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Abstract

:

This article considers the problem of the evaluation of the sustainability of heterogeneous process systems, which can have different areas of focus: from single process operations to complete supply chains. The proposed method defines exergy-based concepts to evaluate the assets, liabilities, and the exergy footprint of the analysed process systems, ensuring that they are suitable for Life Cycle Assessment. The proposed concepts, evaluation framework and cumulative Exergy Composite Curves allow the quantitative assessment of process systems, including alternative solutions. The provided case studies clearly illustrate the applicability of the method and the close quantitative relationship between the exergy profit and the potential sustainability contribution of the proposed solutions. The first case study demonstrates how the method is applied to the separation and reuse of an acetic-acid-containing waste stream. It is shown that the current process is not sustainable and needs substantial external exergy input and deeper analysis. The second case study concerns Municipal Solid Waste treatment and shows the potential value and sustainability benefit that can be achieved by the extraction of useful chemicals and waste-to-energy conversion. The proposed exergy footprint accounting framework clearly demonstrates the potential to be applied to sustainability assessment and process improvement while simultaneously tracking different kinds of resources and impacts.
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1. Introduction


The efficient use of energy is of utmost importance for process sustainability and emission reduction [1]. This is an area of increasing research and practical interest that has persisted to this day [2]. All major economic sectors are under investigation, including industry [3], transportation [4] and agriculture [5].



The use of all types of resources and the impacts of processes on the surroundings can be related to the use of the energy necessary to complete the tasks. The evaluation of industrial systems is most frequently performed by using mathematical models for the consistent estimation of their thermodynamic properties and related energy use. Commercial simulators provide this functionality [6].



When comparing alternative processes, the energy demand is not always a suitable metric because it may not take into account the quality of the energy used. In this context, exergy is the property that can be used as a combined indicator of energy quality and quantity [7]. This property of exergy allows the optimisation of the process design and operation based on realistic estimates of how much energy can be sourced, converted, supplied or reused. Extended Exergy Analysis also takes into account the economic aspects of a resource; e.g., a wind turbine in a more windy place has a higher exergy efficiency because it produces more energy with similar investment and operation costs [8]. This concept can be applied to an isolated unit (e.g., a wind turbine), to an industrial process (e.g., concrete industry [9]) or a farming system (e.g., canola [10]).



Process systems can no longer be considered in isolation [11], dealing only with the maximisation of their standalone efficiency. While process efficiency is important for obtaining profit, its environmental impact spans beyond the boundaries of the current system. This conflict between the usefulness of the streams and resources of a process and their effect on natural storage is solved by the concept of circularity [12], in which the overall life cycle is considered.



The exergy concept has been shown to be key to addressing sustainability issues [13]. The use of renewable resources is beneficial, as this takes advantage of natural energy flows across the Earth, without depleting accumulated terrestrial energy reserves, such as fossil fuels [14]. Therefore, the share of renewable resources used in the economy should be increased, although the exergy obtained in some of the harvesting paths may be small. Another confirmation of the usefulness of exergy for sustainability modelling comes from the domain of water management and water treatment plants [15]. However, despite being proven to be potentially useful, the use of the exergy concept is frequently limited only to the estimation of the exergy efficiency of various process contexts [16], such as the exergy efficiency of a process or the share of exergy from the renewables provided to a process.



There are examples of exergy assessment in the literature. Changes in the concentration of a solvent give rise to a massive exergy loss, indicating the importance of solvent selection [17]. An exergy analysis to evaluate the performance of a continuous Directional Solvent Extraction (DSE) desalination process using octanoic acid was presented in [18]. Extractive solvent regeneration is a potential method to substitute stripping and reduce the exergy demands of CO2 capture systems [19].



To compare process alternatives using exergy, the selection of system boundaries and reference points (e.g., ambient conditions) must provide comparable output streams. The same issue is also typical for the implementations of the Life Cycle Assessment (LCA) framework [20], where the choice of the system boundary and selection of life cycle stages is crucial to obtaining credible results. This similarity is useful for the potential integration of exergy-based criteria within the framework.



There have been many attempts to define a universal reference state [21]. The restricted dead state is defined as the physical thermodynamic equilibrium with the reference state. However, a dead state which takes the chemical equilibrium into account is required for environmental assessments. A widely used variant is based on an Earth similarity condition [22], where a reference substance is chosen for every element [23]. Substance exergies are determined to start from those of the reference substances, considering balanced chemical reactions. Regretfully, some chemical exergies are negative, and the reference is not entirely consistent [24].



The initial reference state has been updated according to new and more accurate geochemical and geological information. Thanatia [25] is a thermodynamically dead planet in which all materials have reacted, dispersed and mixed; i.e., it represents a complete dispersed state of minerals and the complete combustion of fossil fuels. Thanatia is not a reference state but a baseline used to calculate concentration exergies, therefore providing the exergy replacement costs. To assess the exergy degradation of the natural capital, the reference environment has evolved to a Thermo-Ecological Cost (TEC) methodology which in combination with the concept of Exergy Replacement Costs (ERC) results in the TERC (Termal-Exergy Replacement Cost) methodology, which is used to assess the degradation of fossil and mineral capital [25].



The choice of the reference conditions can also have a significant effect on the evaluation of the chemical exergy of particular substances such as fuels [26]. This is even more important for the evaluation of the exergy efficiency of large-scale systems, such as the Turkish industrial sector. A study of the trends in this area [27] revealed an increase from 25% to 29% when the ambient reference temperature decreased from 298 to 273 K.



From the perspectives of ecological modelling and the life cycle, it is possible to use the concept of embodied exergy: the cumulative amount of exergy inputs necessary to deliver a product or a service [28]. The cited work has applied the concept to exergy costing and accounting for energy sector applications, linking exergy spending to monetary costs.



Although exergy is very useful for assessing the loss of resource quality, its use has not been widespread in environmental impact evaluation. LCA is one of the well-established techniques with which exergy has been combined to conduct the exergy analysis of a complete product life cycle [29].



One method to quantify the environmental impact of a process based on exergy is the use of the environmental compatibility indicator, which takes into account the input exergy to the process and the exergy requirements for the abatement of process emissions and waste [30]. In an ideal case (no impact considered), the discussed process emits only heat.



Furthermore, the highest exergy efficiency does not correspond to minimum costs [31] or minimum environmental impact [32]. Exergy efficiency, in that sense, is a local evaluation criterion and is only appropriate to specific energy conversion or use schemes.



Circular economic flow is based on the separation of technology and the economy as the main condition [33]. This concept considers the inputs and outputs of operations during industrial production and focuses on cause-effect relationships. The author considers the circularity concept in terms of temporally repeating cycles of economic activity and presents the realisation that the economy cannot be considered separately from the environment.



