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Abstract

:

The growing economic and environmental importance of managing water resources at a global level also entails greater efforts and interest in improving the functioning and efficiency of the increasingly more numerous wastewater treatment plants (WWTPs). In this context, this study analyzes the efficiency of a uniform sample of plants of this type located in the region of Valencia (Spain). The type of efficiency measure used for this (conditional order-m efficiency) allows continuous and discrete contextual variables to be directly involved in the analysis and enables the assessment of their statistical significance and effect (positive or negative). The main findings of the study showed that the quality of the influent water and also the size and age of the plants had a significant influence on their efficiency levels. In particular, as regards the effect of such variables, the findings pointed to the existence of an inverse relationship between the quality of the influent water and the efficiency of the WWTPs. Also, a lower annual volume of treated water and more modern installations showed a positive influence. Additionally, the average efficiency levels observed turned out to be higher than those reported in previous studies.
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1. Introduction


The increase in living standards of the population has a direct effect on the strain on available conventional water sources, which are becoming increasingly scarce especially in the areas of the Mediterranean Basin. This situation has been worsened by the increasingly frequent and lengthy periods of drought as a consequence of climate change [1,2,3,4].



Much of the strain can be relieved by re-utilizing water and so increasing the available supply for some agricultural and industrial uses [5,6]. Although wastewater treatment does not always involve water reuse, it is an important issue arising in many cases, gradually spreading and evolving. This is especially true of the direct or planned type, resources that can be used to complement conventional sources originating on the surface. In 2015, it was estimated that the total volume of reused water in the EU amounted to 1100 Mm³/year, accounting for 0.4% of the annual EU freshwater withdrawals [7]. From this perspective, it is clear that the potential environmental improvement in today’s context is one of the factors that justify the importance of analyzing the efficiency of wastewater treatment plants (WWTPs) [8,9,10].



In addition, from the economic point of view, the cost of water treatment services in Spain is high at around 1415 million euros per year, according to the last information provided by the Spanish Ministry of Environment (MARM) [11] and therefore studies on the efficiency of WWTPs may also help significantly in reducing costs, a saving which would be reflected in a reduction in prices or improvements in investment and the quality of service in the sector [12,13,14,15].



The reasons previously mentioned justify carrying out an analysis of WWTPs, in order to guarantee not only the adequate ecological status of bodies of water, as laid down in article 4 of the Framework Water Directive [16], but also the enormous economic potential offered by the re-utilization of these supplies.



In view of the problems mentioned, the aim of this study focuses on analyzing the degree of efficiency achieved by a homogeneous sub-group of WWTPs in the Region of Valencia (Spain) in order to be able to put forward ideas that will help to improve their management and thus the environmental quality status.



For such purposes a conditional order-m efficiency model was used, which allowed us to avoid the problems associated with the methods previously used to evaluate the efficiency of the WWTPs. Specifically, the presence of extreme values (outliers), the introduction of contextual variables in the model in two or more steps, and the impossibility of testing the statistical significance of the influence of the exogenous variables. Hence, the results obtained are likely to offer a more accurate measure of efficiency while providing information on how this is influenced by each exogenous variable.



Numerous studies about WWTPs, from a variety of standpoints, have been published but if we concentrate on the object of this report, studies which refer exclusively to their productivity and efficiency are fairly scarce. Although it is true that, for Spain, quite a few have been published in this regard over the last few years. See, for example, Molinos-Senante et al. [17,18,19], Lorenzo-Toja et al. [20], Hernández-Sancho et al. [5,21,22], Sala-Garrido et al. [23,24,25], Hernández-Sancho and Sala-Garrido [26,27]. On the international level, mention should be made of the research carried out by Mahmoudi et al. [28] for Iran, or De Jong et al. [8], Kemp [29] for the Dutch WWTPs and Gerrini et al. [15] for the Danish water services and WWTPs.



