important to analyze the contribution of each product to the OP, revenue, and OCs. Solution A is selected for this analysis, considering it has optimal OP.
• The OC per kg of main products (EtOH, SA, LA), as presented in Supplementary Table S10, is approximately 0.816 $/kg; the OP is 0.137 $/kg. The OC and OP per MWh of RNG produced are equal to 25$ and 9.5$, respectively. Note that this refers to the integrated biorefinery as a whole
• As shown in Figure 12, SA is the main contributor to the OC, followed by LA and EtOH.
• As observed, the production of LA is not advantageous in terms of economic feasibility (OC is higher than the OP; see Figure 13).
• The product ranking is, based on OP and EtOH, followed by SA and LA.
• Sensitivity analysis on product prices: the prices were updated to those reported in Gargalo et al. (2016). The new OP leads to a contrasting optimal solution, where LA is the most promising product, followed by SA and EtOH. This demonstrates that the economic feasibility is highly subject to input data (high model sensitivity and high data uncertainty)
• Performing uncertainty analysis would be very beneficial in increasing/improving the robustness of the model and corresponding results. This is part of future work.
[image: Figure 12]FIGURE 12 | Solution A: contribution of the main products to the operating costs.
[image: Figure 13]FIGURE 13 | Solution A: contribution of the main products to the operating costs.
Furthermore, it is important to highlight that although the model developed in this work is extensive and comprehensive, it is based on available limited processing alternatives because research and implementation are ongoing. For example, Li et al. (2021) described the potential of using membrane technologies. Additionally, Step 3 was assumed to be pure culture fermentations; however, the review by Pinto et al. (2021) has documented that mixed cultures might bring some advantages. The superstructure does not include these alternatives due to the, so far, lack of maturity and data availability.
5 CONCLUSION AND FUTURE PERSPECTIVES
A novel model and multi-objective optimization tool, O2V, is proposed to identify design, planning, and operational decisions to develop and implement a second-generation integrated biorefinery to convert organic wastes into value-added products. It aims at being a holistic tool that integrates all pillars of sustainability. O2V model was built on an extensive superstructure of alternatives that include the process models and related data describing all steps concerning the treatment and conversion of biomass (structured database). A realistic case study has been selected on the potential development and implementation of an organic wastes integrated biorefinery in Denmark using LCF and manure. The products considered are ethanol, biogas, electricity, succinic acid, and lactic acid. Our strategy successfully identified the trade-off of solutions when optimizing economic feasibility and environmental and social impact for the potential implementation of this facility in Denmark. The optimal design and planning decisions have been identified for the extreme solutions (optimal OP and optimal E-factor). The major difference between these solutions is the technology chosen for purification and concentration steps. Of note is that the O2V model and optimization tool are extendable and adjustable in case of new data, or processing pathways become available, or both. Therefore, it has been shown that the O2V is a straightforward plug-and-play approach for early-stage design and assessment of organic wastes-based integrated biorefineries that aim to make the circular bio-economy a reality. Furthermore, future work includes integrating (i) the estimation of capital investment and (ii) uncertainty analysis into the O2V model to reach more robust solutions.
Step 1: Preprocessing
The variables and parameters linked to the pretreatment stage are follows:
• [image: image]: binary variable. It represents the selection of feedstock b1. If feedstock b1 is chosen, variable [image: image] = 1 and = 0 otherwise.
• [image: image]: binary variable. It represents the selection of the preprocessing option c for feedstock b1. If c is selected, variable [image: image] = 1 and = 0 otherwise.
• [image: image]: continuous variable. It represents the inflow of feedstock b1 into preprocessing option c.
Step2: Pretreatment
The variables and parameters linked to the pretreatment stage are as follows:
• [image: image]: continuous variable. It is the amount of feedstock b1 that underwent the preprocessing option c, which is subsequently sent to pretreatment option d.
• [image: image]: binary variable. It represents the selection of pretreatment option d for feedstock b1. If pretreatment method d is selected for feedstock b1, then [image: image] = 1 and = 0 otherwise.
• [image: image]: variable. It represents the output milling particle size of the selected preprocessing option.
• [image: image]: parameter. It represents the output particle milling size given by preprocessing option c.
• [image: image]: variable. It represents the maximum input particle size of the selected pretreatment option.
• [image: image]: parameter. It represents the maximum input particle size of the selected pretreatment option d.
• [image: image]: continuous variable. It is the flow of cellulose recovered from feedstock b1 in the outlet solid phase of pretreatment option d.
• [image: image]: continuous variable. It is the flow of hemicellulose recovered from feedstock b1 in the outlet solid phase of pretreatment option d.
• [image: image]: continuous variable. It represents the flow of lignin recovered from feedstock b1 in the outlet solid phase of pretreatment option d.
• [image: image]: continuous variable. It represents the amount of lignin recovered from feedstock b1 in the outlet liquid phase of pretreatment option d.
• [image: image]: continuous variable. It represents the flow of glucose recovered from feedstock b1 in the outlet liquid phase of pretreatment option d.