Different industrial approaches to the improvement of the sustainability of human society and the environment have been attempted. The simple approaches to the substitution of materials and the end-of-pipe reduction of harmful emissions have been superseded by LCA-based methods for ecological design and economics [34]. The understanding of the interconnections, inputs and outputs for the entire supply leads to the goals of the circular economy [35]. In this context, close attention has to be paid to the full life cycle, including the facility construction and decommissioning, as has been shown in an analysis of the reuse of materials from wind turbines after their end of service [36].



The utilisation and reuse of different types of waste may be analysed by systematic approaches: e.g., P-Graph offers a solution for closed-loop processing and the analysis of its impact [37]. Process Integration also has great potential for analysing circular flows, especially in improving the sustainability of energy systems [38].



For the effective application of targeting and optimisation models in the design, operation and retrofitting of industrial processes for the circular economy, it is necessary to have flexible and scalable modelling concepts and tools. Conventional logic treats process streams as either inputs or outputs, where the outputs are either products or waste streams [39]. The waste streams were traditionally thought of as needing to be treated and disposed of. The circular economy paradigm for process design [40] requires non-product outlet streams to be treated as sources of potential resources as well.



Besides research, regulatory action has also been taken; for example, the EU action plan for the circular economy [41]. Some ideas related to circularity have been developed previous to the popularisation of the circularity concept; e.g., reuse, remanufacturing or recycling [42]. Sustainable Consumption and Production (SCP) tools have been identified as a booster of circularity [43]. The implementation of circularity has resulted in innovation opportunities [44]. This is the case with the redesign of pharmaceutical supply chains to prevent the waste of medical supplies [45].



A clear example of circularity is the mass flow in nature [46]: a mixture of dead biomass is decomposed by microorganisms and fungi to simple molecules that are captured by plant roots to generate complex molecules again using solar energy. This nutrient flow takes place in natural environments but not in agriculture, where the products are transported away to consumers without returning back to fields [46], breaking the natural cycle.



There is intensive research available in the literature about circularity in the industry, such as in metals processing [47], including copper [48] and steel [49]. Other fields have also been researched, such as construction [50] or forest wood harvesting and utilisation [51]. However, the global economy is not circular because large amounts of materials are used only once to provide energy or commercial value and are thus not available for recycling [52].



Examples of circularity in the chemical industry are related to plastics recycling as a consequence of the strategy of the European Commission [53]. The practices include plastic sorting [54], product design [55], or the design of chemical bonds suitable for biodegradation [56].



Many authors have defined circularity and its advantages and provided tools to quantify it. Examples include Corona et al. in 2019 [57], who focused on the circularity metrics, and Sassanelli et al. [58], who dealt with the assessment methods and the identification of the systematic taxonomy of the indicators used for circular economy evaluation by Saidani et al. [59].



The provided state-of-the-art review has shown that various tools and practices are available for process network optimisation, allowing the identification of the potential reuse paths for material components. However, accounting for the reuse of multiple resources within complex networks, containing multiple loops, creates a multi-dimensional optimisation problem if only approached directly. This observation reveals the need for an accounting framework and concepts that would measure the degree of sustainability and favorability of process networks adequately, taking into consideration the heterogeneous nature of the networks both in terms of their activities and the multitude of resources tracked.



The current work presents a system of analytical concepts, a framework and tools for evaluating the impacts of process systems based on thermodynamics. The framework is based on the concept of exergy as the unifying performance metric. It defines the tools of exergy assets and liabilities that enable the assessment of the sustainability of the considered systems. The trade-offs between the different feedstock and product flows and environmental impacts are modelled using the exergy assets and liabilities, leading to the calculation of the exergy footprint. The remaining content of the article presents the model and framework (Section 2), followed by illustrative case studies (Section 3) and a concluding discussion in Section 4.




2. Model and Framework


Process systems and supply chains consist of various process units and sub-systems, each of them having input and output interfaces and internal relationships. The heterogeneity of processes and their characteristics are complemented by the system scalability: the ability of various process units and systems to be integrated as parts of larger systems, forming nested hierarchies. This section starts with the development of the modelling concepts and framework, including the material flow cycles and the energy cascading principle; that is followed by the formulation of the accounting framework and the modelling equations.



2.1. General Trends and Issues


To derive a unifying criterion for the assessment of heterogeneous process systems of varying sizes, it is necessary to formulate a suitable framework. This should be based on a common process representation and allow the scalability of the evaluation scope. An essential property of the desired framework is that it be based on indicators that quantify the resource supply, demand, availability and deficit in a seamless way. The quantitative criteria also have to reflect the need to attain a sustainable development path of the considered system. These requirements form the basis for selecting reference conditions for the desired system designs.



At the process level, there can be multiple inputs and outputs. An example can be taken from the domain of agriculture [60]. As illustrated in Figure 1, there are various input streams as well as output streams, which are of different natures and have different environmental impacts and economic significance. While input-output analysis is helpful in quantifying the net resource and footprint impacts, it is difficult to use in revealing possible reuse and recycling patterns because of the different natures and compositions of the inlet and outlet streams.



They are good examples of recycling from chemical processes involving reactors at the process level, where the unreacted feed is separated from the reaction products and recycled. Such an arrangement can be found in the ethanol production process by the hydration of ethylene [57]. The usual pattern is a reactor (or a reactor network) followed by separators. Figure 2 shows a summary of the process arrangement of the example given in [61]. The key reactants are ethylene and water. First, the ethylene is separated by flashing and washing, and then the resulting water–ethanol mixture is separated in a series of distillation columns. The system features two loops: one for the ethylene recycling and another for the water recycling.



Several types of nexuses have been discussed in the research literature. Of these, the best-known is the energy–water nexus [62], but the correlations among other resources and product flows have also been investigated; for example the energy–water–food nexus [63], the joint consideration of water, land and food [64], and even the consideration of terrain–emission interactions [65]. All these nexuses can be represented as having two major parts: material and energy flows. An analysis of these two parts is presented below.



2.1.1. Material Flows and Their Cycles


At the regional level, placing industrial sites within the environmental context reveals that the significant material flows feature two types of cycles (Figure 3), which can be extrapolated to a global (planetary) level. One type of material cycle is the traditional one: extracting resources (primary raw materials) from environmental storage sites, processing them into intermediate materials and further to products, the delivery and use of those products, the generation of waste streams and the disposal of the waste into the environment. The second cycle travels a shorter path, consisting of diverting part of the material flow of waste to the generation of secondary raw materials, which are used to substitute primary raw materials. Of these cycle types, the traditional route is more straightforward and is perceived as economically more favourable. While this may have been the case at the beginning of the industrial age, the increasing waste generation makes the recycling–reuse pattern desirable and viable for key materials such as paper [66], metals [67], and even electronic waste [68].



One obvious essential feature is that both material flow patterns form closed cycles. In this sense, the major degree of freedom within the material flows network is the split between the recycled and non-recycled fractions of the generated waste.




