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Abstract

:

Industrial processes provide several of the products and services required for society. However, each industry faces different challenges from different perspectives, all of which must be reconciled to obtain profitable, productive, controllable, safe and sustainable processes. In this context, multi-objective optimization has become a powerful tool to aid the decision-making mechanism in the synthesis, design, operation and control of such processes. The solution to the mathematical models provides the necessary tools to asses the system performance in terms of different metrics and evaluate the trade-offs between the objectives in conflict. The number of applications of multi- objective optimization in industrial processes is ample and each application has its own challenges. In the present literature review, a broad panorama of the applications in multi-objective optimization is presented, including future perspectives and open questions that still need to be addressed.
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1. Introduction


Industrial activity provides most of the products and services required for the population’s well-being, for example, food, clothing, energy, water, drugs, vehicles and computers, all of which are obtained in processing facilities. Since the products and services that can be manufactured in industrial facilities are so diverse, the challenges that every industry faces are enormous and specific. From the design, construction, operation and process control, the involved stakeholders are always concerned about how to perform these tasks in an optimal manner. Then, the question is, optimal from what perspective? Usually, investors seek to optimize the process profit and the process engineer might be interested in increasing yield and controllability; for the workers, increasing safety (reducing the risk) is of paramount interest, while, for governments, increasing the number of jobs or reducing the environmental impact are primal objectives. As it can be seen, the objectives can be diverse and, sometimes, these objectives are in conflict with each other. This means that the best solution for a given objective could be the worst for another. Consequently, multi-objective optimization becomes crucial as a problem-solving tool in industrial processes.



Multi-objective optimization (MOO) refers to the application of mathematical programming techniques to the solution of optimization problems in which more than one performance index (objective function) must be improved (maximized or minimized). MO problems can be classified as MO-LP if all the objective and constraints are linear, MO-NLP if the model includes at least one nonlinear equation in the objectives or constraints, MO-MIP if the model consists of linear equations and integer and continuous variables and MO-MINLP if the model includes nonlinear equations and integer and continuous variables. The solution to multiple objectives is difficult; instead, the concept of Pareto dominance is usually adopted [1]. This way, instead of obtaining a single solution, a set of Pareto optimal solutions are obtained. To obtain these solutions, two main approaches can be used; the first one consists in classical methods, such as scalarization-based methods, for example, weighted sum [2] or goal programming [3]. The second type of methods uses metaheuristics techniques [1]. In recent years, the application of MOO has attracted a lot of attention from the scientific community, with a growing number of publications in the field (Figure 1).



It is particularly interesting how the number of publications related to the fields of engineering, material science, environmental sciences and energy together account for 42.1% (Figure 2) of the total publications; all these categories are somehow related to the production of goods and services that, as mentioned above, are produced in industrial facilities.



From MOO models, classification and the increasing amount of publications, it can be inferred that the number of problems that can be formulated as MOO models in the context of industrial processes is very high. Some of the most studied in the recent years are life-cycle assessment, water networks, energy production, storage and distribution, process intensification, supply chains, industrial security evaluation and product development. Taking the above into consideration, it is convenient to compare and analyze various research works to better understand the broad panorama of possibilities provided by the application of multi-objective optimization to industrial processes.




2. Application of MOO for Life-Cycle Assessment


Life-cycle assessment is a technique used to assess the environmental impacts associated with all stages of a product’s life, from the extraction of raw material to its processing, manufacturing, distribution and use [4]. Through the combination of life-cycle assessment with MOO, it is possible not only to evaluate the environmental impact for a given process or product, but also to assess the economic perspective, which allows different alternatives for decision-making to be compared [5,6,7,8]. An example of the above can be found in studies on circular economy (Figure 3), which aims to convert the value chain from linear to circling and increase the efficiency of resource utilization [9]. In this work, the authors studied the reuse of an organic waste (fish oil), which is usually discarded due to the lack of process recovery, and integrated to the LCA with the economic evaluation. The authors found that the solutions with the highest profit (USD 470,084 per year) also represented an increment of 19.5% in the LCA score with respect to the configuration with the lowest impact, as well as reducing the shared revenue (social indicator) with respect to the best scenario. This result is typical of MOO problems in which the defined objectives are in conflict. However, the Pareto fronts give the decision maker a tool to define the priorities and select the best scenario.