Most of those in the treatment field use a Data Envelopment Analysis (DEA) approach, although some include variations on the model: for example, Molinos-Senante et al. [18] DEA with non-desirable outputs, Hernández-Sancho et al. [22] and Molinos-Senante et al. [19] use a non-radial DEA model, and Sala-Garrido et al. [24] use a DEA approach with tolerances. Other studies use the influence of more specific aspects such as the effect of contextual factors on calculating the economic-environmental efficiency ratios [17,18,20], seasonal influences using Free Disposal Hull (FDH) or DEA and the Mann-Whitney test [5,25] or even the type of technology by using metafrontier approach with technological gap ratios [23].



The internal structure of these studies varies relatively little except for the samples used. They range from 338 WWTPs, in the case of Hernández-Sancho and Sala-Garrido [26,27], to 45 WWTPs analyzed in the study by Sala-Garrido et al. [24], depending on the homogenous subgroup using a specific technology, the treatment process or the specific area analyzed—most of them Valencia Region. And although almost all of the studies refer to a specific year, that of Hernández-Sancho et al. [21] uses a six year period.



If we compare the variables, the choice is similar in each one of the studies. The inputs used for the analyses range from purely economic data measured in euros per year, such as operation and maintenance costs, staffing, reagents, or energy costs, to technical data such as the water mass treated expressed as cubic meters. The studies by Hernández-Sancho et al. [5,21,22], Hernández-Sancho and Sala-Garrido [26,27], Molinos-Senante et al. [17,18,19], Sala-Garrido et al. [23,24,25], or Lorenzo-Toja et al. [20] include the elimination of contaminants from the treated water as output, calculating this on the basis of initial and final levels of solids in suspension (SS in mg/L), organic material expressed as a chemical demand for oxygen (COD, in mg/L) and nutrients. Apart from this, the last two studies mentioned also take into consideration non-desirable outputs such as sound, odor, and visual impact levels. In some of the studies (for example, [21,22,23,25]) the characteristics of the effluent, the age or the size of the plant, or the technology are employed as contextual variables.



All the former information about the existing previous references on efficiency and/or productivity of WWTPs is displayed graphically in detail in the Table 1 and Figure 1. The first of these includes the studies carried out on the treatment of water resources over recent years; the second underlines the variables and models used on the studies we consulted.



The structure of this study is the following. Firstly, the statistical model will be justified and described. Subsequently, the data used in the study will be presented and the results obtained will be expounded and discussed, and finally the conclusions will suggest the main ideas that could be implemented in order to improve both the efficiency of the analyzed WWTPs and the environmental quality status.
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Table 1. Studies on productivity and efficiency in wastewater treatment sector.
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References

	
Characteristics of the Sample

	
Number of DMUs

	
Inputs

	
Outputs and Contextual Variables

	
Method

	
Country/Region

	
Main Results






	
Kemp [29]

	
Analysis of the efficiency of biological WWTPs in the Dutch food and beverage industry. Year 1991

	
93

	
Variables of the Threshold Diffusion Model: Total costs of using technology, savings in pollution taxes, other benefits derived from using technology (improved image of the company due to environmental awareness).Variables relating to the use of biological WWTPs: taxes paid for dumping, total costs, annual unit cost of using a WWTP, efficiency of cleaning device control (different if the technology employed is aerobic or anaerobic), the uncertainty factor

	
–

	
Threshold Model/Kolmogorov-Samirnov test/The logistic model/Gompertz model

	
The Netherlands

	
Investments made by the food and beverage industry in biological WWTPs were efficient given the nature of the effluent (homogenous and practically all organic). Relatively high efficiency of control at a low cost. Relative efficiency of levies or charges for pollution in the use of biological WWTPs




	
De Jong et al. [8]

	
Inefficiency in Wastewater treatment plants using one public WWTP and polluting private companies

	
–

	
–

	
–

	
Decision Making model under a Zero Profit constraint

	
The Netherlands

	
Subsidies might, in part compensate for the lack of private sector investment, given the decreasing returns to scale in a context of Zero Profit and minimizing costs




	
Hernández-Sancho and Sala-Garrido [26]

	
Technical efficiency in WWTPs

	
338

	
Costs of staffing, maintenance, waste, others. Contextual variables: size of plant

	
Eliminated contaminants.