2.1.2. Energy Flows—Cascading


Energy can be sourced either from renewable sources (mainly of solar origin) or from terrestrial deposits (Figure 4). Energy flows follow the Laws of Thermodynamics, cascading from higher to lower quality [69]. Harvested energy flows can be used to power various processes, resulting in the movement of the material flows within a system; i.e., an enterprise, a municipality, or a region. At the system level, at various scales, energy can be sourced, converted and used and ultimately is left to dissipate in the environment. The share of the losses to dissipation reaches two-thirds [70]. This pattern reveals that there are two types of global system interface flows: energy inlets (renewable) and energy outlets (dissipation). Any non-renewable energy sources are internal to the system. This allows the classification of renewable energy sources as long-term degrees of freedom and the non-renewable as short term ones.



Energy cascading is thus used to power the closed material cycles for industrial and other activities in the global economy. Establishing this principle allows us to set up a framework for system state accounting which can be used to evaluate and optimise the system design and operation for various objective functions linked to the energy supply.



The analysis in this section clearly points to energy harvesting and use as the dominating factor, representing a key degree of freedom in driving the economy and societal activities. Moreover, energy is stored in various forms for conversion, transport and use. This view of energy transformations allows the consideration of industrial and business processes as networks of states and transitions, where the states are related to the energy content of materials and process streams, while the transitions are either intentional process operations or spontaneous transitions, transforming process streams from one state to another at the expense of exergy conversion and destruction.



There have been many proposed circular economy indicators; e.g., a recent review [59] analysed 55 sets of circularity indicators. The choice and most beneficial use of indicators depends on the considered context. Within the context of a given supply chain or an industrial process, the degree of recycling of key materials is the most widely used indicator; in this context, the Circular Material Use rate (CMU) has been adopted by Eurostat [71] to determine the degree of circularity of systems at various scales. In the case of Eurostat, this is applied to measure the circularity of the economies of EU member states. CMU is defined, within the context of a specific material, as the fraction of the recycled material (U) within the overall material intake by the system (M):


  C M U =  U M   



(1)







While CMU is a crucial indicator, it alone is not sufficient to characterise the sustainability of the considered systems. Additional indicators are therefore needed to provide sufficient characterisation. The model proposed here uses energy as the main indicator, in the form of exergy, with all remaining system properties used as specifications to ensure the sustainable conditions of all parts of the environment–economy–society macro-system.




2.1.3. Exergy as the Unifying Performance Metric


The identified need for an energy-based indicator needs to be put in the correct context. The process systems are evaluated based on certain requirements, which are intended to minimise or eliminate any adverse environmental impacts of the system.



Referring to Figure 3 and Figure 4, the material outputs of each process system cannot simply be released to the ambient environment. Before release, they have to be brought to a certain desired state at the point of release to the environment characterised by composition (or an equivalent specification) and temperature. Naturally, suitable pressure also has to be selected and specified.



Such a state is usually defined by the environmental regulations concerning the corresponding natural storages. For instance, for wastewater discharge to environmental basins in the European Union, it is required that they contain a maximum of 25 mg/L BOD5 (Biological Oxygen Demand) at 20 °C [72], which can be used to estimate the content of the main contaminants.



Similarly, there are regulatory limits on effluent discharge temperature. For instance, King County, Seattle, US [73], allows a maximum of 40 °C at the entry of wastewater treatment plants. The Environmental Protection Agency of Taiwan [74] imposes limits from 35 to 42 °C for the points of discharge at sea, with the addition of a requirement that the water stream does not deviate from the surrounding surface water by more than 4 °C. The significance of this stipulation is that it relates the target stream temperature to that of the ambient conditions.



From the above reasoning, it becomes clear that all energy flows and storage contents that relate to the considered process systems are limited only to the energy that can be extracted as a difference from the conditions of the surrounding environment. This is equivalent to the definition of exergy, also known as availability [69].



In this case, the referenced environmental conditions are not necessarily the currently existing conditions but those mandated in the environmental regulations and standards. This provides a reference point for estimating the exergy balance (deficit or excess) to achieve zero deviation from the desired environmental conditions and minimise the potential environmental impacts.



The observations below aid in establishing the basis of the evaluation model:




	(1)

	
For any process system, only the interface streams—inputs and outputs—can be considered as producing environmental impacts. Internal streams have no direct impact on the environment.




	(2)

	
The inputs represent the demands of the system which are passed to upstream providers of resources, products and services. Similarly, the outputs represent the interface with their downstream counterparts: users/consumers, utilities, artificial (landfills, tailing ponds) and natural storage systems (the atmosphere, rivers, lakes, oceans, the ground).









The next section defines the necessary elements for using exergy as the metric to determine the quality of a process stream by defining exergy components associated with the stream, divided into assets and liabilities. The follow-up sections build on this by formulating the overall framework for exergy accounting and computing the exergy profit or loss associated with a process system.





2.2. Exergy Accounting Framework


For the evaluation of a process system’s performance regarding its environmental impacts and its sustainability, it is necessary to capture the interfaces—i.e., the inlet and outlet streams (Figure 2)—as only they have the potential for impact. The internal constraints and internal flows are resolved by the system calculation model; i.e., simulation or optimisation. EXA and EXL denote the exergy assets and the exergy liabilities of a stream, respectively.



Consider again Figure 2, in which the input and output streams are highlighted. The process inputs are the streams labelled as ethylene feed, water feed, and water (wash water). The outputs are the streams labelled as “purge”, wastewater, and ethanol product.



Inputs and outputs can be distinguished from the interface streams. An output stream is either a product or waste. In the case of product output, liabilities are not assigned because a product stream only carries useful value but does not involve the exergy penalty. Exergy assets can be assigned to a product stream only if the stream content implies or has the goal of retrieving exergy capable of driving economic activities such as chemical processes or transport operations.



For waste streams, the determination of exergy assets or liabilities employs a notional (potential) workflow (Figure 5). The workflow involves attempted operations for exergy extraction/recovery first, followed by the end of pipe treatment of the residual stream and finally discharge. Any potential for exergy extraction and utilisation is defined as an asset, and the need to add exergy to the remaining potential workflow is added to the liabilities.



The input streams to the processing system have to be considered. For this, it is necessary to realise that the input to any human-operated process system is a product output of an upstream system. This includes, besides intermediate products, the resource streams extracted from nature (since the extraction itself is already an operation). Following the principles defined for products, the direct exergy liabilities are not assigned to the input streams, while exergy assets are assigned only in the case of an energy conversion system as the main object of evaluation.



The above discussion only reflects the perspective of the local to downstream impacts of a process system. To enable accounting for complete supply chains as well as the overall LCA [75], it is important also to include the upstream environmental impacts, leading to the need to account for the embodied exergy [28]. In this case, instead of the potential downstream exergy flows, the account includes the upstream exergy inputs (liabilities/credit) and the exergy content of the evaluated streams, assigned as assets.



Having estimated the exergy assets and liabilities for each of the interface streams for a process system, they are summed up, producing the total exergy assets (Equation (2)) and the total exergy liabilities (Equation (3)) of the system.