There are other works that aim to improve the environmental aspect by designing optimal solid waste management (SWM) systems [10,11,12,13]. For example, Pourreza-Movahed et al. [10] optimized an SWM system and compared it to recent technologies with enhanced systems that include gas recovery, finding that upgraded technologies provided better results in the economic and environmental aspect with respect to the current practice; however, they considered that the cost function reduced the environmental indicators by 18.2% (CO   2   equivalent emissions savings) and 6.2% (Energy consumption savings). Another work also studied the improvement of an SWM [12], finding that the current recovery ratio of organic waste could be increased, in Montreal, from 23% up to a 100%. These sort of systems are in the spotlight due to the increasing amount of residues generated in major cities around the world; therefore, their proper design and operation can contribute to the development of circular economies.



On the other hand, LCA has also been used to improve the operation strategies of existing processes such as wastewater treatment plants [14]. To address the environmental impact as well as improve energy efficiency in industrial processes, the extensive investigation of integrated heat and energy processes is noteworthy. Regarding low-temperature waste heat recovery for power generation, the organic Rankine cycle and the Kalina Cycle are thought of as the most promising and popular technologies in real-world applications [15,16,17,18].



It is also possible to find life-cycle assessment research on the manufacture of service products such as concrete, being the second most consumed commodity and the preferred construction material worldwide. As a result, it can be observed that the computational approach allows specific mixtures to be predicted and optimized considering economic and environmental objectives for lightweight concrete production, finding that the performance of the material increases with the cost and also the environmental impact [19].



One of the main challenges when analyzing MO problems in which LCA is considered, consists in defining which is the best metric for the LCA. Some authors include detailed metrics including several impact categories [20], while other authors only analyze one impact, such as total process emissions [21]. Another important challenge resides in the fact that some authors first optimize the process and then perform the LCA to obtain the best alternative in terms of the other objectives. This might lead to sub-optimal solutions in the environmental aspect; therefore, defining appropriate metrics and embedding the LCA in the optimization procedure are the current trends in this area. Finally, the fact that usually the cost objectives are in conflict with the environmental performance leads us to think that the design of new processes can revert this tendency.




3. Application of MOO to Product Development


Product development refers to all stages involved between product conceptualization and its release into the market (Figure 4) and it usually involves a discussion on cost reduction, quality improvement and revenue. Some studies have focused on the multi-objective optimization of a product line design [22] to minimize production time and cost of product development, resulting in different options so that the team in charge of said product can evaluate the trade-offs between all the objectives and decide which solution is best for the company. In this work, the authors stress out the important role of experts in the final decision.



Another challenge for product development is to define the operating conditions of the process. Generally, this is performed using a design of experiments; however, it does not guarantee that the best operating conditions are obtained. In this context, MOO can be used to determine the best operating conditions considering different aspects, such as energy, technical, economic and environmental indicators. An example of the above is the MOO research work to find the best operating conditions for the synthesis of methyl-ethyl-ketone oxime [23]. In this work, with the use of MOO, the process was optimized and a compromise solution was selected in such a way that the total cost was increased only by 5.8% and the energy loss was reduced by 1.54%. Sahoni et al. [24] presented the optimization of the operating conditions for preparing toluene; in this work, the main result indicated that reducing the temperature and pressure yielded significant benefits, increasing the profit from USD 0.0488 per kg to USD 0.0708 per kg, whilst reducing the environmental burden. Other works aiming to the optimization of the process conditions can be seen in [25,26]. These works focus on a single product; however, other works consider an entire product portfolio, such as the dairy or plastic product industry, taking into account a more robust optimization [27,28].



