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Abstract

:

There are numerous analytical and/or computational tools for evaluating the energetic sustainability of biomass in the sugar industry. However, the simultaneous integration of the energetic–exergetic and emergetic criteria for such evaluation is still insufficient. The objective of the present work is to propose a range of indicators to evaluate the sustainability of the use of biomass as fuel in the sugar industry. For this purpose, energy, exergy, and emergy evaluation tools were theoretically used as sustainability indicators. They were validated in five variants of different biomass and their mixtures in two studies of technologies used in Cuba for the sugar industry. As a result, the energy method showed, for all variants, an increase in efficiency of about 5% in the VU-40 technology compared to the Retal technology. There is an increase in energy efficiency when considering AHRs of 2.8% or Marabu (Dichrostachys cinerea) (5.3%) compared to the   V 1   variant. Through the study of the exergetic efficiency, an increase of 2% was determined in both technologies for the case of the   V 1   variant, and an increase in efficiency is observed in the   V 2   variant of 5% and the   V 3   variant (5.6%) over the   V 1   variant. The emergetic method showed superior results for the VU-40 technology over the Retal technology due to higher fuel utilization. In the case of the   V 1   variant, there was a 7% increase in the renewability ratio and an 11.07% increase in the sustainability index. This is because more energy is produced per unit of environmental load.
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1. Introduction


The World Energy Council defines energy sustainability as a balance between energy security, environmental sustainability, and social equity. In other words, it takes the concept of balance between economic, social, and ecological dimensions for sustainable development to the energy level, recognizing that energy is critical to the development of any society.



In the case of energy sustainability, it seeks the reduction in energy dependence and the guarantee of supply, reduced    CO 2    emissions, competitiveness in energy markets and industry, and the affordability of energy prices for the public and the economy [1,2,3].



From a systemic and thermodynamic perspective, the sustainability of an energy system can be accepted as the property of the system that reflects its restorative tendencies in the face of environmental, social, and economic transformations caused by the interaction between the systemic object and the environment [4,5].



World sugarcane production was recorded to amount to 1869 million tons, obtained in a harvested area of 26.4 million hectares, so the average yield was 70.4 tons per hectare, according to Ref. [6]. In Cuba, the total harvested area in the 2020–2021 harvest was approximately 300 Mha, representing only 1.14% of the harvested area worldwide, for a production of 10,200 Mt as well as a yield of approximately 34   t  ha   . According to Ref. [7], the production of sugarcane bagasse was 2551.2 Mt of sugarcane.



Biomass energy conversion has reached a high level of development in the dizzying race of the technology industry, and is faced with a growing demand for resources and the difficult challenge of evolving and satisfying increasingly demanding users [8,9,10,11,12].



The conversion technologies for these fuels fall into two broad categories, first and second generations, which include thermochemical and biochemical processes [13,14]. Thermochemical processes such as combustion, pyrolysis, and gasification are based on heat as a source of biomass transformation. They are well adapted to dry biomass, particularly straw and wood, where the energy contained is more straightforward to harness [8,15,16].



The literature has numerous studies and methods related to the quantitative estimation of biomass and its utilization for energy and exergy purposes [17,18,19,20,21,22]; however, these studies primarily do not consider an assessment of the associated environmental impact of biomass use.



On the other hand, some methodologies integrate various evaluation criteria for biomass utilization. They also take into account aspects such as price, logistics, and biomass production, but do not evaluate energetic, exergy, or emergy methods [23,24,25,26,27,28,29,30,31].



According to Ref. [32], the use of renewable energy sources in Cuba is currently low since only 4.3% of the country’s electricity is produced with them, where biomass reaches 3.5%. Especially for sugarcane-producing countries, producing energy from sugarcane biomass, consisting of bagasse and agricultural harvesting residues (AHRs), in addition to Dichrostachys cinerea, which are available in areas near these facilities that contribute to the delivery of energy for the National Electroenergy System (NES), represents an excellent opportunity to increase economic efficiency and protect the environment.



No less significant is the environmental impact generated by the use of fossil fuels for power generation; hence, the potential of renewable sources for the country should allow for a greater participation of these sources by 31%, in particular, the role of biomass will represent 9% of power generation.



Current energy needs, given the depletion of fossil fuels, the increase in their cost, as well as the increase in environmental pollution, require alternatives that allow the efficient use of available and usable energy sources from industrial waste, among which bagasse is a leader [33].



In Cuba, at the end of the sugar harvest, there is a significant surplus of sugarcane residue with excellent physical, chemical, and biological properties [34,35], which can be stored adequately for its subsequent use as an energy or electricity carrier [36,37,38,39] as well as for obtaining biofuels under the concept of biorefineries [40].