  E  X  a s s e t   =   ∑   i n p u t , i   E  X  a s s e t , i   +   ∑   o u t p u t , j   E  X  a s s e t , j    



(2)






      E  X  l i a b i l i t y   =   ∑   i n p u t , i   E  X  l i a b i l i t y , i   +   ∑   o u t p u t , j   E  X  l i a b i l i t y , j    



(3)







Equations (2) and (3) can be applied to various contours, including specific process systems, supply chains or complete life cycles. They can be used to evaluate downstream and/or upstream impacts.




2.3. Exergy Content of a Single Process Stream


Referring to the observations formulated at the end of Section 2.1.3, the values of EXA and EXL can be estimated for any stream in the considered system. Each process stream is modelled as having two exergy sets: EXA is assigned positive values, and EXL is assigned negative values. Summing the assets and the liabilities for the stream produces the net balance, resulting in the potential exergy profit (positive balance) or loss (negative balance).



The model development starts with the identification of the potential components of the exergy content in a stream. According to the theory presented in [7], the following components can be distinguished in the exergy content of a thermodynamic system, including a process stream [7]:




	(1)

	
Thermo-mechanical/physical exergy: This is based on the thermal and pressure conditions of the system and can be expressed as in Equation (4) when no pressurised gas is present:


  E  x  p h y   =  (  H −  H 0   )  −  T 0  ×  (  S −  S 0   )   



(4)




where Exphy (MW) is the thermo-mechanical exergy flow rate, H and H0 are the enthalpy flow rates of the stream (MW) at the current conditions and at the reference conditions, respectively, T0 (°C) is the temperature at the reference conditions, and S and S0 are the entropy flow rates (kW/°C). The typical reference conditions are 25 °C and 1 atm. It has to be noted that the temperature-related quantities are given in °C. While the definitions of the thermodynamic properties are based on the Kelvin scale, the usual temperature specifications are in °C, which is the much more commonly used scale in engineering calculations.




	(2)

	
Chemical exergy: This is the retrievable exergy from the system by applying potential chemical and physical conversions or the exergy input required for cleaning/separation. This component can be expressed in different ways, depending on the particular processes (chemical and/or biochemical). For chemical reactions, the chemical exergy can be evaluated as


  E  x  c h e m   =   ∑  i   (   μ i  −  μ  i , 0    )  ×  N i   



(5)




where Exchem (kW) is the chemical exergy flow rate, μi and μi,0 (kJ/kmol) are the chemical potentials at current, and reference conditions, respectively, and Ni (kmol/s) is the molar flow rate of the flow. In this work, the reference state of the materials is evaluated based on the Szargut method [76]. The detailed calculation steps of the chemical exergy are shown in [6]. For simplicity, an open-source online tool [77] is used to estimate the chemical exergy of materials in this paper.




	(3)

	
Gravitational exergy: This expresses the potential energy (directly convertible to exergy; see [7]) resulting from the elevation of the system above a certain base point:


  E  x G  = m × g × Δ h  



(6)




where ExG (kW) is the gravitational (potential) exergy, m (kg/s) is the mass flow rate, g (m/s2) is the acceleration due to gravity, and Δh (m) is the elevation difference between the current location of the stream and the location of the environmental reservoir selected for the reference point.




	(4)

	
Kinetic exergy: This expresses the kinetic energy (directly convertible to exergy).


  E  x K  =  1 2  × m ×  v 2   



(7)




where Exk (kW) is the kinetic exergy, m (kg/s) is the mass flow rate, and v (m/s) is the velocity of the stream.




	(5)

	
Electromagnetic exergy: The component (ExEM) can also be defined for electrochemical systems and problems, expressing the potential of the system within an electromagnetic field. This can be calculated as equivalent to the energy delivered by the electric current [7].









For each modelling context, the significance and the relevance of each of the components have to be evaluated, and only the significant ones should be retained in the model. In the current work, only the thermo-mechanical and the chemical exergy components are evaluated. The other components are relevant to specific applications: the gravitational component is applicable to accounting for process layout, and the electromagnetic component is relevant to the electrochemistry and electromagnetism domains.




2.4. Exergy Profit and Exergy Footprint


The exergy assets and liabilities for a stream are both calculated using the equations in Section 2.3. They assign exergy extraction and utilisation potentials to the assets, and the exergy demands to the liabilities. Establishing the balance of the total exergy assets (EXasset) (Equation (2)) and the total exergy liabilities (EXliability) (Equation (3)) produces the exergy profit (EXprofit) of the process system:


  E  X  p r o f i t   = E  X  a s s e t   − E  X  l i a b i l i t y    



(8)







The opposite difference (the negation) of the exergy profit is termed the exergy footprint (EXfootprint):


  E  X  f o o t p r i n t   = − E  X  p r o f i t   = E  X  l i a b i l i t y   − E  X  a s s e t    



(9)







In this way, a positive value for the footprint means an adverse impact on the environment by imposing the equivalent demand to be supplied from outside sources. With this criterion, the sustainability contribution of the evaluated process system can be clearly measured. A higher exergy profit, meaning a lower exergy footprint, also translates to a better sustainability contribution of the system.



All exergy components can be used in the general case. However, in the current study, only the thermo-mechanical and the chemical components are evaluated, since they are the most typical for chemical and waste processing.





3. Case Studies


In this work, two case studies are used to demonstrate the exergy footprint evaluation of process systems. The scalability of the concepts and their applicability to problems from different domains are tested using two case studies.



The first case study deals with a single process of recovery of a chemical component. It involves the evaluation of the exergy profit of acetic acid from waste streams. Two processes involving acetic acid (AA) as the input and output—i.e., methanol carbonylation and vinyl acetate monomer (VAM) production—are chosen. The exergy profit is determined by taking the exergy needed for the processes and the exergy contents of the outlet streams into account.



The second case study considers a larger-scale, distributed system involving the potential treatment processes of Municipal Solid Waste (MSW), which is the output from private households. The exergy profit of the MSW stream is evaluated, considering the exergy requirement for the treatment processes, such as landfill and recycling, as well as the useful exergy content of the secondary products. For the exergy calculations, the specification of the reference point is 25 °C and 1 atm = 101.325 kPa.



3.1. Case Study 1: Material Streams Recovery—Acetic Acid


The global consumption of acetic acid (AA) as a chemical product in 2018 was estimated at over 16 × 106 t. BP Chemicals is the largest supplier of acetic acid. The overall acetic acid output is shared between the manufacturing of vinyl acetate monomer (VAM) at 33%, acetic anhydride at 18%, monochloroacetic acid (MCA) at 17%, acetate esters at 17%, and terephthalic acid at 17% [78]. The manufacturing of acetic acid by the carbonylation of methanol represents the largest part of the market, at about 75%. This share shows continuous growth. Besides methanol, the synthesis may start from dimethyl ether (DME) and later from materials leading to syngas, such as biogas and biomass. For this reason, acetic acid may be a 100% green product [79]. For example, if both acetic acid and ethylene are manufactured using methanol obtained from syngas, then the vinyl acetate is a bio-product, as well as the valuable acrylic paints produced from it. In this way, a variety of products issued from a syngas bio-refinery can replace traditional petrochemicals.