• [image: image]: continuous variable. It represents the flow of xylose recovered from feedstock b1 in the outlet liquid phase of pretreatment option d.
• αCel (b1): parameter. It represents the fraction of cellulose in feedstock b1.
• αHC(b1): parameter. It represents the fraction of hemicellulose in feedstock b1.
• αLig (b1): parameter. It represents the fraction of lignin in feedstock b1.
• [image: image]: parameter. It represents the recovery factor of component e using pretreatment option d.
• [image: image]: continuous variable. It represents the flow of by-product f generated from feedstock b1 which undergoes option d.
• [image: image]: parameter. It represents the amount of by-product f generated per kilo of feedstock undergoing pretreatment d.
• [image: image]: continuous variable. It represents the amount of utilities g consumed when feedstock b1 undergoes option d.
• [image: image]: parameter. It represents the amount of utility g consumed per kilo of feedstock undergoing pretreatment d.
• [image: image]: continuous variable. It represents the total liquid flow recovered from feedstock b1 undergoing option d.
• [image: image]: continuous variable. It represents the total solid flow recovered from feedstock b1 undergoing option d.
Step 3: Hydrolysis and fermentation
The variables and parameters linked to the bioconversion step are as follows:
• [image: image]: continuous variable. It represents the total liquid flow recovered from feedstock b1 in pretreatment option d.
• [image: image]: continuous variable. It represents the total solid flow recovered from feedstock b1 in pretreatment option d.
• [image: image]: continuous variable. It represents the liquid flow recovered from feedstock b1 in pretreatment option d sent to the Step 4 for the production of the main product h through fermentation technique i.
• [image: image]: continuous variable. It represents the solid flow recovered from feedstock b1 in pretreatment d sent to the fermentation section for the production of the main product h through fermentation technique i.
• [image: image]: binary parametric matrix. It models the compatibility between pretreatment option d ∈ D, the production of the main product h ∈ H, and fermentation technique i ∈ I. If combination (d,h,i) is compatible, the parameter [image: image] = 1 and = 0 otherwise.
• [image: image]: parameter. It represents the bioreactors target solid loading.
• [image: image]: continuous variable. It represents the flow of water added during sugar fermentation (from feedstock b1) into main product h originating using the fermentation technique i.
• [image: image]: binary variable. It represents the selection of fermentation technique i for the production of the main product h from sugar fermentation (from feedstock b1). If fermentation technique i is selected for the production of the main product h from sugars originating from feedstock b1, [image: image] = 1 and = 0 otherwise.
• [image: image]: continuous variable. It represents the xylose flow, produced from feedstock b1 when the hemicellulose is hydrolysed, subsequently sent to the fermentation technique i for the production of the main product h.
• [image: image]: continuous variable. It represents the flow of glucose (from feedstock b1) by cellulose hydrolysis, which is subsequently sent for the production of the main product h through fermentation technique i.
• [image: image]: continuous variable. It represents the amount of xylose in the liquid outlet stream from pretreatment d sent to fermentation technique i for the production of the main product h.
• [image: image]: parameter. It represents the hemicellulose fraction converted into xylose by hydrolysis after pretreatment option d.
• [image: image]: parameter. It represents the cellulose fraction converted into glucose by hydrolysis after pretreatment option d.
• [image: image]: binary variable. It represents the selection of fermentation strain j ∈ J for the production of the main product h through SHF from xylose in the liquid flow from pretreatment of feedstock b1.
• [image: image]: binary variable. It represents the selection of fermentation strain j ∈ J for the production of the main product h through SHF from glucose and xylose in the solid flow from pretreatment of feedstock b1.
• [image: image]: continuous variable. It represents the flow of xylose, from feedstock b1 from hemicellulose hydrolysis, subsequently converted through fermentation technique i for the production of the main product h using fermentation strain j ∈ J.
• [image: image]: continuous variable. It represents the flow of xylose, from feedstock b1 from cellulose hydrolysis, subsequently converted through fermentation technique i for the production of the main product h using fermentation strain j ∈ J.
• [image: image]: continuous variable. It represents the flow of xylose recovered from the liquid stream, from feedstock b1 from cellulose hydrolysis, subsequently converted through fermentation technique i for the production of the main product h using fermentation strain j ∈ J.
• [image: image]: binary parametric matrix. It describes the compatibility among the production of the main product h ∈ H, the fermentation technique i ∈ I, and fermentation strain j ∈ J for the conversion of glucose and xylose produced through hydrolysis. If the combination (h,i,j) is compatible, [image: image] = 1 and = 0 otherwise.
• [image: image]: binary parametric matrix. It describes the compatibility among the production of the main product h ∈ H, fermentation technique i ∈ I, and fermentation strain j ∈ J for the conversion of xylose from the liquid flow. If the combination (h,i,j) is compatible, [image: image] = 1 and = 0 otherwise.
• [image: image]: continuous variable. It represents the flow of the main product h produced from xylose (obtained from hemicellulose hydrolysis from feedstock b1 that undergoes pretreatment d), using fermentation technique i and fermentation strain j ∈ J.
