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Abstract
The purpose of this work is to present the retrofitting of a sugar mill into a biorefinery to diversify the commercialized products, so as to improve the economy and sustainability of the industrial plant. The proposed methodology considers the design, simulation and techno-economic evaluation of a sugarcane biorefinery to produce mainly lactic acid and biofertilizer. From a circular economy perspective, the biorefinery considers the three biomasses generated in a sugar mill: sugarcane juice, molasses and bagasse (a lignocellulosic waste). The study takes into account the availability of raw materials (from the industry in Mexico) to determine the installed capacity of the industrial biorefinery.
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Introduction
From a circular economy perspective, the use of both raw materials and waste, as well as the production of high value-added products in a biorefinery, improve the economics of the production process, minimize waste discharge and energy consumption, and reduce dependence on petroleum products. So biorefineries offer new economic opportunities for agriculture and the chemical industry (Fitzpatrick et al., 2010). In particular, retrofitting sugar mills into sustainable biorefineries (see Figure 1) is a potential opportunity, since the Mexican sugar industry has serious operational and profitability problems (Anaya-Reza and Lopez-Arenas, 2018). These industrial facilities provide first (1G) and second (2G) generation biomasses that can easily be converted into value-added products. Among these are sugarcane juice (1G biomass), molasses (byproduct also considered as 1G biomass), and bagasse (2G biomass because it is a lignocellulosic waste).
Regarding the products of a biorefinery, much attention has been paid to bioproducts, that is, those processed through microbial biotechnology. Mainly due to global concerns about energy and environment, which are the main reasons to develop new techniques to produce almost all products through eco-friendly methods. Such as, biofuels, amino acids, organic acids, biopolymers, etc. And of course, with a circular economy approach, secondary byproducts could be steam, electricity, biogas, animal feed, biofertilizer, etc. 
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Figure 1. Conceptual design for the retrofitting of a sugar mill into a sustainable biorefinery.

