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Abstract
Renewable sources of energy have been widely investigated to reduce the reliance on fossil fuel energy sources that are depleting and have their adverse impacts on the climate and environment. Biosolid, a form of biomass holds the potential of a renewable energy source due to their carbon content. These solids are removed as waste residues from municipal and Industrial wastewater treatment plants. The most dominant biosolids management method has been landfilling for decades, a practice that can be seen as a waste of a valuable resource. In addition, recent research findings proved that this practice has unfavourable impacts on the food chain. This has been an additional motivation to research the possibilities of unlocking the potential of these solids. Published research work investigated different types of biomass waste but limited literature is available on biosolids in general and on industrial biosolids in specific. 
This paper evaluates the potential of converting industrial biosolids into value added products that can be used as feedstocks in chemical production or can be utilized for heat and power co-generation. The study focuses on well-established thermal conversion technologies mainly pyrolysis, gasification anaerobic digestion and the developing hydrothermal technology. A MILP model is developed to provide a techno economic assessment of the treatment routes using these technologies. The model assists in deciding on the optimal treatment route with the objective of minimum cost. The model was executed using a case study of industrial biosolids stream with a flowrate of 50 ton/d and water moisture of 30% The results show that for the given biosolid stream anaerobic digestion treatment route will provide the optimal minimum cost route. The model demonstrates that the selection of the suitable route highly depends on technology limitation and biosolids stream characteristics. 
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1. Introduction

A significant waste stream at industrial facilities consists of biosolids, which are the waste leftovers generated by the wastewater treatment plants that are connected to these facilities. These wastes require careful attention due to the worldwide emphasis on energy preservation, waste reduction, and the transition to clean energy objectives. Landfilling and direct land application have been the primary methods for managing biosolids for many years (Winchell et al., 2022). In response to limited land availability and the negative effects on food chains, efforts were focused on finding alternatives that promote the circularity of biosolids. These alternatives would employ biosolids as a feed stream and convert it into value-added products, energy sources, and feedstocks, including biogas, biooils, and biochar (Egan, 2013). The high energy and nutrient content of biosolids makes them highly suitable for reuse applications, rather than being disposed of as waste materials, which necessitates investment. The potential biosolids management applications to alternate land applications encompass anaerobic digestion, gasification, pyrolysis, and hydrothermal treatment. In their study, (Zhao et al., 2019) performed comparative research on the management of biosolids using co-anaerobic digestion, specifically focusing on the treatment plants in the United States and China. Current research endeavours have been concentrated on the process of pyrolysis applied to organic matter derived from biological sources. In their publication, (Paz-Ferreiro et al., 2018) conducted a comprehensive analysis of the utilization of pyrolysis biochar in land-based activities. 

The variability in the properties of biosolids streams resulting from their source of generation and the specific technological constraints on their reuse applications are the primary factors determining the potential compatibility between waste and application.  Furthermore, economic issues and environmental repercussions play a pivotal role in the process of decision making. Although there is a wealth of literature on the progress made in biosolids conversion technologies, most of the existing studies focus on testing a particular type of waste stream and conducting an economic evaluation for a predetermined technology. There is a need for a comprehensive selection process and evaluation method to determine the suitability and desirability of one technology over another, taking into consideration the economic and environmental consequences of the decision. The objective of this project is to develop a practical decision-making tool that can be used to assess the viability of matching biosolid waste streams with potential reuse applications. An adaptable optimization model is being created to choose the appropriate treatment pathway based on a certain objective that can vary between minimizing costs, reducing emissions, or optimizing certain production or energy generation.
2. Methodology
A techno-economic model is constructed to assess the cost of biosolids treatment applications. The model serves as a decision-making tool for determining the most optimal application to be implemented for a continuous flow of biosolids. The calculating model is a mixed integer linear programming paradigm, MILP. The model inputs consist of the flowrate and composition of the biosolids stream, as well as the cost parameters.   Binary variables are established. The model's restrictions are set by applying concepts of mass and energy conservation, while also considering the limitations of the utilization technologies included in the model. The cost minimization function is the primary objective function.
The model demonstrates the capacity to modify the objective function as necessary to attain alternative goals, such as maximizing revenues or minimizing emissions.   
3. Mathematical Model
3.1 [bookmark: _Hlk152172358]Model Formulation 
The model assumes P to be the set of treatment processes to convert biosolids waste stream into a value-added product i.e., sinks to biosolids streams.
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Where P1, P2, P3 and P4 represent pyrolysis, hydrothermal liquefaction, gasification, and anaerobic digestion respectively. Each of these processes requires certain feed flowrate, Fpi, and is limited to a certain composition of water moisture in the feed, Xwpi and a certain composition of biosolids content in the feed, Xspi. The variables Fpi, Xwpi, and Xspi are bounded by lower and upper limits. Thus, they must satisfy the following process requirements:
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Each process produces a certain effluent stream, that contains a variety of components. Each component has a composition, .Where, e in the composition subscript stands for the set of possible products in the effluent stream, .
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The elements of this set are biogas, g, biooil, o, biochar r, compost, c, water, w, and extra residues denoted as x.
The model assumes S to be the be the set of sources that produce biosolids. These are the individual industrial processes that generates biosolid stream as waste.
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Each source has a flowrate , a defined composition of water moisture  and a defined composition of biosolids in the source stream In the case study illustrated in the following section, the problem exhibits a single biosolids source stream. Thus, S= {S1}. 