In Cuba, AHRs constitute 28% of sugarcane straw and bud, which are the most important type of processed biomass and can be used for energy purposes, particularly in low-pressure technologies [41,42,43] as animal feed or to produce other sugarcane derivatives [44,45].



The Dichrostachys cinerea is identified in Cuba as an essential source of biomass for electricity generation, for which large quantities are demanded, which forces the mechanization of its harvest. Its properties obtained under mechanized conditions have not been studied in depth [46,47].



Dichrostachys cinerea exists in Cuba in large quantities at an estimated 1.14 million ha with an average density of 37 t/ha [33]. This has led to its identification as an essential complementary fuel for bioelectric power plants. In the case of AHR and bagasse blends, depending on the availability of one or the other in the literature, several blends were previously reported [21,48,49,50,51].



In the case of the bagasse—Dichrostachys cinerea mixture, it was considered to decrease to 10% since the availability of Dichrostachys cinerea is more limited and the technical data sheet of the technology where the mixture is evaluated recommends considering a minimum of 10% of this biomass.



On the other hand, the use of Dichrostachys cinerea in low-parameter technologies is not justified due to its own particularities and technological characteristics for its use. One of the fundamental guidelines of using additional biomass in bioelectric plants is to be able to generate electricity with biomes all year round and not only in the sugar harvest stage, so in addition to using bagasse as a base fuel, it is advisable to incorporate additional biomass for this purpose. Also, in the sampling stage, it will be possible to cover possible deficiencies in the quantity of bagasse required to supply all the energy needed by the sugar mill. Therefore, this research focuses on determining those indicators to measure energy sustainability in the biomes and mixtures to be used as fuel in the sugar industry.



This article presents several contributions, including the following:




	
It considers various fuels (biomass) within the steam generation process, particularly Dichrostachys cinerea, and compares the energy and exergetic efficiencies of two technologies in the sugar industry.



	
It Proposes an emergetic method applied to the conditions of the study as a fundamental indicator to measure the sustainability of biomass, in correspondence with the evaluated technologies.



	
Fuel mixtures are considered, determining the energy and exergy efficiencies for the evaluated case studies.








This article is structured as follows: Section 1 is the introduction, presenting in general terms the concept of sustainability; moreover, the main studies focused on biomass are detailed, mainly dealing with energy and exergetic quantification. This section also presents the potential of the sugar industry in generating energy from these fuels. Section 2 is the Materials and Methods section, which describes the fuel variants to be considered, their elemental compositions, the technical characteristics of both technologies to be evaluated, and the theoretical foundations of the energetic, exergetic, and emergetic methods. In Section 3, the Results and Discussion section, first, the indicators to measure energy sustainability in the study are proposed. Then, the energy losses for each of the variants are determined, along with the energy and exergetic efficiencies according to each technology, and the leading emergetic indicators are described. Section 4, the Conclusions section, shows the most sustainable variant based on the validation of the indicators obtained.




2. Materials and Methods


Stage 1 first includes a description of the fuels used. The use of sugarcane bagasse, AHR, Dichrostachys cinerea, and blends of this biomass was considered for this study. In the case of AHR and bagasse mixtures, depending on the availability of one or the other in the literature, several mixtures were reported [21,48,49,50], whereby a mixture of 50% bagasse and 50% AHR was considered as an intermediate sample. In the case of the bagasse—Dichrostachys cinerea mixture, the latter was considered to decrease to 10% since the availability of Dichrostachys cinerea is more limited and the technical data sheet of the technology where the mixture is evaluated recommends considering a minimum of 10% of this biomass.



On the other hand, the use of Dichrostachys cinerea in low-parameter technologies is not justified due to its own particularities and technological characteristics for its use. The fuel variants and blends were established as variant   V 1   (100% bagasse), variant   V 2   (100% AHR), variant   V 3   (100% Dichrostachys cinerea), variant   V 4   (50% bagasse and 50% AHR), and variant   V 5   (90% bagasse and 10% Dichrostachys cinerea), which are grouped in Table 1. The elemental composition required for the thermoenergetic balance is described below.



Variants   V 1  ,   V 2  , and   V 4   were considered for the evaluation in the Retal-type G.V, while variants   V 1  ,   V 3  , and   V 5   were considered for the VU-40-type G.V. This is due to the particularities of each biomass; for the VU-40-type G.V, it was demonstrated that the use of   A H  R s    was highly corrosive, while Dichrostachys cinerea was not evaluated in the Retal-type G.V due to the characteristics of this fuel and the current technology installed.



