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Abstract

:

Municipal wastewater treatment plants consume much energy and manpower, are expensive to run, and generate sludge and treated wastewater whilst removing pollutants through specific treatment regimes. The sustainable development of the wastewater treatment industry is therefore challenging, and a comprehensive evaluation method is needed for assessing the sustainability of different wastewater treatment processes, for identifying the improvement potential of treatment plants, and for directing policymakers, management measures and development strategies. This study established improved evaluation indicators based on Emergy Analysis that place total wastewater, resources, energy, economic input and emission of pollutants on the same scale compared to the traditional indicators. The sustainability of four wastewater treatment plants and their associated Anaerobic-Anoxic-Oxic (A2O), Constant Waterlevel Sequencing Batch Reactor (CWSBR), Cyclic Activated Sludge Technology (CAST) and Biological Aerated Filter (BAF) treatment processes were assessed in a city in northeast China. Results show that the CWSBR process was the most sustainable wastewater treatment process according to its largest calculated value of Improved Emergy Sustainable Index (2.53 × 100), followed by BAF (1.60 × 100), A2O (9.78 × 10−1) and CAST (5.77 × 10−1). Emergy Analysis provided improved indicators that are suitable for comparing different wastewater treatment processes.
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1. Introduction


Municipal wastewater treatment plants utilize specific technologies to reduce or eliminate pollutants in wastewater resulting from human activities and other sources, and therefore play a critical role in reducing water pollution. In 2015, discharge of wastewater (including industrial wastewater, municipal sewage, and pollution control facility wastewater) pollutants in China alone resulted in chemical oxygen demand (COD) emissions of 22.235 million tons and ammonia nitrogen (NH3-N) emissions of 2.299 million tons [1]. Furthermore, urbanization processes are rapidly accelerating in China, and water consumption and wastewater treatment demand are subsequently increasing. By the end of 2015, the treatment capacity of national municipal wastewater treatment plants reached 140 million cubic meters per day, cumulative wastewater disposal reached 41.03 billion cubic meters, and the national municipal wastewater treatment rate reached 91.97% [2]. Wastewater treatment facilities are therefore an important part of municipal construction in China.



Wastewater treatment plants consume a lot of energy, chemicals, manpower, and are associated with various environmental issues. Furthermore, they generate sludge and treated wastewater during the process of collecting, treating, and discharging municipal wastewater to acceptable permit standards. Municipal wastewater treatment plants must simultaneously consider environmental, energy and economic impacts according to municipal structures and developmental planning constraints [3], and these considerations influence the choice of treatment processes and screen wastewater treatment technologies employed. Sustainable wastewater treatment processes aiming to address the problems above include hydrodynamic cavitational technique [4], molecular imprinting [5] and microbial fuel cells [6]. The future wastewater treatment industry in China must address: (1) how to build new wastewater treatment plants with appropriate treatment processes; and (2) how to maximize the potential of existing wastewater treatment plants by implementing energy-saving and emission-reduction technologies to meet the needs of sustainable development. To achieve these aims, a systematic evaluation method is needed to determine the improvement potential of wastewater treatment plants, to evaluate the sustainability of different wastewater treatment processes, and to guide policymakers, management measures and development strategies.



The sustainable development of an industrial system (the industrial entirety with specific functions which is composed of several interactional and interdependent components) needs to be technologically feasible, environmentally friendly and economically attractive. For wastewater treatment plants, technological and environmental feasibility is dependent on adopting advanced and stable treatment processes that are appropriate for different wastewater treatments and that generate treated water meeting national discharge standards. However, a system that is technologically and environmentally feasible but not economically competitive is likely to be unsustainable.



Currently, researchers apply various methods to evaluate the resource use, energy and environmental performance of industrial systems, including Ecological Footprint Analysis [7,8,9], Substance Flow Analysis [10,11,12,13], Energy Flow Analysis [14,15,16], Exergy Analysis [17,18,19], Life Cycle Assessment [20,21,22], Emergy Analysis [23,24,25,26] and other methods. For a method to be suitable for evaluating the sustainable development of wastewater treatment processes, it needs to be possessing clear indicator system, quantifiable and able to simultaneously consider the social, economic and environmental impacts.



Emergy Analysis is a system analysis method based on energy analysis which has been widely applied to countries and regions [27,28,29], ecological systems [30,31,32], and industrial systems [33,34,35].