	
DEA/ANOVA

	
Valencia (Spain)

	
Great efficiency in the larger WWTPs, the costs of maintenance and waste management being the most relevant in order to explain the differences in the efficiency of WWTPs




	
Hernández-Sancho and Sala-Garrido [27]

	
Technical efficiency in WWTPs. Year 2004

	
338

	
Costs of energy, staffing, maintenance, waste, others (Reagents and capital amortization).

	
Eliminated solids in Suspension (ESS) and eliminated chemical and bio chemical oxygen demand (ECOD and EBOD)

	
DEA/Cost analysis

	
Valencia (Spain)

	
Maintenance and waste management costs are the most relevant when explaining the differences between WWTPs from the efficiency point of view.




	
Hernández-Sancho et al. [21]

	
Technical efficiency and productivity in WWTPs, Years 2003–2008

	
196

	
Costs of energy, staffing reagents, maintenance, reagents, waste. Contextual variables: age of the plant, size, equivalent population. Technology.

	
Eliminated solids in Suspension (ESS), eliminated chemical oxygen demand (ECOD).

	
DEA/Malmquist Productivity Index

	
Valencia (Spain)

	
Not adapting the facilities towards technological improvement explains the drops in efficiency and productivity levels in the period under analysis. WWTPs with improved productivity are those with lower energy consumption.




	
Hernández-Sancho et al. [22]

	
Energy efficiency in WWTPs, Year 2009

	
177

	
Costs of energy, staffing, reagents, maintenance, waste management, others (laboratory and office expenses). Factors affecting energy consumed: size of plant, nature of influent water (grams of COD per m3), type of aeration in bio-reactor.

	
Eliminated solids in suspension (ESS), eliminated chemical oxygen demand (ECOD)

	
Non-radial DEA

	
Valencia (Spain)

	
The size of the plant, the amount of organic material eliminated and the type of bio-reactor explain the differences in efficiency.




	
Hernández-Sancho et al. [5]

	
Seasonal influences in WWTPs, 44 with EA technology and 32 with Activated Sludge (AS) technology

	
76

	
Costs of energy, staffing, reagents, maintenance, waste management, and other costs

	
Eliminated solids in suspension (ESS), eliminated chemical oxygen demand (ECOD), nitrogen (N) and phosphorus (P).

	
DEA/Free disposal hull (FDH)

	
Valencia (Spain)

	
Plants with seasonal variations are less efficient in terms of costs than those which show seasonal behavior, this being most evident in those using AS technology.




	
Sala-Garrido et al. [23]

	
Technology in use at WWTPs. Year 2009

	
99

	
Running and maintenance costs. Technology used

	
Eliminated solids in suspension (ESS), eliminated chemical oxygen demand (ECOD), nitrogen (N)

	
DEA Metafrontier approach and technological gap ratios (TGRs)

	
Valencia (Spain)

	
As regards efficiency, no significant differences are noted, the four technology types analyzed being, on average, similar. According to the TGRs, operating using sludge technology is the optimum method




	
Sala-Garrido et al. [24]

	
Efficiency under uncertainty in WWTPs, Year 2009

	
45

	
Running and maintenance costs

	
Eliminated solids in suspension (ESS), eliminated chemical oxygen demand (ECOD), nitrogen (N)

	
DEA with tolerances

	
Valencia (Spain)

	
The variability of inputs is lower than that of the outputs. Broad margin for reducing running costs if the number of efficient plants changes when using values with tolerances instead of the originals




	
Sala-Garrido et al. [25]

	
Efficiency in WWTPs. Year 2008

	
272

	
Energy, staff costs, chemical agents, maintenance, waste management, and others (all in €/year)

	
ESS and ECOD as (gr/year) and, as contextual variables: seasonality, activated sludge and extended aeration (EA)

	
DEA with scaled variable performances and Mann-Whitney Test

	
Valencia (Spain)