Bagasse, AHRs, and Dichrostachys cinerea, in addition to their use from the energy point of view, present possibilities for incorporation and use in other sectors. The elemental composition of the working mass for the biomass considered—where its content is denoted as ash (A) and the average moisture content is denoted as W—in the study is shown in Table 2.



2.1. Description of Technologies


The Retal-type G.V., widely used in the Cuban sugar industry, was considered a combustion technology, with 12.5    kg  s   and 16.7    kg  s  , with pressures of 1.9 MPa. Table 3 and Figure 1 show this technology’s technical characteristics and typical installation scheme.



In addition, the G.V VU-40 of 65.28    kg  s   steam, pressure 8 MPa, and 723.15 K were considered. This G.V is a balanced draft or alternative technology tested with the furnace operating at negative pressure. The structure and casing are designed to withstand furnace pressure variations (implosion or explosion) that could occur due to fan malfunction or fuel firing. The technical characteristics of this technology are presented in Table 4. This biomass will be evaluated for these two technologies, considered as a case study, where the selection corresponds to the fact that the Retal-type G.V. is practically installed in most of the sugar factories in the country and the high-parameter G.V VU-40 is a technology recently installed in a bioelectric plant.




2.2. Direct and Indirect Method to Quantify the Efficiency of a Steam Generator


According to the literature, there are mainly two methods to calculate energy efficiency: the direct method and the indirect method. The latter takes into account a more significant amount of combustion losses [54]. Next, the procedure to determine both methods will be shown.



Direct method: This method relates the heat used, the enthalpy of the superheated steam   I v s  , and the available heat delivered during combustion of the working mass of the fuel or lower heating power   Q  i  t  , as shown in Equation (1).


   η t  =   D v  I v s − I a a     Q  i  t  B c   × 100  



(1)







The determination of the theoretical lower calorific value based on the elemental chemical composition of the biomass is determined using Equation (2):


  η  Q  i  t  = 339  C t  + 1030  H t  − 109  (  O t  −  S t  )  − 24  W t   



(2)







The calculation of the efficiency by the indirect balance method   η t   is obtained from the following Equation (3):


  η  η t  = 100 −  (  q 2  +  q 3  +  q 4  +  q 5  +  q 6  )   [ % ]   



(3)







According to Ref. [54], the most efficient losses in the G.V. are the losses due to the sensible heat of the steam generation process, and by radiation and convection, the first one has the most marked influence in the efficiency of this type of technology.



The heat lost through the mass of gases leaving the steam generator represents the significant loss of the system as indicated above, and its relative value is determined as follows via Equation (4):


   q 2  =    I  g s   −  α  g s   I   0  a f     ( 100 −  q 4  )    Q   t d      [ % ]   



(4)








2.3. Exergy Method


The objective of the exergy analysis within an exergy balance is to evaluate the exergy efficiency, defined as the ratio between the exergy used in the product or process and the exergy supplied to the process (Equation (5)):


   η  e x   =   ∑  E s    ∑  E e     



(5)







The physical exergy (Equation (6)) is defined by the maximum total work obtained when the material becomes reversible from its initial state of pressure   P  i 4    and temperature   T i   to the state in equilibrium with the environment or to   T o   and   P 0   by the physical process, without changes in its chemical composition.


   e x  =  (  h i  −  h 0  )  −  T 0   (  s i  −  s 0  )   



(6)








2.4. Emergetic Method


Emergy modeling includes the definition of the spatiotemporal limits of the system, the actual energy modeling, and the determination of the fundamental indicators based on established and/or calculated transformities [55,56].



Spatiotemporal limits of thermodynamic systems are defined as any spatial region within a prescribed limit selected for the study. They must be established for a given time since this factor determines the flows that cross the system. At this stage, what is needed is the object of analysis and the period during which the assessment will be made. Failure to adequately establish these variables may result in errors in quantifying inputs and outputs consumed and provided by the system, respectively.



Emergetic Modeling


This step consists of the representation using matter and energy flow diagrams using the emergy symbology to represent the interaction between the internal and external sources of the system, as well as the output and feedback flows of the system.



The primary function of this step is to organize the data, making it possible to determine the flows and interactions in the system, highlighting the most relevant ones. The scale and degree of detail may vary depending on the objectives and socio-ecosystem type [57].



Modeling consists of the following steps [57]:




	
Starting from the system boundaries, the system’s main energy inputs and outputs are defined and classified according to their nature (biogeophysical, economic, human, etc.), from left to right, to increase transformity around the system boundary symbol.



	
The system’s internal components and their relationships, both with the inputs and outputs of matter and energy and with each other, are defined, taking care to involve all the elements of the system that regulate the processes that constitute the system’s operation. They are placed under the same criteria as in the previous point.