Diluted solutions of acetic acid in water are typical for side streams in several production processes including terephthalic acid synthesis, acetyl cellulose manufacture and biochemical processes. Since the concentration of AA in those streams is typically in the range of 10% to 40% (mass), it may be profitable to recover and recycle it as a solvent [80]. However, the separation processes are often expensive and energy-intensive; these processes include reactive distillation, extractive distillation, and membrane separation. Thus, the side streams are commonly diluted and eliminated in a wastewater treatment plant. This makes acetic acid one of the major water pollutants treated in the chemical industry, especially in petrochemical or fine chemical industries [81].



In Section 3.1.1, the exergy footprint of the AA waste stream is evaluated. The AA waste stream comes from a methanol carbonylation process, while VAM production is considered as a potential downstream process that may utilise AA. Section 3.1.2 evaluates the exergy profit of using the acetic acid waste stream as input for VAM production.



3.1.1. Exergy Profit of Waste Acetic Acid Streams.


To define the exergy footprint/profit of the waste acetic acid stream, the potential downstream process and the boundary need to be defined. In this paper, the methanol carbonylation process is chosen as the process that produces the pure acetic acid and the waste stream containing the acetic acid. The potential downstream process—namely vinyl acetate production—utilises the waste acetic acid as a secondary input. Figure 6 shows the identified processing options.



The purge stream containing acetic acid is the waste stream under evaluation. The methanol carbonylation process mainly synthesises acetic acid as the main product. The waste stream (purge stream) contains a significant concentration of acetic acid (see Table 1). The mass and energy balance data are retrieved from [79]. The waste stream is not likely to be marketable but can be used to retrieve a secondary raw material for the vinyl acetate (VAM) production process. Figure 7 shows the Aspen HYSYS [82] simulation of the VAM process. The parameters for equipment sizing can be retrieved from [83]. Table 1 and Table 2 show the mass balance data of the two processes. The exergy to be added to the process includes the exergy inputs of the energy streams and the workstreams. In this work, the reference state of the materials is evaluated based on the Szargut method [76]. The detailed calculation steps of the chemical exergy are shown in [6]. For simplicity, an open-source online tool [77] is used to estimate the chemical exergy of materials in this paper.



The basic data for exergy calculations of various streams have been found in [6]. The feed used in the VAM production process is a pure acetic acid. As an input stream type, no EXAsset or EXLiability values are assigned to it.



The exergy liabilities and assets have to be determined first to compute the exergy profit of the waste acetic acid stream. The exergy profit is, therefore, the difference between the assets and the liabilities. The exergy asset and liability can be calculated based on Equations (2), (3) and (8):


  E  X  a s s e t ,     A A   W a s t e   =   ∑  j  E  X  o u t p u t , j      



(10)






      E  X  l i a b i l i t y ,   A A   W a s t e   =   ∑  i  E  X  i n p u t , i   + E  X  a d d        



(11)






      E  X  p r o f i t ,   A A   W a s t e   = E  X  a s s e t ,   A A   W a s t e   − E  X  l i a b i l i t y ,   A A   W a s t e        



(12)




where EXadd represents the exergy to be added to the downstream process, i represents the set of input material i in the downstream process, and j represents the set of output material j in the downstream process. Note that the exergy mentioned here is the total exergy (chemical + physical).



Table 3 shows the calculation results, assuming a value of 100 kg/h of the purge stream. The detailed calculation steps are given in the Supplementary Materials (Part 1). It can be observed from the table that the exergy profit of the stream is −0.0497 MW. The original exergy content of the purge stream is −0.000198 MW. This shows that the exergy profit is lower than the exergy content of the stream without undergoing the downstream VAM process. The negative sign of the exergy indicates that extra work needs to be inputted to bring the materials to the reference conditions since it is not a spontaneous process. According to the results, it can be deduced that higher exergy needs to be invested in reusing the purge stream for the VAM production process, translating to an exergy footprint of 0.0497 MW.




3.1.2. Exergy Profit of Input Acetic Acid Streams


Next, we consider the acetic acid inlet to the VAM production process (see Figure 8, derived from Figure 6). The potential upstream process and the boundary need to be defined to evaluate the exergy footprint/profit of the input acetic acid stream. A similar case study is used to demonstrate the exergy accounting for the input stream. The specific process example evaluated is the VAM production process. The acetic acid feed stream is chosen for evaluation.



Equations (2), (3) and (8) are applied to the evaluation, taking the following form:


  E  X  l i a b i l i t y , A A   f e e d   =   ∑  i  E  X  i n p u t , i   + E  X  a d d    
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      E  X  p r o f i t ,   A A   f e e d   = E  X  a s s e t ,   A A   f e e d   − E  X  l i a b i l i t y , A A   f e e d        



(15)




where EXadd represents the exergy to be added to the upstream process, i represents the set of input material i in the upstream process, and j represents the set of output material j in the upstream process.



Table 4 shows the calculation results, assuming a value of 100 kg/h of the acetic acid stream is fed to the VAM production process. The detailed calculation steps are provided in Part 2 of the Supplementary Materials. The exergy liability is much higher than the exergy of the acetic acid stream. The original exergy content of the acetic acid stream is −0.000069 MW. The results show that the actual exergy required to produce 100 kg/h of acetic acid from the chosen upstream process is higher than the exergy of the stream itself. The exergy profit shows how much exergy input is needed to produce the acetic acid input stream.





3.2. Case Study 2: Waste-to-Energy Process—Municipal Solid Waste


The second case study evaluates a waste-to-energy process to demonstrate the methodology for a different process system type. MSW contains a significant portion of the paper, wood, garden, food and other organic waste materials comprising lignocellulosic and biodegradable organic fractions. The lignocelluloses consist of cellulose (38–50%), hemicellulose (23–32%), lignin (15–25%), and inorganic ashes and can be extracted from municipal solid waste (MSW) or urban or household waste [84].



The lignocellulose compounds contained in the MSW can be degraded thermochemically [85] or biochemically [86]. The common waste treatment involves thermochemical processing, such as incineration [87], resulting in an energy product stream, as well as gasification [88] and pyrolysis [89] producing chemical and energy products; e.g., syngas, bio-oil, and residual waste heat.



In the case of biomass hydrolysis—e.g., enzymatic hydrolysis [90]—the liberated glucose can be used to synthesise high-value chemical products; e.g., 5-hydroxymethylfurfural (HMF) and levulinic acid (LA) [91]. These building-block chemicals are sometimes labelled as “sleeping giants” due to their vast potentials in the emerging bio-based economy and their key positions in the production of biomass-derived intermediates. This aids in the transition from a fossil-based to a bio-based economy, which promotes the concept of the circular economy.