	
Seasonality has an adverse effect on the efficiency of the WWTPs, and this factor has a greater effect on WWTPs with AS technology than on those with EA technology




	
Molinos-Senante et al. [17]

	
Analysis of smaller sized WWTPs

	
7

	
Investment, running and maintenance costs, energy consumption, elimination of solids, nitrogen, phosphorus

	
Contextual variables: surface area required for the facilities noise levels, odor levels, visual impact, and public acceptance

	
Compound socio-economic and environmental model to evaluate the plants’ sustainability

	
Spain

	
Lower sustainability of intensive technologies from the environmental point of view, although the cost is lower




	
Molinos-Senante et al. [18]

	
Analysis of efficiency in WWTPS. Year 2009

	
60

	
Total costs including energy, staff, reagents, waste management, and maintenance

	
Total quantity of pollutants removed: suspended solids (ESS), oxygen demand (ECOD), total nitrogen (N) and total phosphorus (P). Also, as non-desirable outputs: GHG emissions (Kg of CO2 equivalent)

	
Environmental performance indicators and DEA with non-desirable outputs in two stages to construct an index of overall performance

	
Valencia (Spain)

	
The best results from the environmental point of view came from the WWTPs based on anaerobic digestion for sewage sludge. Given that only 7% of the treatment plants examined were identified as efficient, it is clear that there is a broad margin for improvement of global efficiency and also for energy consumption or reducing GHG emissions (greenhouse gases). Economies of scale did not affect environmental efficiency




	
Molinos-Senante et al. [19]

	
Efficiency in WWTPs

	
192

	
Energy, staff costs, reagents, maintenance, waste management and others

	
Suspended solids (SS) and chemical oxygen demand (COD) removed

	
Non-radial DEA, Total Improvement Index (TII), and Relative Improvement Index (RII), Kruskal-Wallis non-parametric test

	
Valencia (Spain)

	
They isolated the specific inputs on which to act in order to save costs. The highest efficiency score was for energy costs, while the lowest was for staff costs. Taking into account that staff costs represent around half of the total cost, it is vital to increase the efficiency of this cost item in order to control costs and improve the competitiveness of the WWTPs




	
Lorenzo-Toja et al. [20]

	
Analysis of efficiency in WWTPs in various regions of Spain. Year 2011

	
113

	
Consumption of electricity, chemical components and sludge production

	
Quality of the treated water: Kilograms of SS and kg of PO4−3 removed per cubic meter of treated water

	
Life Cycle Assessment and input oriented DEA BCC and Assurance Region Models

	
Spain

	
Key factors in detecting inefficiencies: contamination load of water entering, change of climate zone, complexity level of treatment. Smaller WWTPs could improve with constant supervision
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Figure 1. Synthesis of the variables previously used in the analysis of the productivity and/or efficiency of WWTPs 
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2. Method


As shown in the above review of the bibliography on this subject, the majority of the research conducted to date has analyzed the efficiency of WWTPs using non-parametric models, such as Data Envelopment Analysis (DEA) or Free Disposal Hull (FDH), in one of its multiple variants.



These methods offer major advantages over parametric models such as the fact that they do not need to establish the form of the production function; they allow the analysis of processes that involve various inputs generating multiple outputs at the same time, they compare each unit of activity (Decision Making Unit-DMU) with itself and the rest, and they can be adjusted to situations in which the prices of factors and products are unknown or are difficult to calculate.



So far, these models have been applied to evaluate the performance of WWTPs, endeavoring to incorporate advances capable of refining the estimations made whilst still leaving room to propose possible improvements.



Specifically, the different FDH/DEA variants used present one or several of the following characteristics that could be avoided: elevated sensitivity to extreme values (outliers), the introduction of context variables (non discretional or exogenous) under the assumption that they can be separated from the inputs and outputs, and the lack of statistical properties capable of verifying the influence of environmental variables on performance levels.



The presence of outliers in the sample, the first of the problems mentioned above, supposes the existence of one or more DMUs with variables offering extreme values, thereby introducing biases into the efficiency results owing to the high sensitivity presented by traditional non-parametric models to such values [33,34].