	
Money flows corresponding to the economic use that some flows of the system may have, such as the inflows of money that move some of the socio-economic components of the system, are included.



	
Degradation corresponding to the second law of thermodynamics is included.



	
The diagram is simplified according to the objectives of the study by aggregating categories at the level of detail to be carried out.








As previously stated, the emergy analysis classifies the inputs of the system into renewable resources (R), non-renewable resources (N), materials of the economy (M), and services of the economy (F). This allows for the calculation of a series of indices that provide information on various system characteristics and enables comparisons between multiple scenarios for managing this from the economic and environmental perspective and the comparison between different systems. These indicators are shown in detail below. Transformity (  T r  ) expresses the resources required to obtain a specific product [58]. It is the ratio between the total emergy entering the system (Y) and the emergy of the products leaving (  E p  ); its unit is in seJ.



This index reveals the quality of the system; the higher the Tr value, the more emergy is required to generate products. It can be interpreted as the inverse value of the efficiency of an agroecosystem (Y) emergy incorporated by the system and (E) energy of the resource [59]. Equation (7) presents the determination of the transforming process.


  T r =  Y  E p    



(7)







The specific emergy is defined as the total emergy (Y) per unit mass of the output products (P), so its unit is usually    seJ  g  . As energy is required to concentrate the materials, this unit of emergy value (UEV) increases with the concentration of the substances.



Therefore, elements and compounds not very abundant in nature have a higher specific energy when they are concentrated since more work is required to concentrate them, spatially and chemically [60]. This specific emergy can be obtained using Equation (8):


  E m =  Y P   



(8)







The renewability ratio evaluates the sustainability of the production system; it is defined as the ratio between the energy content of renewable resources (R) divided by the total energy used to obtain the product (Y) and expressed as a percentage.



It follows that natural systems will have high values of renewability, while low values of renewability indicate a more significant use of non-renewable natural resources to obtain the product and consequently an increase in the associated economic costs [55].



Therefore, it reflects some aspects of a system’s sustainability or its ability to be driven by local renewable resources because only processes with a high yield (  % R  ) are ecologically sustainable. This index is determined by Equation (9):


  % R =  R Y   



(9)







The emerging efficiency ratio measures the process’s ability to exploit and make available natural resources for external investment. It looks at the process from a different perspective as it analyzes the appropriation of local resources, which is interpreted as an additional contribution to the economy.



The lowest possible value of the   E Y R   is 1, which indicates that a process delivers the same amount of energy provided for its operation, so it cannot exploit natural resources.



Therefore, processes with an   E Y R   equal to 1 or slightly higher do not feed back to the economy significantly in terms of emergy and transform only the resources previously accessed by other processes. By doing so, these processes function more as consumers than creators, fostering opportunities for the growth of the system [60].



Equation (10) shows how to calculate this index:


  E Y R =   R + N + F  F   



(10)







The environmental load ratio is the ratio between the sum of the non-renewable resources of nature (N) and those of the economy (F) by the renewable resources of nature (R); it is dimensionless. The higher the value of the index, the more significant the system’s environmental impact.



It also indicates that the economic costs of production are higher. Therefore, its final price will increase, making the product or producing areas less competitive with a lower environmental load ratio.



This index is high for systems with high non-renewable inputs or with high environmental emissions and highly technological processes, including increases in the associated economic costs [61]. Equation (11) can be used to obtain this indicator:


  E L R =   N + F  R   



(11)







If   E L R   and   E Y R   are combined, a sustainability index is created to measure the system’s potential contribution (  E Y R  ) per unit of load imposed on the local system (  E L R  ). This indicator (  E S I  ) measures openness and load changes over time in technological processes and economies. This index is determined using Equation (12):


  E S I =   E Y R   E L R    



(12)










3. Results and Discussion


In the study [62], the authors present several indicators to analyze the sustainability of the sugar industry, grouped into its different aspects or dimensions. However, the indicators presented in the research, grouped in economic, social, and environmental aspects, present a vision from the energy quantification methods to the evaluation of sustainability by considering several fuels or biomass used in the generation of energy in sugar factories. In addition, the emergetic method was applied as a complement to the energy and exergetic analysis to provide a wide range of indicators that contribute to the energy sustainability of the use of these fuels.



Table 5 presents the criteria and sub-criteria to be considered in each evaluation method.