In spite of the intensive investigations into extracting these two target chemicals from MSW, there is currently no research on how the thermochemical processes can be completely integrated within biorefineries utilising MSW. The available resources that can be extracted from the MSW are metals, refuse-derived fuel (RDF), chemicals (e.g., LA), fertilisers, and energy [92].



3.2.1. Municipal Solid Waste Exergy Profit Evaluation


To investigate the potential of resource recovery from MSW via integrated mechanical biological chemical treatment (MBCT), the case study in [84] is used. The exergy profit of the MSW is determined based on the selected downstream processes: material recovery, pulping, recovery of chemicals, and anaerobic digestion for biogas generation. In Figure 9, the selected potential process for MBCT for MSW, adapted from [84], is shown. The mass balances between the input and output are presented in Figure 9.



For this case study, the Municipal Solid Waste (MSW) is chosen as the output stream from a private household. The equation to calculate the specific exergy of MSW (adapted from [93]), which is a function of its heating value, is presented below:


  E  X  M S W   = 376.461 × C + 791.018 × H − 57.819 × O + 45.473 × N − 1536.24 × S + 100.981 × C l    



(16)







In Equation (16),   E  X  M S W     is the specific exergy of MSW (kJ/kg), C is the carbon content in %, H is the hydrogen content in %, O is the oxygen content in %, N is the nitrogen content in %, S is the sulfur content in %, and Cl is the chlorine content in %. All of the element percentages should be determined on a dry ash-free basis. The composition data of MSW are presented in Table 5, retrieved from [84].



To evaluate the exergy profit of the MSW stream, it is imperative to evaluate the exergy performances of the treatment processes. Based on the diagram above, the treatment processes are recycling, landfill, chemical conversion and anaerobic digestion (AD). The exergy profit of the MSW is calculated based on the implementation of Equations (2), (3) and (8) for the MSW case:


  E  X  l i a b i l i t y ,   M S W   =   ∑  i  E  X  i n p u t , i    



(17)






      E  X  a s s e t ,   M S W   =   ∑  j  E  X  o u t p u t , j    



(18)






      E  X  p r o f i t ,   M S W   = E  X  a s s e t ,   M S W   − E  X  l i a b i l i t y ,   M S W        



(19)







Table 6 shows the exergy data needed for various waste treatment processes. The superscripts in the table reflect the data sources and the contexts.



	(a)

	
The average exergy values are retrieved from [94]. Due to the lack of data availability, the data for plastic wastes are used.




	(b)

	
Products = 150 m3 of biogas/t of waste; electricity = 1.81 kWh/m3 of biogas; heat (at 55 °C) = 2.27 kWh/m3 of biogas; density of biogas = 1.15 kg/m3 [95]. The exergies of fertilisers are assumed to be zero since the nutrients are returned to the environment [96]




	(c)

	
The cumulative exergy added is estimated based on the exergy requirement from the process heat and work streams. The exergy of the secondary product is estimated based on the exergy contents of the products: biogas for the anaerobic digestion (AD), char and levulinic acid for chemical conversion process [84]. The biogas and char are assumed to be secondary fuels, and their exergies can be assumed to be equal to their higher heating value [97].




	(d)

	
The data for energy and work streams can be retrieved from [84].




	(e)

	
The exergy values are for plastic recyclables only.







The exergy asset of the MSW stream is evaluated as the cumulative useful exergy of the secondary products after the waste treatment processes; i.e., the products after the incineration, landfill, recycling, AD and chemical conversion. The exergy liability is calculated by summing the cumulative exergy to be input to the waste treatment processes (see Table 6). The detailed calculation steps are presented in Part 3 of the Supplementary Materials.



Table 7 shows the calculation results, assuming a basis of 1 t/h of MSW produced. The original exergy of the MSW stream is calculated using Equation (16), which is a function of its heating value. The net exergy profit represents the exergy of the MSW stream after it passes through the potential downstream treatment via the MBCT system.



According to the calculation results, the exergy of the MSW stream is 6.90 MW, showing that it has high potential as a fuel. The above MBCT system shows that there is an exergy profit for the MSW stream (0.906 MW), due to the potential useful products. This is a significant chemical conversion section, as the exergy assets of the secondary products are high. The levulinic acid has a high exergy value, and the char also has potential as a fuel. Despite the recycling process requiring high exergy, it is only applied to the plastic recovery for the recyclables. The small amount of plastic in the recyclables (8.05%) reduces the useful exergy as well as its exergy liability.




3.2.2. Cumulative Exergy Composite Curves


To compare different scenarios with the MSW treatment system, the current waste practices in the Czech Republic [95] are used for comparison with the MBCT system in this study. The data used in this study are based on Table 6, assuming both scenarios use waste treatment technologies with similar efficiencies. Figure 10 illustrates the scenarios, showing the distribution of the MSW.



The exergy liabilities and the exergy profit for the individual waste treatment processes are plotted in composite curves, as shown in Figure 11 and Figure 12. The steps taken to draw the composite curves are explained below:




	(1)

	
The waste practices are arranged in ascending order of exergy value (expenditure or profit) per kg of the waste amount.




	(2)

	
The cumulative waste amount and the cumulative exergy (liability and net profit) are determined based on the order from Step (1).




	(3)

	
The Composite Curves are plotted with a cumulative waste amount on the x-axis and cumulative exergy (liability or profit) on the y-axis.









Based on Figure 11 and Figure 12, the cumulative exergy liability for Scenario 2 is much higher than that of Scenario 1. However, the exergy profit for Scenario 2 (0.91 MW) is slightly higher than that in Scenario 1 (0.89 MW). This is specifically thanks to the chemical conversion process. This shows that the practices in Scenario 2 yield a somewhat higher exergy profit, but they also require a great deal more exergy.



According to Table 6, although incineration has a higher exergy profit per unit waste, a greater amount of waste is sent to the chemical conversion in Scenario 2, making its exergy profit surpass that of Scenario 1. It can be shown that the chemical conversion process has the highest specific exergy liability due to the requirement of steam for pulping and the other conversion processes. Nevertheless, the exergy profit for the chemical conversion is still highest due to the high exergy asset level of the levulinic acid and that of the char as a secondary fuel. It is worthy of note that the specific exergy profit of landfill is lower, although its specific exergy liability is the lowest because the useful exergy asset level of the process is very low (see Table 6).



It can also be seen that incineration has the highest specific exergy liability for Scenario 1, but it also has the highest specific exergy profit, as the products have a high amount of useful exergy content. The composite curves are useful to compare process systems and pinpoint the processes with a high exergy liability or exergy profit, allowing mitigation actions to be targeted to improve the waste treatment practices.






4. Conclusions


This article reveals that the fundamental trade-offs between the various resource flows and environmental impacts—such as water–energy and water–energy–food nexuses—converge to the issues of material flow circularity and energy flow cascading. Based on this understanding, the concepts of exergy assets, exergy liabilities, and exergy profit/footprint are formulated, supplemented with a comprehensive evaluation framework.