In addition, the second of the aspects mentioned previously that could be avoided is related with the way in which contextual variables have been considered in the different studies conducted. Although some of those studies have taken into account the contextual variables that might influence the final result of WWTPs, this influence has always been analyzed during a second stage once the analysis of efficiency has been carried out and, therefore, the sole purpose is to ascertain if said variables influenced the performance ratios calculated previously without taking them into consideration, in other words, not involving such variables in their calculation. It was assumed, therefore, that the set of contextual variables could be separated from the set of inputs and outputs, so that the level of the first would not affect the input and output values, but merely the efficiency results estimated, which in general is not necessarily so [35,36].



Finally, the last of the problems mentioned, pertaining to the lack of statistical properties capable of verifying the statistical significance of the influence of contextual variables on levels of efficiency, is closely related with the idea set out in the previous paragraph. The fact that previous studies use non-parametric models in which the effect of environmental variables was analyzed in a subsequent step did not allow for any non-parametric hypotheses to be tested out in order to reach a conclusion about the significance of said influence. There was only the option to conduct descriptive analysis for this purpose [36].



In any case, it is feasible to use a model that, whilst maintaining the advantages of non-parametric models, is capable of eliminating the drawbacks described above presented by the models used in the past.



In this respect, the non-parametric model used here is based on the conditional efficiency model created by Cazals et al. [37], which was subsequently developed further by Daraio and Simar [36]. This model, based on the fundamental idea of using environmental variables to identify the most similar observations and use them to estimate parameters of efficiency, avoids the aforementioned drawbacks of previous research studies and offers additional advantages, including: not requiring non-discretional variables to present a monotonous relationship with the production function; not requiring a decision to be made beforehand regarding whether the role played by these variables will be, as an input or output; and finally, enabling several continuous exogenous factors to be brought into play at the same time.



In any case, De Witte and Kortelainen [35] continued to develop the initial ideas of Cazals et al. [37] and Daraio and Simar [36] offering a modification capable of including contextual information from a large number of both continuous and discrete variables simultaneously and in a single step. Furthermore, De Witte and Kortelainen [35] also defined non-parametric significance tests in order to evaluate the influence of said contextual variables on levels of efficiency. A brief description of the model is provided below (for a complete version see [35,36,37]).



The orientation selected for the model in this study was input orientation, since the WWTPs analyzed are managed by a public entity (Entidad Pública de Saneamiento de Aguas Residuales (EPSAR)) whose purpose is to obtain certain levels of quality in treated water, in accordance with legal standards, at the lowest possible cost. Moreover, this is in line with the orientation used in previous studies with the same aim based on data from the same entity [19,21,22,24,27].



Thus, given the existence of a set of resources, X    ∈  ℜ + p    , to generate the outputs vector defined by Y   ∈  ℜ + q    , the estimation of input-oriented unconditional order-m efficiency [36] would be given by:


     θ ^   m , n    ( x , y ) =  E ⌢    (   θ ˜  m   ( x , y ) |  Y ≥ y )   =      ∫ 0 ∞     [1    −   F ⌢   X | Y , n   ( u x | y )  ] m  d u ,   u ∈  ℜ +    



(1)




Then, the conditional order-m efficiency would be:


     θ ^   m , n    ( x , y | z ) =  E ⌢    (   θ ˜  m z   ( x , y ) |  y , z )   =      ∫ 0 ∞     [1    −   F ⌢   X | Y , Z , n   ( u x | y , z )  ] m  d u )   



(2)




where:


     θ ˜  m z   ( x , y ) =  inf { θ | ( θ   x , y ) ∈  Ψ m z  ( y ) }     



(3)






    Ψ m z  ( y ) =   { ( x ,  y ′  ) ∈    ℜ +  p + q    |  x ≥  X i   ,   y ′    ≥   y ,     i = 1 , ... , m }   



(4)






     F ⌢   X | Y , Z , n   ( x | y , z ) =     ∑  i = 1  n   I (  x i    ≤   x ,    y i    ≥   y )   K  h ⌢   ( z ,  z i  )       ∑  i = 1  n   I (  y i    ≥   y )   K  h ⌢   ( z ,  z i  )       



(5)




where I(·) is an indicator function,    h ⌢    the estimation of the appropriately sized bandwidth and     K  h ⌢   ( ⋅ )    a generalized multivariate kernel function.