The concepts of Emergy Theory and the Emergy Analysis method were proposed by the American ecologist H.T. Odum in the 1980s. Emergy is defined as the total amount of solar energy directly or indirectly input into any given resource, product or service, in units of Solar Emjoules (sej) [36]. Different types of energy differ quantitatively and qualitatively, and they can be related using a specific conversion relationship termed solar transformity, which refers to the amount of solar energy required to form each unit of product or service. The solar emergy of a particular energy can be calculated by multiplying the basic amount of energy by its corresponding solar transformity using the expression M = T × B [37], where M represents emergy in sej, T represents solar transformity, and B refers to the basic amount of energy. Emergy is an important object function which is used to study self-organization processes in ecological systems, ecosystem function, depicting and simulating ecosystem behavior, predicting evolutionary trends, and evaluating ecosystem sustainability [38].



Emergy Analysis introduces solar transformity into the calculation based on Emergy Theory. In order to assess the function and status of energy in a system, it is quantitatively analyzed by converting different types and levels of energy into solar emergy.



Emergy Analysis can provide a common scale for measuring and comparing different substances, energy types, environmental impacts and economic indicators. The method can therefore be used to evaluate the sustainability of wastewater treatment processes, and for determining the sustainable development potential of wastewater treatment systems (the entirety reasonably formed by several unit treating procedures). To date, most Emergy Analysis of wastewater treatment processes has focused on different aspects of a single process [39], and comparison of the sustainability of different treatment processes has received less attention.



The present study established improved emergy evaluation indicators (Improved Emergy Yield Ratio, Improved Environment Load Ratio, Improved Emergy Sustainable Index) for wastewater treatment systems that place total wastewater, resources, energy, economic input and emission of pollutants on the same scale compared to the traditional indicators (Emergy Yield Ratio, Environment Load Ratio, and Emergy Sustainable Index). The coastal city in northeast China studied in the present work has more than 20 large- and medium-sized wastewater treatment plants, at which the main treatment processes are Anaerobic-Anoxic-Oxic (A2O), Constant Waterlevel Sequencing Batch Reactor (CWSBR), Cyclic Activated Sludge Technology (CAST) and Biological Aerated Filter (BAF). This study focused on four wastewater treatment plants running the treatment processes described below (Cases 1–4). This method, based on emergy flow analysis per ton of wastewater treated, provides technical guidance for policymakers to compare wastewater treatment technologies for new plants, and for upgrading existing plants.




2. Materials and Methods


2.1. Methods


2.1.1. Emergy Evaluation Indicators


Emergy evaluation indicators are established based on the outputs of Emergy Analysis, and they can unify different types of ecological flows at the emergy scale, as and quantitatively evaluate the structure and function of a system. Emergy indicators therefore offer a useful basis for evaluating the sustainability of a system.



Traditional Emergy Evaluation Indicators


Traditional emergy indicators [37] that are suitable for evaluating ecological-economic systems are shown in Table 1, where R refers to input emergy from renewable resources in the natural environment, N refers to input emergy from non-renewable resources, and F represents the purchased input emergy from the socioeconomic system.



The emergy yield ratio (EYR) of the system reflects the feedback emergy from the economic system, and is a measure of how much the emergy yield contributes to the economic system. EYR is used to judge the emergy efficiency and economic competitiveness of a system based on purchased inputs. ELR (environment load ratio) is the ratio of non-renewable input emergy (including purchased emergy and emergy from non-renewable resources) to renewable resources input emergy, and this parameter denotes the pressure economic activities place on the environment. Systems should avoid a high ELR status for a long period of time in order to avoid causing irreversible functional degradation to the environment. The emergy sustainability index (ESI) is the ratio of EYR to ELR, and reflects both ecological and economic benefits in terms of the overall sustainability of the system.



Various studies have employed emergy theory and analysis based on the indicators described above [40,41], whereas others have developed improved indicators based on traditional emergy evaluation indicators [42,43]. Industrial systems have their own characteristics compared with ecological-economic systems, therefore, it is necessary to explicit the connotation, mechanism and application situations of “emergy” in order to establish the improved and specific emergy evaluation indicators suitable for different industrial systems.




Improved Emergy Evaluation Indicators


Wastewater is the main input into the wastewater treatment system, together with auxiliary inputs from natural and social resources, while the main outputs are drainage (treated water) and sludge. It should be noted that although the discharge concentration of chemicals in the drainage must meet national standards, COD, NH3-N and other pollutants present in the treated water may still impact the environment, and should therefore be taken into account in the emergy indicators.



Figure 1 shows the wastewater treatment system emergy flow diagram, in which R refers to renewable natural resources emergy, N denotes non-renewable natural resources emergy, FR refers to purchased renewable resources emergy, FN denotes purchased non-renewable resources emergy, FS refers to capital emergy, and Win, Wout and S represent the emergy of wastewater input, drainage and sludge, respectively. The total input emergy of renewable natural resources, non-renewable natural resources, purchased renewable resources, purchased non-renewable resources and capital combine to support the treatment of wastewater (input) to drainage (output), while simultaneously meeting the discharge standards and generation of sludge.