Two case studies from completely different industrial domains are provided which illustrate the applicability of the framework for the seamless assessment of the energy/exergy needs of the process systems. These include the processes of acetic acid production and MSW treatment areas.



The results from the first case study show that the separation and reuse of the acetic-acid-containing purge stream are exergy-prohibitive and that it is not probable that such a solution would be sustainable. The follow-up analysis of the acetic acid production shows that the process requires a substantial external exergy input. Determining the degree of sustainability of such a process needs further analysis of the possible sources of providing such exergy.



The second case study clearly shows the sustainability potential of the MSW treatment for obtaining either useful energy directly or first extracting useful chemicals before the waste-to-energy process. The developed cumulative Exergy Composite Curves show a marginal advantage (less than 10%) of the chemical extraction route over the direct waste-to-energy route. The developed curves demonstrate that the proposed framework represents a useful toolset for evaluating process systems and alternative solutions.



The proposed concept can be further developed to create a complete framework which is capable of accounting for the thermodynamic irreversibility of processes. This will help us to reach a deeper understanding of the exergy flows, storages and losses and their relation to process sustainability.



Building on this, future work should incorporate economic metrics into the evaluation, leading to a complete toolset accounting for both the technical and economic performance of the considered process systems. This will make the tools suitable for decision-making in real engineering projects and for use by process managers and potential investors.



The correct selection of the system boundaries for the analysis of exergy footprints is key to the practical applicability of the concept. Full Life Cycle Assessment requires the collection of a large amount of information, which sometimes depends on subjective considerations. In many cases, not all stages of the life cycle are really significant with respect to the chosen criteria. In this context, further work should also be directed towards embedding this accounting framework within the Life Cycle Assessment framework, allowing for the scalability of the concepts and their adaptation to the modelling contexts.
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Nomenclature




	P
	Pressure (MPa)



	T
	Temperature (°C)



	V
	Volume (m3)



	S
	Entropy (kJ/kg/°C)



	GHG
	Greenhouse gas



	HEN
	Heat exchange network



	MUD
	Material-utilisation diagram



	DSE
	Directional solvent extraction



	TBS
	Thermomorphic biphasic solvent



	LLPS
	Liquid–liquid phase separation



	LCA
	Life Cycle Assessment (Analysis)



	SCP
	Sustainable consumption and production



	PV
	Photovoltaic (panels)



	CMU
	Circular material use (rate)



	BOD5
	Five-day biochemical oxygen demand (mg/L)



	EXasset
	Exergy assets (MW)



	EXliability
	Exergy liabilities (MW)



	EXprofit
	Exergy profit of a stream (MW)



	EXfootprint
	Exergy footprint of a stream (MW)



	Exphys
	Thermo-mechanical/physical exergy flow rate (MW)



	Exchem
	Chemical exergy flow rate (MW)



	H (H0)
	Enthalpy flow rates of the stream (MW) at the current conditions, and at the reference conditions



	T0
	Temperature at the reference conditions (°C)



	S (S0)
	Entropy flow rates (kW/°C) at current and at reference conditions



	μi (μi,0)
	Chemical potentials at current and reference conditions (kJ/kmol)



	Ni
	Molar flow rate (kmol/s)



	ExG
	Gravitational (potential) exergy (kW) or (MW)



	m
	Mass flow rate (kg/s)



	g
	Acceleration due to gravity (m/s2)



	Δh
	Elevation difference between the current and the reference location



	ExEM
	Electromagnetic exergy (MW)



	AA
	Acetic acid



	VAM
	Vinyl acetate monomer



	MSW
	Municipal Solid Waste



	MCA
	Monochloroacetic Acid



	DME
	Di-Methyl Ether



	HMF
	5-hydroxymethylfurfural



	LA
	Levulinic acid



	RDF
	Refuse-derived fuel



	MBCT
	Mechanical biological chemical treatment



	AD
	Anaerobic digestion



	TEC
	Thermo-Ecological Cost methodology



	ERC
	Exergy Replacement Costs concept



	TERC
	Thermal-Exergy Replacement Cost
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Figure 1. A multi-input–output process for an example of an agriculture system. 
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Figure 2. Ethanol production from ethylene summarised from the example in [61]. 
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Figure 3. Global material cycles. 
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Figure 4. Energy cascading; data extracted from [70]. PV: photovoltaics. 
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Figure 5. Procedure for assigning exergy assets and liabilities. 
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Figure 6. Exergy profit evaluation of waste acetic acid stream. 
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Figure 7. Aspen HYSYS simulation flowsheet of vinyl acetate production, adapted from [83]. AA: acetic acid. 
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Figure 8. Exergy profit evaluation of inlet acetic acid stream. 






Figure 8. Exergy profit evaluation of inlet acetic acid stream.



[image: Energies 13 02132 g008]







[image: Energies 13 02132 g009 550] 





Figure 9. Mechanical biological chemical treatment (MBCT) of Municipal Solid Waste (MSW), with mass balances between input and output,), adapted from [84]. 
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Figure 10. Workflows for MSW treatment under comparison. 
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Figure 11. Composite Curves for the exergy liabilities of the MSW treatment under comparison. 
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Figure 12. Composite Curves for the exergy profit of the MSW treatment under comparison. 
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Table 1. Data of acetic acid production, derived from [79].
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Exergy to be Added to the Process, EXadd (MW/t/h of AA Produced)

	
0.532




	
Mass Balances

	
Input

	
Output




	
Methanol

	
CO

	
Purge Methanol

	
Propionic Acid

	
Vent CO

	
Acetic Acid

	
Purge Stream






	
Pressure (bara)

	
40

	
2

	
1.1

	
1.5

	
35

	
1.1

	
1.3




	
Temperature (°C)

	
20

	
25

	
36

	
125

	
5

	
33

	
125




	
Mass flow (kg/kg of AA)

	
0.838

	
0.491

	
0.265

	
0.00583

	
0.0136

	
1

	
0.0167




	
Enthalpy, H (kJ/kg)

	
−7491

	
−3948

	
−7752

	
−6467

	
−7392

	
−7666

	
−7344




	
Entropy, S (kJ/kg/°C)

	
2.282

	
6.849

	
1.045

	
2.048

	
2.361

	
1.273

	
1.419




	
H0 (kJ/kg)

	
−7473

	
−3948

	
−7682

	
−6665

	
−7295

	
−7678

	
−7519




	
S0 (kJ/kg/°C)

	
1.457

	
7.051

	
1.557

	
1.025

	
2.195

	
1.184

	
0.592




	
Mass chemical exergy (kJ/kg)

	
0.705

	
0.351

	
0.633

	
0.288

	
0.723

	
0.251

	
0.258




	
Total mass exergy (physical + chemical) (kJ/kg)