The different losses were first estimated to determine the efficiency of the process. The loss due to the exhaust gases (  q 2  ) depends on the coefficient of excess air at the boiler outlet; for our case study, the coefficient of excess air was set at 1.8 for a VU-40-type G.V and 2 for the Retal-type G.V. Analyzing the energy losses from an environmental point of view determined by the indirect method, we can see that the losses   q 3  ,   q 4  , and   q 5   have only a slight decrease from case 2 (Figure 2) to case 1 (Figure 3). However, the loss   q 2   in the case of the Retal technology ranges between 14 and 18%, and in the case of the high-pressure variant, the losses range between 11 and 15%. These decreases in losses at the same time bring about similar decreases in    CO 2    emissions to the environment and can therefore be considered as an environmental parameter.



For the case studies, the percentage of chemical incombustion losses (  q 3  ), the percentage of mechanical incombustion losses (  q 4  ), and the percentage of external cooling losses (  q 5  ) were determined according to Ref. [54]; all these losses can be seen in Figure 2 and Figure 3 where it is evident that the highest losses correspond to exhaust gas losses as indicated above.



The energy efficiencies were determined for each variable depending on the technology, considering both direct method Equation (1) and indirect method Equation (3), to know the efficiencies of each of the analyzed combinations. Figure 4 shows the results obtained.



Figure 4 shows the energy efficiency for both methods for the two case studies in the variants to be applied. In most cases, there are no significant differences in the results obtained by both methods. From the analysis of the graph, it can be observed that in the case of VU-40 technology, there is an increase of 5.2% on average for the energy efficiency, compared with in the case of   V 1  , which was the only one possible to evaluate in the two case studies. Comparing the possible mixtures to work in the Retal, we see that in the case of the AHRs, the efficiencies increase by 2.8%, which can be explained by the fact that the AHRs have higher caloric power and better energy use.   V 4   behaved in average values between   V 1   and   V 2  . In the VU-40 technology, an energy efficiency of 5.3% was also observed for the   V 3   variant due to the higher caloric power of the marabou and the possibility of working with less excess air. Meanwhile, the   V 5   variant behaved according to the results of the   V 1   variant. The energy efficiency results shown in Figure 4 for the case of a G.V of high parameters and with bagasse as fuel are similar to those reported by Refs. [21,63]. Table 6 presents the estimated energy yield values for similar scenarios, highlighting the correspondence with the evaluation provided in this study.



The exergy analysis was evaluated for the different variants and case studies. Starting from Equation (6), the exergies of feedwater, fuels, exhaust gases, and steam produced were calculated for each of the variants depending on the percentage composition of the mixture and the different values of enthalpies, entropies, and conditions of the exhaust gases with the help of the Chemical Logic Steam Tab Companion (CLSTC or Steam Tables) software.



Once the exergies of the inputs and outputs were obtained, the exergy efficiencies were determined using Equation (5). Table 7 shows the values of the calculated efficiencies.



From an economic point of view, for the case of the three variants considering the G.V. Retal type, an exergy efficiency of 29.1% is observed for the case of the AHR compared to the   V 1   variant. Of the three possible variants to be evaluated in the G.V VU-40, there is an increase in exergetic efficiency of about 10.9% with the use of Dichrostachys cinerea compared to bagasse.



As shown in Table 7, the highest values of exergy losses are represented by   V 1  , with a respective exergy efficiency of 28.35%. Taking into consideration the   V 1   variant in both technologies, there is an increase of 5.9% of case 2 compared with case 1. These obtained results are also similar to those reported by Refs. [65,66]. Table 8 presents a summary of the results in the literature and the bibliography consulted to obtain them.



The flows involved in the process were first classified to determine the emerging indicators (Table 9). The analysis takes into account renewable resources (R), non-renewable resources (N), material resources of the economy (M), and services of the economy (S), which are the different inputs and emerging indicators that allow for obtaining this analysis.



Emergenetic modeling starts by delimiting the boundaries of the system under study. Thermodynamic systems are defined as any spatial region within a prescribed boundary selected for study. They must be established for a given time since this factor defines the flows passing through the system.



For this stage, what is needed is the object of analysis and the period during which the evaluation will be performed. The limit of the study is the process of steam generation from biomass, for which it is necessary to define the flows involved.



The energy modeling itself consists of the representation using matter and energy flow diagrams using the symbology described for it to represent the interaction between the internal and external sources of the system, in addition to the output and feedback flows of the system [68,69,70].



The main function of this step is the organization of the data, allowing us to determine the flows and interactions in the system, highlighting the most relevant ones. The scale and degree of detail may vary according to the objectives and the type of ecosystem. Figure 5 presents the emergy diagram for the study.