(1) Improved Emergy Yield Ratio (IEYR) denotes the ratio of the net emergy input to the economic feedback emergy in the wastewater treatment system, where “input” is defined as renewable resources, non-renewable resources, capital and other types of input emergy invested in order to obtain target products or meet economic interests. Wastewater input emergy also reflects total input emergy in terms of unique raw materials used in the wastewater treatment system, whereas “net emergy” is embodied within the sludge emergy and the emergy of pollutants in drainage, both of which have a negative influence on the economics of the system and should therefore be deducted from the total input emergy. Economic feedback emergy, in addition to the emergy of purchased renewable resources, purchased non-renewable resources and capital, as well as the money invested by the economic system for sludge disposal should also be considered. The capital emergy for sludge disposal is indicated by P, the cost of treating a unit of sludge, which equals 270 Yuan/ton [44].



When the net emergy input of the wastewater treatment system is larger and the total economic feedback emergy is smaller, the Improved Emergy Yield Ratio (IEYR) is greater. The expression is as follows:


   IEYR =  (   W in  + R + N +  F R  +  F N  +  F S  −  W out  − S  )  /  (   F R  +  F N  +  F S  + P  )    



(1)







IEYR can reflect the relationship between the emergy efficiency and the market competitiveness of different wastewater treatment processes. The larger the value, the more net emergy yield can be obtained by investing per unit of economic feedback emergy. In this case the competitiveness of the system is greater, and the economic benefit of the process is higher. Conversely, a smaller value indicates a lower emergy yield efficiency and lower competitiveness.



(2) Improved Environment Load Ratio (IELR) reflects the impact on the environment and the resource dependence of the main operation. The dependence on resources can be divided into positive benefit and negative benefit, where positive benefit refers to the dependence on renewable resources, and negative benefit reflects the dependence on non-renewable resources and capital. The impact on the environment caused by the output of drainage and sludge both fall into the negative benefit category, since industrial discharge and pollutants have a negative impact on the environment.



IELR equals the ratio of the sum of non-renewable natural resources emergy, purchased non-renewable resources emergy, capital emergy, sludge emergy and the emergy of pollutants in drainage over the sum of renewable natural resources emergy and purchased renewable resources emergy. This parameter describes the effect that the wastewater treatment system has on the local environmental ecosystem. The expression is as follows:


   IELR =  (  N +  F N  +  F S  +  W out  + S  )  /  (  R +  F R   )    



(2)







IELR represents the negative impact on the environment caused by non-renewable resources consumption, economic burden and waste discharge. The larger the value of this parameter, the pressure on the surrounding environment is greater. Conversely, a smaller value indicates less pressure on the surrounding environment, in cases where the system has a more eco-friendly operational mode, and the local surroundings have adequate time and space to dilute the environmental impact and can recycle resources.



(3) Improved Emergy Sustainable Index (IESI) denotes the ratio of the Improved Emergy Yield Ratio (IEYR) and the Improved Environment Load Ratio (IELR). This composite indicator reflects the emergy yield efficiency under a certain environmental load, and can simultaneously evaluate the sustainability of different wastewater treatment processes. The expression is as follows:


   IESI = IEYR / IELR   



(3)







IESI reflects the sustainability of the wastewater treatment system, and a larger value indicates a higher level of sustainability.



The formula comparison of the traditional and improved emergy evaluation indicators is shown in Table 2.





2.1.2. Environmental Impact Emergy of Pollutants in Drainage


Drainage outputs may contain different types of pollutants such as COD, BOD5, NH3-N and TP. Furthermore, even the input wastewater treated by the wastewater treatment system may cause pollution to the environment when the concentration of drainage pollutants is greater than the environmental background concentration. Water in the natural environment decreases the concentration of pollutants through autopurificaton and dilution, and this reduces damage to the environment. Therefore, the impact of discharge pollutants on the environment can be calculated in terms of the emergy associated with dilution of pollutants to their environmental background concentration [45]. The expression for calculating the water requirement for diluting pollutants is as follows:


    M  w , i   = d ×  (   W i  ∕  c i   )  −  M w    



(4)







In this expression, Mw,i refers to the water requirement for diluting pollutants in units of g, d denotes the density of water in units of 1 × 106 g/m3, Wi refers to the discharge quantity of pollutant i in units of g, ci denotes the environmental background concentration of pollutant i in units of g/m3, and Mw refers to the total discharge quantity of the wastewater treatment system in units of g.