The design of biorefineries is a topic that has been largely studied in this field; in these problems, sometimes, the process structure was optimized to obtain a product from a given feedstock [29,30] and, in other cases, the required feedstock, process structure and portfolio of products were decided [31,32]. Furthermore, authors have studied the supply chain design for new products being developed [33] and how to define the product specifications in the product development phase [34].



For process development, the main problem is finding the properties of a new product that can meet customers’ demands and reconcile these characteristics with different steps of the production process (i.e., designing processes that meet those characteristics while also considering other objectives). Moreover, the uncertainties in product development and final implementation are still challenges that must be addressed.




4. Application of MOO in Water Networks


It is known that one of the critical humanity challenges for the 21st century is dealing with the water crisis. It is estimated that, by 2025, two thirds of the global population will be living under water stress conditions. Due to the ever-rising population growth, industrialization has also become an important contributor to the rapid depletion of natural resources. Therefore, the need to optimize water networks to reduce contaminants in the environment, as well as overall minimization of freshwater use, has risen. A water network includes all of the elements needed, from its extraction, to its storage and distribution. In this context, a general representation of a water network includes water sources, treatment facilities and water sinks; the interactions among all these components can occur at different scales, from industrial processes to macroscopic systems. There are many analyses that discuss not only the integration of wastewater treatment units as a way to reduce freshwater consumption in industries, thus reducing total networks costs and environmental impact [35,36,37,38,39,40], but also the design of the water treatment plant itself, combining a multi-objective analysis with treatment techniques to obtain the best trade-off solution. Regarding water distribution systems, the challenges arise as a result of the nonlinear relation between various design variables within the piping systems. Therefore, many studies explore the use of different algorithms to solve the multi-objective problem [41,42,43,44], resulting in distribution networks that reduce water waste and operation costs, as well as monitoring water quality [45]. A study also focused on the integration of two methodologies to evaluate the criteria (total annualized cost, annual carbon footprint and system reliability) and optimize and develop a ranking of the alternatives in multi-objective problems, using a washing system in a manufacturing process as the case study [46], In this case, it is worth noting that the optimal configuration could reduce the annual costs, in respect to current practice, by 74% and the carbon footprint by 96%. There is also a research study on the use of intermittent water distribution networks, in which the authors used multi-objective optimization tools to maximize the quantitative and qualitative reliability and fairness in water supply, whilst minimizing the frequency of supply interruption [47]. On a similar note, optimization tools have been used to aid in the decision-making process for maintenance and replacement management plans of water distribution networks [48]. An additional relevant application for multi-objective optimization tools is to evaluate the trade-offs between sustainability and economical objectives in the recourse allocation of water resources in order to have a fairer distribution [49,50]. It has also been proven to be efficient to evaluate criteria in order to select a suitable technology for a specific scenario or context in the design of water treatment plants [37,51]. Another topic vastly researched within the use of multi-objective optimization for water networks is the use of water and heat exchange networks in process industries, since the trade-off solutions result in overall cost reductions and less fresh water consumption [52,53,54,55]. Several papers have discussed the use of eco-industrial parks to reduce the use of natural resources [56,57,58,59,60]; in such cases, the main objective is to be able to prove that each individual process can operate successfully, while minimizing water/energy use, thus operation costs. Another example of this can be seen in the study that optimized resource integration networks for different sustainability objectives to develop sustainable cluster designs to obtain the maximum economic return, minimum CO   2   and water footprint [61].



Although the number of works in this area is abundant, there are limited works dealing with the problem of component material balances. In most cases, overall material balances are used, or simplified schemes in which the mixing of streams is avoided. This practice is common to evade bilinear terms which result in difficult optimization problems. However, this leaves a gap in the field of water networks, as the solutions are sometimes oversimplified, making the final design of water networks difficult, which might include treatment facilities. For the specific case of WN, it is possible to see that a proper design can result in cost minimization but also fresh water consumption reduction. This is because, when using only mixing, the objectives of splitting and re-routing of streams within an industry or group of industries can be simultaneously maximized; however, it is not possible to generalize this behavior when treatment facilities are involved and additional environmental or social objectives are considered.