Among the most important bioproducts is lactic acid, since it has wide applications in the pharmaceutical, cosmetic, chemical and food industries; with a world production of 1.6x106 t/y (Fitzpatrick et al., 2010). In addition, it is a precursor with great potential for the production of ecological, biodegradable and biocompatible poly-lactic acid (PLA) polymers. Thus, lactic acid was selected in this work to show the conversion methodology of a sugar mill. While the secondary product is a fertilizer, which is the result of cell culture during the fermentation process of glucose to produce lactic acid.
So, the objective of this work is the retrofitting of a sugar mill, through the proposal of the synthesis, design, simulation and techno-economic evaluation of a sugarcane biorefinery to produce mainly lactic acid and a biofertilizer. 
Methodology
Process synthesis
The process stages of the biorefinery are briefly described below.
Raw material conditioning: Each biomass is prepared according to its physical and chemical properties. In the case of juice, a dilution is carried out; and in the case of molasses, impurities are removed, and then molasses is diluted. While bagasse is ground, moistened and diluted. In particular, for bagasse, a steam explosion is carried out as a pretreatment for the structural degradation of the lignocellulosic biomass and the release of sugar polymers from its matrix. Finally, each conditioned biomass is subsequently sterilized for incorporation into the fermenter.
Preparation of culture medium: Tryptone, yeast extract and calcium hydroxide are added as nutrients. This mixture is diluted and heat sterilized to ensure that it is in optimal condition and that there are no contaminants.
Fermentation: The biomass, the culture medium and the microorganism (L. casei ssp. Rhamnosus) are added to the fermentation reactor, under isothermal and anaerobic conditions (Anaya-Reza and López-Arenas, 2018). Because microorganism production is inhibited by the lactic acid produced, then calcium hydroxide is added to the fermenter to neutralize the acid, maintaining the reactive mixture at a pH of 5 and forming calcium lactate salts. Upon completion of the fermentation, the output stream is taken to a storage tank.
Purification of the biofertilizer: First, the microorganism is eliminated using a rotating filter. The liquid phase is sent to lactic acid purification. While, the solid phase is sent to a rotary dryer to obtain dry biomass, which will be marketed as biofertilizer.
Purification of lactic acid: The liquid phase separated in the previous stage is sent to an acidifying tank where sulfuric acid is added, since with this the dissociation of calcium lactate is achieved, forming lactic acid and gypsum. The gypsum is removed using a rotating filter, and the lactic acid is recovered using an evaporator and spray dryer. A product with a purity of 55% lactic acid is achieved, which is within the food grade, 50-88% (Alexandri et al., 2019).
Conceptual Design
The biorefinery conceptual design was implemented in a process simulator (SuperPro Designer), selecting a batch operation mode and considering an annual operation time of 48 weeks. The maximum availability of raw material was determined according to the installed capacity in a sugar mill in Mexico (CONADESUCA, 2022): 3,453,700 t/y of sugarcane juice, 134,160 t/y of molasses, and 910,780 t/y of bagasse; such that the design of the proposed biorefinery is sized. Figure 2 shows the process flow diagrams of the conditioning sections of the three biomasses. While Figure 3 shows the sections of preparation of the culture medium, fermentation, and purification of the biofertilizer and lactic acid.
Biorefinery assessment
The comprehensive evaluation of the biorefinery is carried out considering: (a) technical aspects, verifying the performance, productivity and installed capacity of the process; (b) economic criteria, evaluating the unit production cost, the return on investment and the payback period; and (c) environmental issues, determining water consumption, the heat transfer requirement and energy consumption. 
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Figure 2. Process flow diagrams of biomass conditioning sections: (a) sugarcane juice, (b) molasses, and (c) bagasse
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Figure 3. Process flow diagram of preparation of the culture medium, fermentation, and purification sections.
Simulation results
Using the modelling and simulation tools of the process simulator, the material and energy balances are calculated, the results of which in turn allow the evaluation of the profitability and environmental impact of each biomass used for the retrofitting of the sugar mill. When carrying out the techno-economic evaluation with the maximum quantity available for each biomass, some designs were not profitable. Therefore, the designs were improved by performing parametric sensitivity analysis: (a) modifying the number of fermentation reactors used in the design (since the reaction stage is a bottleneck), so that by increasing the set of reactors reduces downtime and improves profitability; and (b) varying the amount of biomass fed, so that a design is found that optimizes the efficient use of the equipment and improves the profitability of the process.
The optimal profitability results are reported in Table 1 for each case study, noting that:
(i) The technical analysis demonstrates that the production of lactic acid and biofertilizer from the three proposed biomasses is feasible, and the quantity required to achieve the best profitability in each case is determined. It is important to note that profitability is achieved with quantities lower than the limits of each biomass produced in sugar mills. (ii) Considering that a good profitability is when a rate of return on investment greater than 20% is achieved with a payback period of less than 3 years (Seider et al., 2009), it is observed that, as expected, the best values of profitability are achieved by using the juice followed by molasses, while with bagasse there is no acceptable profitability according the previous profitability definition. However, from a circular economy point of view, even the low profitability values for bagasse (which is a waste) are positive and satisfactory.
(iii) Regarding the environmental issues, it is observed that when sugarcane juice is used, a lower amount of process water is required compared to the other cases of molasses and bagasse. However, the amount of services (water vapor and cooling water) and electrical energy consumption are very similar for all processes.
Table 1. Comprehensive evaluation for the sugarcane biorefinery proposal.
	
	Biomass
	

	Concept
	Juice  
	Molasses
	bagasse
	Units 

	Technical results

	Raw material consumption
	488,070
	134,160
	298,000
	t/y

	Lactic acid production
	108,753
	129,476
	236,000
	t/y

	Biofertilizer production
	12,057
	13,770
	39,563
	t/y

	Economic results

	Unit production cost
	0.73
	0.74
	1.0125
	USD$/kg lactic acid

	Return on investment
	45.20
	39.76
	18.44
	%

	Payback period
	2.21
	2.51
	5.42
	y

	Environmental results

	Processed water
	2.96
	9.30
	9.15
	kg/kg lactic acid

	Water steam
	14.97
	14.47
	12.84
	kg/kg lactic acid

	Cooling water
	768.25
	746.07
	762.19
	kg/kg lactic acid

	Electric power
	0.21
	0.20
	0.23
	kW-h/kg lactic acid



Conclusions
The results of this work demonstrate the technical feasibility for the conversion of a sugar mill, being able to expand its marketable products and demonstrating good profitability with short periods of investment recovery. The use of each biomass (sugarcane juice, molasses, or bagasse) has positive aspects and many others to improve, however, their use as tools of change for the conversion of processes focused on linear to circular economies, meet the established requirements in the industry.
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