In our calculations, we adopted the environmental safety concentrations of different types of pollutants stipulated by regulations in China (Table 3) rather than the environmental background concentrations due to the difficulty of accessing actual environmental background concentration data. The expression used to calculate the emergy of the water requirement for diluting pollutants is as follows:


    ECEW i  =  M  w , i   × 4.92 J ∕ g × 4.48 ×  10 4  sej ∕ J   



(5)







In this expression, ECEWi refers to the emergy consumption of diluting the emission of water pollutant i in units of sej, the Gibbs free energy of water is 4.92 J/g, and the emergy transformity of surface water is 4.48 × 104 sej/J. Since different types of pollutants are diluted by water simultaneously, we selected the maximal emergy value of a certain pollutant (ECEWmax) as the environmental impact emergy of all pollutants in drainage.





2.2. Materials


2.2.1. Description of the Study Objects


Current municipal wastewater treatment processes adopted in China include A/O, A2O, Oxidation Ditch (OD), SBR, and Biofilms and their variants [47]. Emergy Analysis was performed for all four cases studied in present work using actual (collected) production data, natural conditions and economic indicators. The basic information for each case is described as follows:



Case 1: The Anaerobic-Anoxic-Oxic (A2O) process. This process involved a complete denitrification and dephosphorization regime based on the biological environment and alternating anaerobic, anoxic and aerobic reactions. The appropriate reaction conditions for denitrification and dephosphorization are required in the anaerobic and anoxic steps, respectively, and reaction conditions must also be conducive for treating COD and BOD in the aerobic steps. The wastewater treatment capacity of Case 1 was 30,000 m3/day, the occupied area was 4.8 hectares, and the sludge yield per day was 14,280 kg.



Case 2: The Constant Waterlevel Sequencing Batch Reactor (CWSBR) process. This process overcomes the disadvantages of intermittent inflow, intermittent drainage and waterlevel sequencing changes by retaining the advantages of the traditional SBR process and combining with constant waterlevel sequencing and continuous operation throughout the entire wastewater treatment process. The wastewater treatment capacity of Case 2 was 30,000 m3/day, the occupied area was 3.5 hectares, and the sludge yield per day was 9540 kg.



Case 3: The Cyclic Activated Sludge Technology (CAST) process. This process is renowned for its sludge sedimentation and dehydration performance. Wastewater is treated repeatedly by aeration, precipitation and skimming, and sludge inverse and discharge systems are incorporated at the end of the wastewater treatment system. The wastewater treatment capacity of Case 3 was 80,000 m3/day, the occupied area was 2.5 hectares, and the sludge yield per day was 21,280 kg.



Case 4: The Biological Aerated Filter (BAF) process. This process utilizes a denitrifying biological filter and applies a new microbial adhesion wastewater treatment technology to accomplish biological treatment and solid-liquid separation simultaneously. The equipment required for this treatment is compact, biochemical reactions and filtration occur in the same unit, the occupied area is reduced due to not requiring a secondary sedimentation tank, and the filter needs aeration in order to biologically oxidize organic compounds and ammonia nitrogen. The wastewater treatment capacity of Case 4 was 120,000 m3/day, the occupied area was 3.5 hectares, and the sludge yield per day was 58,440 kg.



The main treatment procedures of wastewater and sludge of the four cases are shown in Table 4.




2.2.2. Process Flow Diagram


Process flow diagrams for the four wastewater treatment Processes are shown in Figure 2, Figure 3, Figure 4 and Figure 5.




2.2.3. Basic Natural, Economic and Technical Data


The data used in this study were derived from actual operational wastewater treatment plants. All four plants studied were situated in the same city and were close geographically, therefore the same set of natural conditions were used for all calculations and analysis. Specifically, the annual average precipitation was 658.6 mm, the average wind speed was 4.4 m/s, the relative humidity was 68%, the average sunshine duration was 2650 h, and the annual average evaporation was 1615 mm.



The main economic and technical indicators of the four cases are shown in Table 5.



The design discharge standards of the four cases all met the national wastewater discharge primary standards (GB18918-2002) [48]. Case 1 met the primary B standards while Cases 3 and 4 met the primary A standards, and Case 2 broadly met the discharge standards for NH3-N based on primary B standards. The specific input and output water quality indicators of the four cases were derived from actual operation data meeting the design discharge standards, as shown in Table 6.




2.2.4. Synthesized Emergy System Diagram


The synthesized emergy system diagram of the wastewater treatment system was drawn based on the Energy System Language Legend [37] introduced by Odum. It includes technological processes and data collected on substances, energy, currency and other information shown in Figure 6. It should be noted that “Wastewater Treatment System” was replaced by each of the four treatment processes described above during analysis.






3. Results and Discussions


3.1. Results


3.1.1. Results of Emergy Analysis


The ECEW values of drainage pollutants (Table 7) were calculated according to Equations (4) and (5), and Table 6.



Tables S1−S4 list the main resources and energy inputs and outputs of each wastewater treatment system, and the emergy of disposing wastewater in units of per ton, for the different treatments. Different units of ecological flows were converted to common solar emergy units based on the corresponding transformities of different kinds of resources and energy. Transformities used in this study are as described by H.T. Odum and other emergy researchers [37,42,49,50,51,52]. Transformities of substances with similar properties were applied in instances where actual transformities values were unknown. The emergy inventory of each wastewater treatment system is discussed in the Supplementary Materials.