5. Application of MOO to Energy Production, Storage and Distribution Systems


Similarly, the use of fossil fuels has increased exponentially due to population growth and, even though, there are now many clean-energy alternatives, most processes still operate with the use of natural gas and coal as its main energy sources. This brings to the table certain issues that the industry has to consider, such as reduction of greenhouse emissions, as well as the introduction of more sustainable fuels into the system. Many authors have turned to MOO to aid in solving the problems related to the energy industries. Whether it is used to find the best technologies to mitigate environmental issues [62,63,64], to assess the possible combination of traditional fuels with other more sustainable options, or finding the best possible energy distribution network, thus lowering costs and optimizing efficiency [65,66], MOO has become a necessity for the optimal production, storage and distribution of energy systems. A recent publication proposed a consumption-based MOO model through an input–output methodology to pin-point the different sectors in the case study in order to adjust the industrial structure in order to minimize the used energy while maintaining economic growth [67]. Another interesting angle in energy optimization is the multi-objective optimization through energy saving in machining parameters, where the proposed model considers cost and energy consumption [68,69]. Other studies have examined the multi-objective optimization of energy storage, since they are essential to obtain an efficient energy system that could transform from a fossil fuel-dependent system into a more sustainable one [70,71,72] by comparing different energy storage methods, to evaluate trade-offs regarding cost, technical suitability and environmental impact. One study proposed an MOO framework to analyze the compromise between reducing greenhouse gas emissions and energy storage cost systems in a neighborhood with high shares of photovoltaic electricity generation capacity [73], proving that both costs and emissions could be reduced for various solutions, in comparison with scenarios with no battery. Other research works have focused on the combination of heat and power systems, whether by using biomass [74,75,76] or traditional fuels [77], to meet the energy demands, but also complying with environmental norms and identifying the best compromise solutions. A recent study used multi-objective optimization with genetic algorithms to optimize a novel modification of a combined cooling, heating and power production process through the use of solar collectors, which resulted in a higher efficiency and electricity production than the base system [78]. MOO has also been used to evaluate efficiency trade-offs in heat exchangers within industries that operate with organic Rankine cycles, evaluating thermodynamic variables to obtain results that showed that the heat exchanger design could be optimized, reducing its area by 36% with an efficiency penalty of only 1%, thus optimizing production costs [79]. On the same note, researchers found the optimal design for a small-scale co-generation system using an ORC, maximizing electrical and cooling power whilst minimizing the overall conductance of the cycle [80]. Most of the works considered using the  ϵ -constraint method to find the Pareto optimum for the problem [81,82,83].



In the energy sector, there are many important challenges owing to the complexity of the problem, from the selection of the best energy source, to the storage and distribution; many factors must be considered and balanced to achieve sustainable energy production. For example, for shale gas exploitation, there are still many questions that must be answered, such as the following: What are the economic and environmental impacts of using this fuel? Can the process be improved to offer a better alternative? In a similar manner, other sources of energy pose their own difficulties and opportunities that can be analyzed from an MOO perspective.