• [image: image]: continuous variable. It represents the flow of the main product h from glucose conversion (obtained from cellulose hydrolysis from feedstock b1, which undergoes pretreatment d), using fermentation technique i and fermentation strain j ∈ J.
• [image: image]: continuous variable. It represents the flow of the main product h from the conversion of xylose in the liquid stream (from pretreatment d of feedstock b1), using the fermentation technique i and fermentation strain j ∈ J.
• [image: image]: parameter. It represents xylose’s conversion factor using strain j.
• [image: image]: parameter. It represents the glucose’s conversion factor using the strain j.
• [image: image]: continuous variable. It represents the flow of hemicellulose (from the pretreatment option d of feedstock b1) used for the production of the main product h through fermentation technique i.
• [image: image]: continuous variable. It represents the flow of cellulose (from the pretreatment option d of feedstock b1) used for the production of the main product h through fermentation technique i.
• [image: image]: continuous variable. It represents the flow of hemicellulose (from the pretreatment option d of feedstock b1) used for the production of the main product h through fermentation technique i and fermentation strain j.
• [image: image]: continuous variable. It represents the flow of cellulose (from the pretreatment option d of feedstock b1) used for the production of the main product h through fermentation technique i and fermentation strain j.
• [image: image]: binary variable. It represents the selection of the fermentation strain j ∈ J for the conversion of xylose in the liquid outflow of pretreatment into the main product h using SSF.
• [image: image]: binary variable. It represents the selection of the fermentation strain j ∈ J for the conversion of glucose and xylose in the solid outflow of pretreatment into the main product h using SSF.
• [image: image]: continuous variable. It represents the flow of the main product h obtained from the conversion of cellulose (recovered in pretreatment d of feedstock b1) using fermentation technique i and fermentation strain j ∈ J.
• [image: image]: continuous variable. It represents the flow of the main product h obtained from the conversion of hemicellulose (recovered in pretreatment d of feedstock b1) using fermentation technique i and fermentation strain j ∈ J.
• [image: image]: parameter. It represents cellulose’s conversion factor using the strain j.
• [image: image]: parameter. It represents hemicellulose’s conversion factor using strain j.
• [image: image]: continuous variable. It represents the flow of liquid stream obtained before entering the fermentation reactor in co-fermentation configurations (to guarantee sufficient solid loading).
• [image: image]: binary variable. It represents the selection of fermentation strain j ∈ J, for the conversion of fermentable sugars into the main product h using SHCF.
• [image: image]: binary variable. It represents the selection of the fermentation strain j ∈ J for the conversion of fermentable sugars into the main product h using SHCF. This variable is indexed over sets B1, H, and J.
• [image: image]: continuous variable. It represents the total flow of product h produced during the fermentation stage.
Step 4: Purification and concentration
The variables and parameters linked to the purification and concentration step are as follows:
• [image: image]: continuous variable. It represents the flow of the main product h sent to the purification and concentration process k.
• [image: image]: binary variable. It represents the selection of the purification and concentration process k for the main product h.
• [image: image]: continuous variable. It represents the outflow of the main product h from the purification and concentration process k.
• [image: image]: parameter. It represents the recovery factor of the purification and concentration process k. This parameter is indexed over the set K.
• [image: image]: continuous variable. It represents the total outflow of the main product h from the purification and concentration stage.
• [image: image]: continuous variable. It represents the flow of lignin recovered in Step 4 which is then converted into biogas.
• [image: image]: binary variable. It represents the selection of a lignin valorization step for the production of biogas.
• Manure conversion
The variables and parameters linked to the manure conversion are as follows:
• YManure: binary variable. It represents the selection of manure conversion.
• [image: image]: binary variable. It represents the selection of the technology l ∈ L for manure conversion.
• FManure(l): continuous variable. It represents the inflow of manure into the processing option l ∈ L.
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Glossary
SA succinic acid
LA lactic acid
EtOH ethanol
LCF lignocellulosic feedstock
DM dimethyl ether
EG ethylene glycol
DC dimethyl carbonate
1,4-BDO 1,4-butanediol
GWP global warming potential
NPV net present value
MINLP mixed-integer non-linear programming
GDP generalized disjunctive programming
SHF separate hydrolysis and fermentation
SHCF separate hydrolysis and co-fermentation
SSF simultaneous saccharification and fermentation
SSCF simultaneous saccharification and co-fermentation
RNG renewable natural gas-biogas
BIGCC biomass integrated gasification combined cycle.
Indices
b feedstocks
c preprocessing options (Step 1)
d pretreatment options (Step 2)
e components
f by-products
g utilities
h hydrolysis and fermentation options (Step 3)
i fermentation techniques (e.g., SSF, SSCF)
k purification and concentration options
l manure conversion options.
Sets
B set of all feedstocks b
C set of all preprocessing options c
D set of all pretreatment options c
E set of all components e
F set of all by-products f
G set of all utilities g
H set of all Step 3 options h
I set of all fermentation techniques i
K set of all purification and concentration options k
L set of all manure conversion options.
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