3.1.2. Emergy Flows Analysis


Elaborated data of emergy flows for each case are shown in Figure 7.



In terms of input emergy flow, the total input emergy of Case 2 was the highest of the four cases, with a value of 6.64 × 1013 sej/ton/year, followed by Case 4 and Case 1, with values of 6.57 × 1013 sej/ton/year and 6.40 × 1013 sej/ton/year, respectively, while Case 3 had the smallest total input emergy value of 6.13 × 1013 sej/ton/year. The total input emergy of wastewater treatment systems is composed of Win, R, N, FR, FN and FS. Win was highest for Cases 2 and 4 (6.49 × 1013 sej/ton/year), and lowest for Case 3 (6.05 × 1013 sej/ton/year). R and FN emergy inputs were largest for Case 1 (5.79 × 1011 sej/ton/year and 1.91 × 1011 sej/ton/year, respectively) and smallest for Case 3 (1.98 × 1011 sej/ton/year and 6.25 × 1010 sej/ton/year, respectively). Similarly, N, FR and FS were all largest in Case 1 (3.48 × 1011 sej/ton/year, 3.69 × 1010 sej/ton/year and 1.46 × 1012 sej/ton/year, respectively) but were smallest in Case 4 (6.34 × 1010 sej/ton/year, 1.18 × 1010 sej/ton/year and 3.48 × 1011 sej/ton/year, respectively).



In terms of output emergy flow, the total output emergy of Case 3 was largest, with the value of 2.38 × 1013 sej/ton/year, followed by Cases 1 and 4 (both 1.52 × 1013 sej/ton/year), and smallest for Case 2 (1.39 × 1013 sej/ton/year). The total output emergy of all four cases is composed of the sludge emergy and the ECEW of drainage. Regarding the sludge emergy output, this was highest in Case 4 (3.69 × 1012 sej/ton/year), closely followed by Case 1 (3.62 × 1012 sej/ton/year), and was lowest for Case 3 (2.02 × 1012 sej/ton/year). Meanwhile, ECEW was highest for Case 3 (2.18 × 1013 sej/ton/year) and comparable (1.15 × 1013 sej/ton/year) for the other three cases.




3.1.3. Emergy Indicators Analysis


Wastewater input emergy accounts for over 90% of the total input emergy, due to the nature of wastewater treatment systems. Therefore, the wastewater input emergy was excluded during emergy flow proportion analysis in order to more accurately compare the relative proportion of other types of input emergy flows. The relative proportions of emergy flows for each case are listed in Table 8.



The FS emergy flow accounted for the largest proportion of input emergy flow in all four cases (Case 2 = 38.37%; Case 4 = 42.01%; Case 3 = 55.49%; Case 1 = 55.83%). The R emergy flow was the second highest input emergy flow contributor in all four cases, and this was significantly higher for Case 2 (35.70%) and Case 4 (34.20%) than for Case 3 (25.85%) and Case 1 (22.16%). The proportion of N emergy flow for Cases 1−3 (13.30%, 17.31% and 8.87%) was larger than the contribution made by FN emergy flow (7.30%, 7.14% and 8.17%), whereas the N emergy flow of Case 4 (14.72%) was higher than the FN emergy flow (7.65%). Within the FN emergy flow parameter, the electricity emergy flow made the largest contribution in Case 4 (11.80%) and the smallest contribution in Case 2 (5.93%), and this parameter also had the largest chemicals emergy flow proportion (Case 4 = 2.92%), followed by Case 2 (1.21%), while Cases 1 and 3 had a smaller chemicals emergy flow proportion. Finally, the contribution of FR emergy to input emergy flow was minimal in all four cases (Case 3 = 1.62%; Case 2 = 1.48%; Case 4 = 1.42%; Case 1 = 1.41%).



It can be seen from the input emergy flows (not including wastewater emergy input) that in all four cases, the FS emergy input made the largest contribution, followed by the R emergy input and N and FN emergy inputs, while the FR emergy input had minimal impact on the total input emergy.



The improved emergy evaluation indicators and the order of sustainability of each case are listed in Table 9. IEYR values ranged between 2.72 × 101 and 8.53 × 101, and were largest in Case 4, followed by Cases 2, 3 and 1. The emergy efficiency and economic competitiveness of the four treatment processes are therefore ordered Case 4 > Case 2 > Case 3 > Case 1. IELR values ranged between 2.73 × 101 and 1.16 × 102, and were ordered Case 2 < Case 1 < Case 4 < Case 3, suggesting Case 2 placed the least pressure on the surrounding environment, while Case 3 had the largest impact. IESI values ranged between 5.77 × 10−1 and 2.53 × 100 and were ordered Case 2 > Case 4 > Case 1 > Case 3. The CWSBR process used in Case 2 was therefore the most sustainable, while the CAST process used in Case 3 was the least sustainable process employed in the four cases. The overall order of sustainability for the four wastewater treatment processes was CWSBR > BAF > A2O > CAST.