6. Application of MOO in Supply Chain Networks


Globalization has redefined the world of logistics and one of the challenges that arises in this domain is the effective use of supply chains that comply with the needs of suppliers and consumers, while being environmentally friendly. Thus, the very nature of SC is a multi-objective task, since any design or redesign involves trade-offs between various objectives, which are usually at conflict. The end goal of the traditional supply chain is lowering the cost and improving the overall efficiency to maximize the economic benefits. A number of existing studies in the literature has examined the configuration of sustainable global supply chains [84,85,86] through MOO optimization, evaluating the trade-offs of minimizing costs whilst maximizing their connectivity, applying methods such as the analytic hierarchy process (AHP) to selection processes as a way to complement the procedure. This is also relevant for the optimal planning of oil and gas production (in other words, the hydrocarbon supply chain); after all, these fuels represent an important role in the economy, worldwide. By using optimization tactics to aid in the strategic planning of their supply chains, researchers found they could assist in the trade-off evaluation among different objectives, in some cases maximizing profits and gas flow among supply chain nodes, as well as focusing on the depletion of natural resources [87,88,89]. Other works focused more on the supply chain’s sustainability [90,91]; since lowering the carbon footprint has become an important worldwide goal, companies must comply with government regulations. Hence, finding a configuration that includes renewable energy and quantifying its effect on total costs and carbon emissions is attractive [92]. However, this also results in an increase in the overall production costs [93]. To refute this idea, a study focused on closed-loop supply chains (CLSCs), which use technologies to minimize the consumption of resources and energy, reducing carbon footprint to create a socially responsible enterprise. By adopting these technologies into supply chain optimization, they found that it could be possible to increase profits by 11% and environmental performance by 28% [94]. Another study also focused on CLSCs, on the system design of photovoltaic systems, addressing their associated costs, environmental impacts and social values, using a real life study in Iran [95], yielding results that demonstrated that, in order to improve environmental and social objectives, additional costs are required in comparison with the optimal solution from the economic perspective. Researchers have further developed the sustainability of supply chains by using an MILP model to incorporate economic and environmental data in the SC network, using a motor company as case study, in which the objectives were using high-quality raw materials, lowering pollution emissions and, at the same time, obtaining the highest profitability with the use of sustainability performance indicators [96]. For most supply chains problems, a decision framework is as important as the optimization itself. For example, a study searching for the optimal planning of oil palm value chains by minimizing biodiversity losses and generating value from waste products used, as its main component, a decision framework using a fuzzy analytic hierarchy process (FAHP), in order to plan and evaluate under uncertainty and to incorporate the stakeholders’ judgment into the design of the value chain [97].



For this topic, the level of detail of the supply chain remains as the main challenge to design profitable and sustainable networks. From raw materials extraction to end consumer and even final disposal, the involved steps are numerous, thus making it a complex task that goes beyond the transshipment problem and that requires the correct assessment, evaluation and definition of the interactions between all the parts of the SC—sometimes, it can include the design of those parts (processing facilities, for example). As a result of increasing the complexity of the SC, sometimes, mathematical models become large scale non-linear models, whose solutions are a current field of study.




7. Application of MOO to Process Intensification


As new and improved technologies emerge and society’s priorities change and evolve, chemical engineers are focusing on the redesign of known processes to make them safer, more sustainable and improve their energy efficiency. This is known as process intensification, in which MOO is a powerful tool to aid in the decision-making process. For instance, a recent study reduced the equipment in the isoamyl acetate process and the production of dioxolane products whilst quantifying economic, sustainability and safety metrics [98]. Another study proposed the use of MOO to find a list of Pareto-optimal solvents to be used in extractive distillation, resulting in an optimized design with a higher process performance [99]. An additional research focused on determining the operating conditions of an industrial phosphoric acid process, minimizing the chemical losses of phosphate and maximizing the productivity of the digestion tank [100]. Other examples of the use of multi-objective optimization in process intensification include works that focus on the optimization of thermodynamics, kinetics and heat/mass transfer [101,102,103,104,105,106,107], using strategies for model identification, data processing and design and synthesis of process flowsheets and parameters, which result in frameworks that can be applied in industries to obtain algorithms that present optimal economical and sustainable solutions. A study used genetic algorithms to tune process parameters in order to improve absorption and overall performance in the industrial gas-sweetening process [108]; by evaluating trade-offs, in different scenarios, between the global warming potential and acidification potential as environmental indicators and the net profit as the economic objective, they found that increasing the net profit from USD 60 to 65 million per year increased the GWP by 0.95%. Another research study focused on MOO for the production of commercial gasoline, evaluating the efficiency of the blending process to find the optimal values of specified quality indicators and the volume of commercial product output, maintaining the economic efficiency of the industrial technology [109]. Another study focused on the reduction in energy consumption in the post-combustion CO2 capture process through an evolutionary algorithm, optimizing the capture efficiency and reboiler heat duty with solvent flow rate and concentration as its decision variables [110]. To improve process efficiency in the kraft pulping process, researchers used experimental data to optimize the percentage of lignin in the pulp at the end of the process, in function of the kappa number and the global yield of the process. Since the constraints respected actual operational limits of a real pulp mill, the results obtained could aid the decision-makers in a kraft mill [111].