For the definition of said kernel function, it must be taken into consideration that there are three types of contextual variables (Zs) involved in the model (continuous, ordered discrete, and unordered discrete). In this respect, the i-th unit would be as follows:


    Z i  =   (  Z i c  ,  Z i o  ,  Z i u  ) ,   i = 1 , ... , n   



(6)




where     Z i c  ∈  ℜ r     would be the vector of continuous variables,     Z i o  ∈  ℜ v     the vector of ordered discrete variables, and     Z i u  ∈  ℜ w     the vector of unordered discrete variables and     Z  i s  c  ,  Z  i s  o  ,  Z  i s  u     the sth components of     Z i c  ,  Z i o    a n d    Z i u     respectively. Furthermore, it is also assumed that     Z  i s  o  ∈ { 0 , 1 , ... ,  c s  − 1 }   s = 1 , ... , v    and     Z  i s  u  ∈ { 0 , 1 , ... ,  d s  − 1 }   s = 1 , ... , w    being     c s  ≥ 2    and     d s  ≥ 2    the different values for     Z  i s  o     and     Z  i s  u     respectively.



Hence, the standard multivariate product kernel function used would be:


    K  h ⌢   ( z ,  z i  ) =   ∏  s = 1  r    1   h s c     l c   (     z s c  −  z  i s  c     h s c     )      ⋅   ∏  s = r + 1   r + v     l o  (    z s o  ,  z  i s  o  ,  h s o  )   ⋅   ∏  s = r + v + 1   r + v + w     l u  (    z s u  ,  z  i s  u  ,  h s u  )   



(7)




where     l c  ( ⋅ ) ,     l o  ( ⋅ )   and    l u  ( ⋅ )    are univariate kernel functions, and     h s c  ,    h s o   and   h s u     are the respective bandwidths for the continuous, ordered discrete, and unordered discrete variables. In particular:


    l c   (     z s c  −  z  i s  c     h s c     )  =  {       3  4  5     (  1 −  1 5     (     z s c  −  z  i s  c     h s c     )   2   )              0              o t h e r w i s e        i f       (     z s c  −  z  i s  c     h s c     )   2  ≤ 5     



(8)






    l o  (  Z s o  ,  Z  i s  o  ,  h s o  ) =   (  h s o  )   |  Z  i s  o  −  Z s o  |     



(9)






    l u  (  Z s u  ,  Z  i s  u  ,  h s u  ) =  {      1 −  h s u                i f    Z  i s  u  =  Z s u           h s u    (  c s  − 1 )                 i f    Z  i s  u  ≠  Z s u            



(10)




and the bandwidths are obtained by means of K-nearest neighbor method based on maximum likelihood cross-validation for the density of Z [38].



Then, having estimated the results of order-m conditional efficiency for each WWTP, the statistical significance of the contextual variables is analyzed. For this objective, De Witte and Kortelainen [35] use the regression method developed by Racine and Li [39]. Its main idea is based on the nonparmetric model given by:


     Q ^  i z  =    f ˜  (  z i  ) +  ε i  ,   i = 1 , ... , n     



(11)




where,


     Q ^  i z  =       θ ^   m , n   (  x i  ,  y i  |  z i  )     θ ^   m , n   (  x i  ,  y i  )     



(12)




is the ratio of conditional and unconditional efficiency which includes continuous, ordered, and unordered context variables for each observation i,     ε i     an error term and with


   E (  ε i  |  z i  ) = 0     



(13)




and    f ˜    is the conditional mean function of the estimated ratio of efficiency scores.