3.2. Discussions


This study attempted to establish improved emergy evaluation indicators for different wastewater treatment processes based on existing emergy indicators and the results of four case studies.



Case 1 employed the A2O process and was ranked third based on IESI value. Even though the scale of this treatment scale was not particularly large, the contribution from the capital emergy FS (55.83%) was the largest of the four cases. regarding emergy flow, the electricity emergy and capital emergy indicators of Case 1 (1.91 × 1011 sej/ton/year and 1.46 × 1012 sej/ton/year, respectively) were the largest of the four processes, mainly because the A2O process involves increased investment and energy consumption due to the addition of sludge recirculation and internal reflux systems. However, the A2O process can be improved by energy-saving and consumption-reducing processes by adjusting methods and controlling aeration [53]. One improvement is reducing the aeration length by transforming the aerobic zone into the anoxic zone, which reduces energy consumption by decreasing aeration. Additionally, strict control of DO quantity in the aeration zone can minimize waste caused by excessive aeration.



The CWSBR process employed in Case 2 had the largest IESI value and hence the highest sustainability of the four processes. Compared with the other three processes, CWSBR relies more on renewable natural resources input emergy R (35.70%), and renewable resources emergy R and non-renewable resources emergy N inputs are well balanced in this process. The contributions from both electricity emergy (5.93%) and capital emergy (38.37%) are minimal in all four cases. Regarding emergy flow, the total waste emergy flow output was the smallest for the CWSBR process (1.39 × 1013 sej/ton/year, and sludge emergy output and electricity emergy input were also relatively small (2.41 × 1012 sej/ton/year and 8.68 × 1010 sej/ton/year, respectively). This can be explained by the characteristics of the CWSBR process. Firstly, this process improves on the conventional SBR process by switching form a variable waterlevel to a constant waterlevel mode of operation with the help of the reciprocating motion of a hydro sail. This modification allows the CWSBR process to periodically accomplish the entire process of filling, stirring, aeration, precipitation and decanting with continuous input and output water in a single pond. Secondly, this process reduces the hydraulic loss and energy consumption used during constant waterlevel decanting. The CWSBR process therefore covers a smaller area and involves higher system integration, stronger impulsion load resistance, and lower sludge retention, and the number of ponds can be increased or decreased according to water quality and quantity, which avoids unnecessary energy consumption.



The CAST process employed in Case 3 improves nitrogen and phosphorus removal by increasing sludge recirculation compared with the conventional SBR process. This process had the smallest IESI value and hence the lowest sustainability of the four processes. Regarding emergy flow, both electricity emergy (6.16 × 1010 sej/ton/year) and capital emergy (4.25 × 1011 sej/ton/year) inputs were lower than Cases 1 and 2, because the CAST process has no primary sedimentation or secondary sedimentation tanks, and involves a higher degree of automation and thus less capital investment. Meanwhile, the ECEW of drainage (2.18 × 1013 sej/ton/year) for the CAST process was markedly higher than for the other three processes. Regarding the relative emergy proportions, the CAST process relied more on capital emergy (8.04%) and electricity emergy (55.49%) than the other three processes, but less on renewable natural resources emergy R (25.85%). To improve the CAST process, a blower with better adjustment should be utilized, or combinations of blowers could be used to facilitate easier control, which would likely save energy and reduce consumption. Additionally, stricter control of the water discharge quality could decrease the emission of NH3-N and reduce the discharge of other pollutants in drainage.



The sustainability of the BAF process employed in Case 4 was ranked second in terms of IESI value. Capital emergy FS (3.48 × 1011 sej/ton/year) input was the lowest of the four processes, but electricity emergy was the highest of the four processes (9.78 × 1010 sej/ton/year), accounting for 11.80%. This is mainly because the size of the filler particles used in the BAF process are generally smaller, and the filter therefore reaches the designed head loss in a shorter time period when the amount of suspended solids (SS) in the input water is high, which inevitably leads to frequent backwash and higher energy consumption. The purchased chemicals emergy of Case 4 was 2.42 × 1010 sej/ton/year, accounting for 2.92% of the total emergy input, and both values are larger than the other three processes. Meanwhile, the sludge emergy output was a relatively high 3.69 × 1012 sej/ton/year, because the BAF process must remove the chemicals added to remove SS in the primary sedimentation tank in order to prevent suspended particles from clogging the filter during operation. This increases the cost of chemicals and sludge produced by adding chemicals and precipitation. Improvements could be made by incorporating technologies and methods that enhance the performance of filler particles. Additionally, selection of suitable pretreatment technologies to match the BAF process could provide further improvements that would allow better control of backwash, reduce energy consumption and decrease the addition of FeCl3. In addition, since sludge quantity affects the dosage of chemicals needed, particularly during sludge bulking, the stability of the biochemical system should receive special attention in order to avoid or minimize sludge bulking.