Legend:




	
E.V: Evaporates perspiration;



	
  R 1  : Solar radiation;



	
  N 1  : Precipitation;



	
  N 2  : Air;



	
  M 1  : Fertilizers;



	
  M 2  : Pesticides and herbicides;



	
  M 3  : Fuels;



	
S: Services;



	
L.H: Human labor;



	
G.V: Steam generation;



	
R.S: Reserve seed;



	
T: Arable land;



	
P.C.A: Sugar cane production;



	
P: Process.








The primary input into the system analyzed, i.e., in the case of bagasse and AHR, is that the sugarcane process conditions are considered. The case of Dichrostachys cinerea was considered as a direct input to the steam generation process and research contribution. Comparing the results obtained for the case of the indicators [71] results in an emergy analysis for sugarcane, where the EYR, ELR, and ESI resulted in 9.51, 5.44, and 1.75, respectively, which are higher than those given in Table 10, because the latter are fundamentally framed in the steam generation process.



From an economic perspective, comparing indicators   E 1   and   E 2  , as shown in Table 10 in the case of variant   V 1  , these represent the lowest cost items, 29.4% lower than in the case of variant   V 3  , as well as 24.6% lower than in comparison with   V 5  , mainly due to the consideration of the collection and transportation of this biomass.



The indicators described above, although they are considered intermediate, can be said to influence the rest of the energy indicators. The expenses for the VU-40 technology of these indicators taking bagasse as a base are higher by 9.6%; for this technology, the transfer of bagasse from neighboring areas can also be considered.



The renewability index was determined at 62.67%, higher by 25% than the data found in Ref. [72] for the production of bioethanol. The emergetic efficiency index (3.53) was higher than 2, showing that the natural resources are moderately exploited, and was a value higher than the 1.39 given by the authors of Ref. [73] for the case of an energy–environmental assessment of a scenario in Brazil for a biorefinery. In addition, the relatively low value of the environmental load index of the process (2.92) shows that it has a low environmental impact—lower than the 3.1 found in Ref. [73] for a conventional ethanol scheme.



The relationship between the value of the emergy efficiency index (EYR) and the environmental load index (ELR) is reflected in the emergy sustainability index (ESI = 5.96). This shows that, in the long term, the system is sustainable by itself because this value is higher than 5, whereas in Ref. [72], an emergy assessment of biomass determined the ESI to be lower than 1; however, the value obtained gives proof that the system contributes moderately to the economy.



In the analysis of the emerging indicators for the case of variant   V 3  , this results in a renewability index (R = 42.54), which is 32.1% lower than in the case of   V 1  , and the emerging efficiency index (EYR = 2.01) indicates that local natural resources are moderately exploited during the process.



The environmental impact is not so significant compared to other processes due to the low value of the ecological load ratio (ELR = 3.97), despite being higher by 26.4% compared to bagasse, and the existing impact must be evaluated by considering the surrounding areas. Despite the above, the Emerging Sustainability Index (ESI) indicates that in the long term, the system is not sustainable by itself (ESI < 5). Table 11 presents the emergence indicators for the different variants of biomasses in a Retal-type G.V. As can be seen in this type of G.V., the use of bagasse is more favorable in the long term than other additional fuels; however, the bagasse–AHR mixture, according to the indicators obtained, may present an opportunity for utilization.



On the other hand, in the bagasse–AHR mixture, the renewability ratio (23.58%) is higher by 18.77% compared with that found in Ref. [74]. Nevertheless, in both cases, its use is undoubtedly lower than the use of bagasse. The collection and cost of collecting the AHR has an impact on the renewability of the system, and the ratio of energy efficiency (1.31) shows that the system exploits natural resources in a much smaller amount. This is because the cost of AHR collection and transportation is higher than that of bagasse.



In the case of the environmental load index (3.24), it shows that it has a higher impact on the environment compared to bagasse; additionally, Ref. [74] also indicates a higher environmental impact in the case of AHR, at 4.33. However, its value that is close to 2 shows that it also has a low environmental impact.



The emergent sustainability index for the bagasse–AHR mixture has a relatively low value, ESI = 0.40, which shows that it is not sustainable in the long term.



Comparing the indicators obtained for the biomass mixtures in a Retal-type G.V (Table 11) with those obtained for the case of a VU-40-type G.V (Table 10), it is observed that the consideration of bagasse as base fuel plays a decisive role, presenting timely indicators in both evaluation study cases.




4. Conclusions


The energetic method showed, for all variants, an increase in efficiency of about 5% in the VU-40 technology compared with the Retal technology. There is an increase in energy efficiencies when considering the AHRs of 2.8% or Dichrostachys cinerea (5.3%) compared to the   V 1   variant, which can be mainly explained by the higher calorific value of the fuel and other possible causes.