Finally, it should be noted that, even though the significance analysis is conducted in a subsequent step, the framework described here does not suffer from the problems of inference that affect deterministic FDH and DEA based on two steps since the causes mentioned by Simar and Wilson [40] are avoided [35].




3. Data and Variables


The wastewater treatment process, from the moment the wastewater enters the plant, consists of different stages involving physical, chemical, and/or biological aspects. Those stages or levels of treatment are divided into preliminary, primary, secondary (with or without elimination of nutrients), and tertiary.



The first, the preliminary, is intended to prepare the contaminated water to facilitate the subsequent treatments, preventing obstructions, and erosion. This stage eliminates gross solids, small pieces of stone and sand and immiscible solids with a lower density than water. After the preliminary stage, during the primary treatment, the wastewater is subjected to a sedimentation treatment in order to remove both floating materials and settleable materials. Next, during the secondary treatment, the elimination of organic matter and nutrients (nitrogen and/or phosphorus) begins. However, not all treatment plants with secondary treatment include this kind of procedure involving nutrients. Finally, with the tertiary treatment, a high quality effluent is obtained after eliminating other pathogens and substances not removed in the earlier stages, mainly through chlorination or ultraviolet light.



The preliminary and primary treatments are normally similar in the various WWTPs in the region under study. However, the same does not apply when it comes to the secondary treatment. There are different types of secondary treatment depending on the technology being used for treating the wastewater (mainly, activated sludge, aerated lagoon, trickling filter, and rotating biological contractor or biodisk) [23].



In the specific case of this study, we are analyzing the most numerous homogenous subgroup (same treatment technology and identical removal of contaminants) of WWTPs in the Region of Valencia (Spain) with the two-fold objective of, on the one hand, respecting one of the basic requisites of the FDH/DEA models referring to the homogenous nature of the units to be compared, and on the other, to ensure that there is a high number of DMUs to guarantee the best degree of prioritization possible. In particular, we analyze the efficiency of 158 WWTPs which in 2012 (the most recent figures we could obtain) were using the type of secondary treatment based on activated sludge through extended aeration (EA), without removing nutrients and treating household wastewater.



The methods based on activated sludge utilize microorganisms which act on the organic matter suspended or dissolved in the water to be treated, interacting with it until it is transformed into a new cellular material that can be eliminated through decantation. Extended aeration is usually applied to wastewater from small or medium sized towns with less organic content. Although this involves lengthier periods of aeration (over 20 days), it has good results in eliminating organic matter.



The information used in this study was kindly supplied by the wastewater treatment authority for the Region of Valencia in Spain (Entidad Pública de Saneamiento de Aguas Residuales (EPSAR)), which is a public entity with independent status linked to the regional government for Valencia through the Regional Department for the Presidency, Agriculture, Fisheries, Food and Water.



The selection of variables considered for analysis, as recommended in previous papers that analyzed efficiency (for example, [5,41,42]), was carried out taken into account the previous bibliography about the topic (commented in Section 1, whose main conclusions were summarized in Table 1 and Figure 1, where it is possible to observe the different variables and the authors that used them in previous studies), the opinion from industry experts and the availability of the data. In this sense, the variables taken into consideration when analyzing efficiency were as follows:



Inputs (€/m3): cost of the energy used, fixed and variable (Energy) [5,17,18,20,21,22,24,25,26,27], total staffing costs (Staff), including salaries, taxes and social insurance and charges [5,17,18,21,22,24,25,26,27], and other expenses (Other), which would include the cost of reagents, the maintenance for treatment facilities and infrastructure (such as equipment and machinery, even their replacement), waste management (including sludge) and other concepts (such as offices, laboratories, gardens, etc.) [5,17,18,20,21,22,23,24,25,26,27].