4. Conclusions


This study established improved emergy evaluation indicators for wastewater treatment systems, and evaluated the sustainability of four wastewater treatment plants and their typical treatment processes (A2O, CWSBR, CAST, and BAF) in a city in northeast China. Improvement measures were subsequently suggested that may overcome existing problems in the wastewater treatment processes based on the results of Emergy Analysis. The conclusions are as follows:



(1) This study successfully established improved emergy evaluation indicators (IEYR, IELR, and IESI) introducing Win, FR, FN, FS, Wout, S and P into the formulas of traditional emergy indicators (EYR, ELR, and ESI), as the traditional indicators were not suitable for evaluating wastewater treatment systems. The novel indicators can be used to comprehensively compare the sustainability of different wastewater treatment systems and processes based on wastewater emergy as a resource input and the emergy output of sludge and ECEW in drainage.



(2) In terms of input emergy flow, the total input emergy of the CWSBR process was the largest of the four, while the CAST process was the smallest, and the relative contributions of R and FN were largest in the A2O process, and smallest in the CAST process. N, FR and FS were largest in the A2O process and smaller in the BAF process. In terms of output emergy flow, the total output emergy was largest in the CAST process and smallest in the CWSBR process. Of the contributors to this parameter, sludge emergy output was highest in the BAF process and lowest in the CAST process, but the ECEW indicator was largest in the CAST process.



(3) Analysis of emergy flow revealed that FS made the biggest contribution to input emergy flows (not including wastewater emergy input) for all wastewater treatment plants and processes studied, followed by R, N and FN, while FR accounted for the lowest proportion of the total input emergy.



(4) Evaluation of the emergy efficiency provided information on environmental load and sustainability for the four wastewater treatment processes based on the results of the improved emergy evaluation indicators. IEYR values were ordered Case 4 > Case 2 > Case 3 > Case 1. Emergy efficiency and economic competitiveness were therefore highest for the BAF process employed in Case 4. IELR values were ordered Case 2 < Case 1 < Case 4 < Case 3. The CWSBR process employed in Case 2 therefore placed the least pressure on the surrounding environment. IESI values were ordered Case 2 > Case 4 > Case 1 > Case 3. The CWSBR process employed in Case 2 was therefore the most sustainable, while the CAST process employed in Case 3 was the least sustainable, and the overall order of sustainability for the four wastewater treatment processes was CWSBR > BAF > A2O > CAST.



Therefore, under comparable effluent conditions, the CWSBR process appears to be the most appropriate choice based on emergy evaluation using the improved indicators.
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Figure 1. Emergy flow diagram of wastewater treatment systems. 
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Figure 2. Flow diagram for the Anaerobic-Anoxic-Oxic (A2O) process. 
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Figure 3. Flow diagram for the Constant Waterlevel Sequencing Batch Reactor (CWSBR) process. 
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Figure 4. Flow diagram for the Cyclic Activated Sludge Technology (CAST) process. 
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Figure 5. Flow diagram for the Biological Aerated Filter (BAF) process. 
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Figure 6. Diagram of the synthesized emergy system for wastewater treatments. 
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Figure 7. Elaborated data of emergy flows: (a) Input emergy flows for each case; (b) Output emergy flows for each case; (c) The total input emergy flow; and (d) The total output emergy flow. 
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Table 1. Traditional emergy evaluation indicators and calculation formulas.
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Indicators

	
Formula

	
Implications






	
Emergy Yield Ratio (EYR)

	
(N + R + F)/F

	
Emergy efficiency and economic competitiveness of the system




	
Environment Load Ratio (ELR)

	
(F + N)/R

	
Environmental loading exerted by the system




	
Emergy Sustainable Index (ESI)

	
EYR/ELR

	
Sustainability of the system
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Table 2. Formula comparison of traditional and improved emergy evaluation indicators.
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Indicators

	
Formula

	
Indicators

	
Formula






	
EYR

	
(N + R + F)/F

	
IEYR

	
(Win + R + N + FR + FN + FS − Wout − S)/(FR + FN + FS + P)




	
ELR

	
(F + N)/R

	
IELR

	
(N + FN + FS + Wout + S)/(R + FR)




	
ESI

	
EYR/ELR

	
IESI

	
IEYR/IELR
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Table 3. Environmental safety concentrations for selected pollutants.