Although process intensification has effectively helped to propose novel configurations for different processes, usually, these are not studied from the controllability perspective. This leads to simplifying the proposed schemes (in the process diagram), when, in reality, the links among the process variables are more complex, sometimes yielding processes that are impossible to control. There also exists the possibility that, by reducing the number of units (for example, in reactive distillation), the process safety and reliability are compromised, due to the merging of steps. These aspects are still the focus of much attention in the current literature.




8. Application of MOO to Industrial Processes Security Evaluation


Using safety criteria in the design of any industry is as important as its efficiency or process revenue, since its oblivion could lead to fatal accidents, economic losses and ecological adversities. Processes are assessed to be inherently safer, meaning that they have a low risk level, by reducing or eliminating hazards associated with the materials and operations in the process. Therefore, researchers have approached the use of multi-objective optimization to incorporate inherent safety design into established processes; ideally, these concepts should be taken into account in the design stage [112], resulting in scenarios that aid in the decision-making process in order to find the optimal design. Some authors have used multi-objective optimization combined with quantitative risk analysis tools to re-evaluate plant layouts, evaluating the trade-offs in safety and economic objectives [113,114,115], while others have used risk assessment to redesign process equipment and networks considering thermodynamic parameters [116,117,118,119]. Another approach was made to reduce risk values across all potential hazards in an industry, taking into consideration the constraint of a given safety investment budget, minimizing company costs by reducing the risk of accidents [120]. An algorithm can also be used to select the optimal safety measures [121], considering costs and their contribution to the system risk reduction; the approach yielded results that minimized hazard risks and total cost. Process safety has also been considered in the optimization of supply chains [122] due to the cascading effect that a minor incident could have on a final product, considering the trade-offs between safety and profit, to either maximize profit for specified hazard limits, or to minimize hazard in a supply chain with multiple production plants.



Although the literature on this topic is abundant, there are still open questions specifically aiming to reconcile the economic aspect with the safety of the processes, since they are in conflict with each other; thus, MOO must be used to provide the decision makers with tools that aid in the optimal design and operation of industrial processes. Finally, the simultaneous optimization of the process design considering the safety aspects remains a current trend in the chemical industry and requires further development to properly synthesize inherently safer equipment and processes.




9. Conclusions


Multi-objective optimization is a necessary tool for the design, operation, control and optimization of industrial processes. As it can be seen from the literature review, the possible applications are vast and can help improve the performance of the process from different perspectives, or at least give the decision makers the tools to decide what is the best compromise solution between objectives at conflict. The challenges in this area can be divided in two categories. (1) Optimization procedures.: In this context, the scientific community is concerned about how to efficiently solve large-scale nonlinear problems, as well as the application of uncertainty to mathematical models and applications of new techniques for the resolution of conflicts between different objectives, all of these being current trends in the field. (2) Increasing the level of detail of mathematical models: This consists, for instance, in considering individual mass balances or property balances in the water networks design, applying rigorous thermodynamic models in energy systems, simultaneously working on the optimization of environmental and safety indexes along with economic and operational objectives, or including the detailed design of process equipment and processing facilities. These aspects can improve the reliability of the final models; however, they represent an additional challenge, namely, the acquisition of data and the inherent complexity of solving these models, which are also open fields in the area.
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Figure 1. Number of publications related to MOO, 1990–2021 (source: SCOPUS©). 
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Figure 2. Documents per subject area (source: SCOPUS©). 
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Figure 3. Diagram of circular economy. 






Figure 3. Diagram of circular economy.



[image: Processes 10 00133 g003]







[image: Processes 10 00133 g004 550] 





Figure 4. Stages of product development. 
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