Service streams with defined flowrates are also included in the model. These are simply extra streams that are required to aid the biosolids conversion processes. The aiding streams can possibly include a stream of steam with flowrate , a stream of air with flowrate  and a stream of nitrogen with a flowrate of . 

The model assumes that the biosolids source stream, represented by the flowrate , undergoes pretreatment to reduce its metal concentration, aligning the stream with the heavy metal composition standards set by the EPA for agricultural purposes, landfills, and land applications. Metals are incorporated into a biochar product during the biosolids conversion process, which is then used in agricultural applications. Post the pretreatment, the presence of heavy metal compositions in the source stream is negligible compared to the amount of biosolids and water content. Therefore, these compositions are not considered in the mass balance representation of this model. The pre-treatment process for the removal of metals is not within the scope of this article. The technology flowrate restrictions are determined by the capabilities of commercially operated plants in the United States.

3.2 Model Equations

The model objective function is an annual cost minimization equation where  represents the binary variables,  represents the total cost of the reutilization process and is the cost of the aiding agent used in gasification process:
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The total cost of the process is given by:
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Material balances around source allocation point:
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The objective function is subjected to the following constraints:
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4. Case Study 
4.1 Problem Statement

The wastewater treatment facility releases a continuous flow of industrial biosolids waste, with a rate of 50 tons per day and a moisture content of 30%. The stream underwent pretreatment to reduce its metal level. The purpose of deploying the developed model is to determine the most viable treatment technique for biosolids consumption, while minimizing the annual cost. This will be achieved through the implementation of Python code. The yearly expense is determined by using a plant's lifespan of 10 years. Table 1 provides a concise overview of the inputs used in the model. The flowrate limits for the treatment procedures are determined by the capacity of commercial-scale plants in the United States. The energy requirements and cost components in the table are derived from pertinent sources. (Linville et al., 2015; Perkins et al., 2019; Shahbaz et al., 2021).  

Table 1 Case Study Inputs
	Notation
	Process 
	 (ton/d)
	 (ton/d)
	
	Energy Consumption (kWh/ton)
	OPEX Factor ($/kWh)
	CAPEX Factor ($/kWh)

	P1
	Pyrolysis
	2
	110
	0.8
	800
	0.07
	0.33

	P2
	Hydrothermal. L
	0.3
	6
	0.9
	10
	0.07
	0.23

	P3
	Gasification
	6
	90
	0.85
	1000
	0.07
	0.44

	P4
	Anaerobic D.
	8
	285
	0.5
	35
	0.07
	0.18



4.2 Results and Discussion 

The case study inputs were integrated into the model framework utilizing an optimization algorithm implemented in Python 3.8 programming language. The code was executed to achieve the ideal answer within a few of seconds. The answer proposed the utilization of anaerobic digestion for the treatment of the specified biosolids stream, as it is linked to the most economical annual treatment cost of $154,000. The model analyses the biosolids stream parameters, including flowrate and compositions, and compares them to the constraints of the four reutilization processes included in the model. The flowrate limits, moisture content, and water composition are all evaluated simultaneously in comparison to the feed criteria. The biosolids feed, with a flowrate of 50 ton/d, might potentially be distributed to three technology choices. At this stage of the analysis, the hydrothermal treatment method is ruled out as an option since the feed flowrate exceeds the maximum permitted flowrate specified in Table 1 for this application. The composition limits of pyrolysis, gasification, and anaerobic digestion processes permit the inclusion of the biosolids stream for conversion using any of these methods. After conducting the initial screening, the model proceeds to calculate the precise quantity of biosolids that requires treatment. The projected quantity is approximately 175,000 tons of biosolids throughout the operational lifespan of the treatment facility. The specified energy consumption factors in the case study are utilized to determine the entire energy requirements using this amount. The model thereafter performs economic computations to estimate the total capital and operational expenses for each treatment option. Finally, an optimization analysis is conducted with the aim of decreasing the overall annual expenses. Hence, anaerobic digestion, a widely recognized method for converting biosolids and biomass, is the most cost-effective choice in this case study. The results showcased the model's capacity to choose the appropriate approach by considering the feed specifications and the constraints of the technologies used in the model, in terms of their compositions and capacities.
5. Conclusions
The model presented in this work aids in determining the most suitable treatment method for converting biosolids waste stream, considering the stream's characteristics and the constraints of the reuse application. The model is an optimization mixed integer model that aims to minimize treatment costs, serving as an example of potential optimization objectives. The model is generic and adaptable, allowing for modifications to address the optimization problem of biosolids treatment for various objectives, such as maximizing revenues, minimizing emissions, and specific pollutant removal. 
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