Table 3. Environmental safety concentrations for selected pollutants.







	
Item

	
COD

	
BOD5

	
NH3-N

	
TP






	
Concentration (mg/L) [46]

	
15

	
3

	
0.15

	
0.02
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Table 4. Main treatment procedures of wastewater and sludge of the four cases.
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Case No.

	
Wastewater Treatment

	
Sludge




	
Preliminary

	
Secondary

	
Tertiary

	
Treatment

	
Disposal






	
1

	
Coarse and Fine Screens,

Grit Chamber

	
A2O Process, Secondary Sedimentation Tank

	
Advanced Treatment

	
Thickening, Dewatering

	
Outward Transport




	
2

	
Coarse and Fine Screens,

Aerated Grit Chamber

	
CWSBR Process

	
Disinfected

	
Dewatering

	
Outward Transport




	
3

	
Fine Screen,

Vortex Grit Chamber

	
CAST Process

	
Advanced Treatment

	
Stabilization, Thickening, Dewatering

	
Outward Transport




	
4

	
Coarse, Intermediate and Fine Screens,

Vortex Grit Chamber, Sedimentation Tank

	
BAF Process

	
Ultraviolet, Disinfected

	
Dewatering

	
Outward Transport
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Table 5. Main economic and technical indicators of the four cases.
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Case No.

	
Working Time

(Days/Year)

	
Manpower

(Persons)

	
Investment

(Ten Thousand Yuan/Year)

	
Cost

(Ten Thousand Yuan/Year)






	
1

	
360

	
35

	
531.93

	
1343.42




	
2

	
360

	
20

	
220.55

	
584.14




	
3

	
360

	
30

	
469.07

	
1310.00




	
4

	
360

	
44

	
535.35

	
1456.97
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Table 6. Input and output water quality indicators based on actual operation of the four cases.
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Case No.

	
Input/Output

	
BOD5

(mg/L)

	
COD

(mg/L)

	
NH3-N

(mg/L)

	
TP

(mg/L)






	
1

	
Input

	
180

	
360

	
35

	
5




	
Output

	
10

	
50

	
5(8)

	
0.5




	
2

	
Input

	
200

	
400

	
30

	
3




	
Output

	
10

	
50

	
5(8)

	
0.5




	
3

	
Input

	
150

	
350

	
26

	
3




	
Output

	
20

	
60

	
15

	
1




	
4

	
Input

	
180

	
400

	
25

	
3.5




	
Output

	
20

	
60

	
8

	
1
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Table 7. ECEW values of drainage pollutants.
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Case No.

	
ECEWCOD

(sej/Year)

	
ECEWBOD5

(sej/Year)

	
ECEWNH3-N

(sej/Year)

	
ECEWTP

(sej/Year)

	
ECEWmax

(sej/Year)






	
1

	
5.55 × 1018

	
5.55 × 1018

	
1.25 × 1020

	
5.71 × 1019

	
1.25 × 1020




	
2

	
5.55 × 1018

	
5.55 × 1018

	
1.25 × 1020

	
5.71 × 1019

	
1.25 × 1020




	
3

	
1.90 × 1019

	
3.60 × 1019

	
6.28 × 1020

	
3.11 × 1020

	
6.28 × 1020




	
4

	
2.86 × 1019

	
5.40 × 1019

	
4.98 × 1020

	
4.67 × 1020

	
4.98 × 1020
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Table 8. Emergy flow contributions for the four cases (%).
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Item

	
Case 1

	
Case 2

	
Case 3

	
Case 4






	
R

	
22.16

	
35.70

	
25.85

	
34.20




	
N

	
13.30

	
17.31

	
8.87

	
7.65




	
FR

	
1.41

	
1.48

	
1.62

	
1.42




	
FN

	
7.30

	
7.14

	
8.17

	
14.72




	
—Electricity Emergy

	
7.30

	
5.93

	
8.04

	
11.80




	
—Chemicals Emergy

	
—

	
1.21

	
0.13

	
2.92




	
FS

	
55.83

	
38.37

	
55.49

	
42.01











[image: Table] 





Table 9. Improved emergy evaluation indicators for the four cases.
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Case No.

	
Process

	
Improved Emergy Indicator

	
Sustainability Order




	
IEYR

	
IELR

	
IESI






	
1

	
A2O

	
2.72 × 101

	
2.79 × 101

	
9.78 × 10−1

	
3




	
2

	
CWSBR

	
6.90 × 101

	
2.73 × 101

	
2.53 × 100

	
1




	
3

	
CAST

	
6.69 × 101

	
1.16 × 102

	
5.77 × 10−1

	
4




	
4

	
BAF

	
8.53 × 101

	
5.34 × 101

	
1.60 × 100

	
2
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