The study of the exergy efficiency showed an increase of 2% in both technologies in the case of the   V 1   variant, an increase in efficiency of 5% in the   V 2   variant, and 5.6% in the V3 variant over the   V 1   variant.



The emergetic method showed superior results for the VU-40 technology over the Retal technology due to higher fuel utilization. In the case of the   V 1   variant, there is a 7% increase in the renewability ratio and an 11.07% increase in the sustainability index. This is because more energy is produced per unit of environmental load.



This article presents several contributions, as follows:




	
This study considered various fuels (biomass) within the steam generation process, particularly Dichrostachys cinerea, and compared energy and exergetic efficiencies of two technologies in the sugar industry.



	
It proposed the emergetic method applied to the conditions of the study as fundamental indicators to measure the sustainability of biomass in correspondence with the evaluated technologies.



	
Fuel mixtures were considered, determining the energy and exergy efficiencies for the evaluated case studies.
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Figure 1. Sketch of a Retal bagasse boiler showing the principal thermal surfaces (numbers) and location of measuring points: (1) furnace grill, (2) spreader stoker, (3) furnace, (4) superheater, (5) drums, (6) generating tubes, (7) air heater, (8) economizer, (9) exhaust gases duct, (10) air supply fan, (11) air extraction fan, (12) smokestack, and (13) the ash hopper in the U-turn of the exhaust gas duct. Letters refer to the measured parameters: A, ash concentration; GA, exhaust gas composition analysis; N, motor power; P, pressure; r, revolutions per minute; R, residual weight; T, temperature; and W, bagasse moisture percentage [20,52]. 
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Figure 2. Energy losses by the indirect method for Retal-type G.V. 
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Figure 3. Energy losses by the indirect method for the G.V. type VU-40. 
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Figure 4. Energy efficiency values for both methods in % of the variants evaluated. 
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Figure 5. Emergy diagram of the case studies. 
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Table 1. Distribution of the variants to be evaluated for the different case studies.
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	Variants
	Retal Technology
	VU-40 Technology





	  V 1   (100% bagasse)
	Evaluated
	Evaluated



	  V 2   (100% AHR)
	Evaluated
	Not evaluated (corrosion proven)



	  V 3   (100% Dichrostachys cinerea)
	Not evaluated (not adapted for such biomass)
	Evaluated



	  V 4   (50% bagasse and 50% AHR)
	Evaluated
	Not evaluated



	  V 5   (90% bagasse and 10% Dichrostachys cinerea)
	Not evaluated
	Evaluated










 





Table 2. Elemental composition of the working mass for bagasse, AHR, and Dichrostachys cinerea % [52,53].
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	Biomass
	C (%)
	H (%)
	O (%)
	N (%)
	S (%)
	A (%)
	W (%)





	Bagasse
	23.50
	3.00
	22.92
	0.06
	0.02
	0.50
	50



	AHRs
	43.70
	5.75
	44.32
	0.22
	0.06
	5.95
	15



	Dichrostachys cinerea
	21.3
	6.04
	41.8
	0.33
	0.03
	2.80
	23










 





Table 3. Working parameters of a 12.5    kg  s   G.V Retal type.
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	Pressure
	1.9 MPa





	Temperature
	593.15 K



	Steam production (Dv)
	12.5    kg  s  



	Feed water temperature (Taa)
	353.15 K



	Bagasse fuel consumption (Bc)
	6.11    kg  s  



	Bagasse consumption for 50%
	3.05    kg  s  



	AHR consumption for 50%
	1.71    kg  s  



	Excess air coefficient at boiler outlet (alpha)
	2



	Coefficient of excess air at furnace outlet (alpha Ht)
	1.8



	Flue gas temperature (Tgs)
	546.89 K










 





Table 4. Working parameters of a G.V VU-40 of 65.28    kg  s  , 8.0 MPa, and 723.15 K of steam.
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	Parameters
	Value





	Nominal capacity
	65.28     kg  s  



	Design pressure
	8.0 MPa



	Operating pressure
	6.2 MPa



	Steam temperature
	723.15 K



	Feed water temperature
	410.15 K



	Average air temperature
	299.15 K










 





Table 5. Criteria and/or sub-criteria to be used in the evaluation.
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	Sustainability Issues
	Methods
	Sub-Criteria





	Economic
	Energy
	Energy Efficiency (Direct (  E  n 1   ) and Indirect (  E  n 2   ) method)



	Economic
	Exergy
	Exergy Efficiency (  E  x 1   )



	Economic
	Emergy
	Materials of the Economy (  E 1  ); Services of the Economy (  E 2  )