	
−263.145

	
60.547

	
83.209

	
−106.566

	
−145.745

	
−14.271

	
−71.247




	
Vapour fraction

	
0

	
1

	
0

	
0

	
1

	
0

	
0




	
Mass Compositions

	

	

	

	

	

	

	




	
Methanol

	
1

	
0

	
0.894

	
0.000

	
0.918

	
0.000

	
0.000




	
CO

	
0

	
1

	
0.002

	
0.000

	
0.029

	
0.000

	
0.000




	
CO2

	
0

	
0

	
0.003

	
0.000

	
0.024

	
0.000

	
0.000




	
CH4

	
0

	
0

	
0.000

	
0.000

	
0.029

	
0.000

	
0.000




	
Methyl acetate

	
0

	
0

	
0.062

	
0.000

	
0.000

	
0.000

	
0.000




	
Acetic acid

	
0

	
0

	
0.000

	
0.000

	
0.000

	
0.997

	
0.400




	
H2O

	
0

	
0

	
0.002

	
0.000

	
0.000

	
0.001

	
0.300




	
CH3I

	
0

	
0

	
0.037

	
0.000

	
0.000

	
0.000

	
0.000




	
Propionic acid

	
0

	
0

	
0.000

	
1.000

	
0.000

	
0.002

	
0.300
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Table 2. Simulation results of vinyl acetate production.






Table 2. Simulation results of vinyl acetate production.





	
Exergy to be Added to the Process, EXadd (MW per 1 t/h of AA Feed)

	
0.458




	
Mass Balances

	
Input

	
Output




	
Air

	
Ethylene

	
Acetic Acid

	
Glycerol

	
Waste Acetic Acid

	
Vinyl Acetate

	
Waste-Water

	
Waste Glycerol

	
Purge Gas






	
Pressure (bara)

	
1.013

	
1.013

	
1.013

	
2

	
9

	
2

	
112.3

	
4

	
9




	
Temperature (°C)

	
25

	
25

	
25

	
100

	
200.2

	
85.94

	
5

	
208.7

	
214.5




	
Mass flow (kg/kg of AA)

	
0.382

	
0.394

	
1

	
0.0556

	
0.0679

	
0.0496

	
0.0131

	
0.0607

	
1.64




	
Enthalpy, H (kJ/kg)

	
−0.282

	
1864

	
−7669

	
−7160

	
−7369

	
−3989

	
−13820

	
−7503

	
−3301




	
Entropy, S (kJ/kg K)

	
5.258

	
6.28

	
0.548

	
0.2259

	
1.535

	
2.058

	
3.578

	
1.826

	
4.166




	
H0 (kJ/kg)

	
−0.282

	
1864

	
−7669

	
−7358

	
−7670

	
−4121

	
−14630

	
−8034

	
−3785




	
S0 (kJ/kg K)

	
5.258

	
6.28

	
0.548

	
−0.9517

	
0.5497

	
1.488

	
1.558

	
−0.6789

	
3.063




	
Mass chemical exergy (kJ/kg)

	
0.00169

	
1.74

	
0.250

	
0.205

	
0.250

	
0.288

	
0.194

	
0.251

	
0.482




	
Total mass exergy (physical + chemical) (kJ/kg)

	
0.00169

	
1.74

	
0.250

	
−152.92

	
7.38

	
−37.86

	
208.0

	
−215.46

	
155.3




	
Vapour fraction

	
1

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
1




	
Mass Compositions

	

	

	

	

	

	

	

	

	




	
Acetic acid

	
0

	
0

	
1

	
0

	
0.894

	
0.9994

	
0

	
0.0037

	
0.0014




	
CO2

	
0

	
0

	
0

	
0

	
0.002

	
0

	
0

	
0

	
0




	
Ethylene

	
0

	
1

	
0

	
0

	
0.003

	
0

	
0.0008

	
0

	
0




	
Glycerol

	
0

	
0

	
0

	
1

	
0.000

	
0

	
0.0001

	
0

	
0.9187




	
H2O

	
0

	
0

	
0

	
0

	
0.062

	
0.0002

	
0

	
0.8573

	
0.0799




	
Nitrogen

	
0.7671

	
0

	
0

	
0

	
0.000

	
0

	
0

	
0

	
0




	
Oxygen

	
0.2329

	
0

	
0

	
0

	
0.002

	
0

	
0

	
0

	
0




	
Vinyl acetate

	
0

	
0

	
0

	
0

	
0.037

	
0.0004

	
0.9991

	
0.139

	
0
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Table 3. Calculation results of the waste acetic acid stream, on the basis of a value of 100 kg/h of the purge stream.
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	Exergy of Purge Stream (MW)
	−0.000198



	Exergy liability (MW)
	0.0530



	Exergy asset (MW)
	0.0033



	Exergy profit (MW)
	−0.0497
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Table 4. Calculation results of input acetic acid stream, on the basis of a value of 100 kg/h of the acetic acid input stream.
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	Exergy of the Acetic Acid Stream (MW)
	−0.000069 *



	Exergy liability (MW)
	0.0492



	Exergy asset (MW)
	0.0023



	Exergy profit (MW)
	−0.0468







* The exergy content of the acetic acid stream is supposed to be 0.000069 MW. However, since this is an input stream, this means that work is needed to produce this stream (a liability) from the reference conditions. A negative sign is thus shown for the exergy value.
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Table 5. Data of Municipal Waste, from [84].
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	Elements
	Amount (wt%)
	



	Plastic
	10.4
	



	Cardboard
	5.2
	



	Glass
	6.8
	



	Electrical waste
	2.3
	



	Textiles
	2.9
	



	Metals and unidentified waste
	18.6
	



	Paper
	14
	



	Wood, garden and food waste
	37.3
	



	Other organic
	2.5
	



	Composition of Fuels
	Amount (wt% wet Basis)
	Amount (wt% Dry Ash-Free Basis)



	Carbon
	26.7
	57



	Hydrogen
	3.37
	7.19



	Oxygen
	16.14
	34.46



	Nitrogen
	0.52
	1.11



	Sulfur
	0.11
	0.235



	Ashes
	11.87
	-



	Water
	41.3
	-



	Volatile material
	41.86
	41.86
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Table 6. Exergy calculation data for the MSW case study.
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	Process
	Cumulative Exergy to be Added (MJ/kg of Waste Feed)
	Cumulative Useful Exergy of the Secondary Product (MJ/kg of Waste Feed)





	Incineration a
	1.2
	16.586



	Landfill a
	0.336
	0.242



	Recycling a
	10.442 e
	33.086 e



	Anaerobic digestion (AD) b,c
	1.09
	1.41



	Chemical conversion c,d
	3.01
	9.83
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Table 7. Calculation results for MSW stream, on the basis of 1 t/h of MSW produced.
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	Exergy of MSW Stream (MW)
	6.90



	Exergy liability (MW)
	0.484



	Exergy asset (MW)
	1.39



	Net exergy profit (MW)
	0.906











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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