	Environmental
	Energy
	Energy Losses (  P E  ) Energy Efficiency



	Environmental
	Exergy
	Energy Efficiency (  E  x 1   )



	Environmental
	Emergy
	Renewability Ratio (  E  m 1   ); Sustainability Index (  E  m 2   ); Environmental Burden Ratio (  E  m 3   ); Energy Efficiency (  E  m 4   )



	Social
	Emergy
	Materials Economics (  E 1  ); Services Economics (  E 2  ); Human Labor (  S 1  )










 





Table 6. Energy efficiency values and bibliography consulted.
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	Energy Efficiency [%]
	Type of Technology
	Source Consulted





	77–88
	High parameters (pressure and temperature)
	 [21]



	86
	High parameters (pressure and temperature)
	 [64]



	76–80
	Retal
	 [52]



	77.9
	Retal
	 [20]










 





Table 7. Exergy efficiency values as a function of technology.
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	Variants [%]
	Exergy Efficiency of Steam Generator Retal [%]
	Exergy Efficiency of Steam Generator VU-40 [%]





	   V 1   
	26.69
	28.35



	   V 2   
	37.68
	-



	   V 3   
	-
	31.81



	   V 4   
	32.18
	-



	   V 5   
	-
	29.11










 





Table 8. Exergy efficiency values and the literature consulted.






Table 8. Exergy efficiency values and the literature consulted.





	Exergy Efficiency [%]
	Type of Technology
	Source Consulted





	21–35.7
	High parameters (pressure and temperature)
	 [65]



	23.2
	High parameters (pressure and temperature)
	 [67]



	22
	High parameters (pressure and temperature)
	 [66]










 





Table 9. Main streams within the process required for emergy assessment.






Table 9. Main streams within the process required for emergy assessment.













	Flows
	Bagasse
	Bagasse–AHR
	Dichrostachys cinerea
	Unit/Year
	Classification





	Air
	7.5453E+13
	9.7185E+13
	1.20078E+14
	J
	R.



	Bagasse
	6.1600E+07
	3.0800E+07
	-
	kg
	R



	AHR
	-
	1.7224E+07
	-
	kg
	R



	Dichrostachys cinerea
	-
	-
	5.6E+07
	kg
	R



	Water
	1.2600E+08
	1.2600E+08
	1.2600E+11
	kg
	N



	Cost RT bagasse
	4.6200E+07
	9.2400E+07
	-
	M
	



	RT Dichrostachys cinerea cost
	-
	-
	1.0528E+06
	$
	M



	Cost of water
	4.1580E+04
	4.1580E+04
	4.1580E+04
	$
	M



	Maintenance
	2.8000E+02
	2.8000E+02
	2.8000E+02
	$
	S



	Human labor
	1.2056E+07
	1.3012E+07
	1.6012E+07
	J
	S



	RT bagasse/AHR cost
	-
	2.3192E+08
	-
	M
	M










 





Table 10. Emerging indicators for the use of biomass in a VU-40-type G.V.






Table 10. Emerging indicators for the use of biomass in a VU-40-type G.V.





	Emergetic Indicators
	    V 1    
	    V 3    
	    V 5    





	Renewability Ratio (R)
	62.67
	42.54
	50.22



	Energy Efficiency Ratio (EYR)
	3.53
	2.01
	2.46



	Environmental Load Ratio (ELR)
	2.92
	3.97
	3.01



	Emerging Sustainability Index (ESI)
	5.96
	2.72
	3.91



	Economy Materials (E1)
	5.1100E+07
	7.2400E+07
	6.7800E+07



	Economy Services (E2)
	2.9000E+02
	3.7100E+02
	2.8600E+02



	Human Labor (S1)
	1.4256E+07
	1.6012E+07
	1.5832E+07










 





Table 11. Emergetic indicators for the use of biomass in a Retal-type G.V.






Table 11. Emergetic indicators for the use of biomass in a Retal-type G.V.





	Emergy Indicators
	    V 1    
	    V 2    
	    V 4    





	Renewability Ratio (%R)
	58.04
	23.58
	39.55



	Energy Efficiency Ratio (EYR)
	2.38
	1.31
	2.28



	Environmental Load Ratio (ELR)
	0.72
	3.24
	1.53



	Emerging Sustainability Index (ESI)
	5.30
	0.40
	1.49



	Economy Materials (E1)
	4.6200E+07
	9.2400E+07
	6.1300E+07



	Economy Services (E2)
	2.8000E+02
	3.0100E+02
	2.8700E+02



	Human Labor (S1)
	1.2056E+07
	1.3012E+07
	1.2532E+07
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