All the costs were expressed as €/m3/year. There are several reasons for expressing them in monetary rather than material terms. Firstly, the information gathered from reviewing the previous studies on efficiency and/or productivity in the sector and the opinion of the EPSAR managers (the bibliographic references mentioned after each input in this section were already commented in Section 1 and a synthesis was also made directly in Table 1 and inversely in Figure 1). Secondly, the fact that not all inputs could be expressed in material units (for example, maintenance costs for offices, gardens, laboratories, machinery replacement, etc.). Thirdly, the different market situations existing for each plant which meant that not all the inputs could be obtained using the same price levels for each one. And lastly, the decision was also supported by the objective of continuing to be compatible with the ultimate purpose of the WWTPs studied, which is based on obtaining levels of quality in treated wastewater that are in accordance with current legal standards, using the minimum expenditure possible for doing so.



Outputs: elimination levels of suspended solids (ESS) and chemical oxygen demand (ECOD) measured in terms of mg/l, which are the measures used by WWTPS to evaluate the output quality of their waters and which are also habitually accepted as outputs in wastewater treatment processes [5,18,20,21,22,23,24,25,27]. Suspended solids (SS) represents the total amount of particles of solid pollutant that remains in suspension in water. The more of these that are eliminated, the greater the quality of water. In turn, the chemical oxygen demand (COD) is the amount of oxygen that is consumed by oxidizable matter (organic matter and a small quantity of inorganic). The fact is that the process for the decomposition of organic matter found in the water generates an oxygen consumption the level of which (COD) is measured as an indicator of the degree of contamination of the wastewater. The higher the level of elimination of COD, the greater the water quality.



Continuous contextual variables: Amount of suspended solids (SS) and chemical oxygen demand (COD) in the influent water (mg/L) [22,43]. They both offer a measure of the level of contamination of the influent water. In this respect, a WWTP is considered to be more efficient if it receives lower quality water and still achieves an equal or greater elimination of contaminants. In view of the results of similar previous studies, the efficiency of plants with lower influent water quality would be expected to be lower [20].



Another continuous contextual variable considered is the size of the plant, expressed as the volume of water treated (VTW) by each plant (m3/year) [20,21,22,26]. Usually, larger units tend to make better use of economies of scale and the inclusion of this variable endeavors to compile this information with a view to subsequently verifying the effect. Hence, there should be a direct relationship between the size of the plant and its level of efficiency as reflected in the bibliography consulted [22,26,44,45]. However, although in principle a result of such nature might be expected, this is not always the actual observed effect [30].



Discrete contextual variables: Type of aeration (TA) (turbine, blower, submersible aerator, rotors with vanes or other) [5,21,22,23,25] and, finally, time expressed as years since the construction or renovation of the plant (Age) [21,22]. No mention has been found in previous literature regarding the effect of a particular type of aeration on the efficiency of the WWTPS, hence there is no established expectation about influence of such variable. As regards plant age, it would be logical to expect that the more modern the plant the more efficient it would be since past experience should allow previous errors to be rectified and technical improvements to be incorporated [21].



All the information about the variables used is summarized in Table 2, which offers the main statistics in this regard.
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Table 2. Descriptive statistics.







Table 2. Descriptive statistics.







	
Variables

	
Mean

	
Standard Deviation

	
Min.

	
Max.






	
Inputs




	
Energy (€/m3)

	
0.12

	
0.08

	
0.03

	
0.60




	
Staff (€/m3)

	
0.38

	
0.22

	
0.08

	
0.94




	
Other (€/m3)

	
0.26

	
0.16

	
0.05

	
0.96




	
Outputs




	
ESS (mg/L)

	
243.80

	
143.63

	
49

	
763




	
ECOD (mg/L)

	
569.60

	
264.49

	
91

	
1591




	
Continuous Contextual Variables




	
SS (mg/L)

	
252.50

	
145.92

	
56

	
777




	
COD (mg/L)

	
601.30

	
269.26

	
101

	
1637




	
VTW (m3/year)

	
124,367

	
148,101.52

	
7716

	
780,880




	
Discrete Contextual Variables




	
TA

	
A = 26; R = 9; B = 89; T = 30; O = 4




	
Age (years)

	
13.99

	
5.22

	
3

	
33








(A = Aerators; R = Rotors; B = Blowers; T = Turbines; O = Other).








4. Results and Discussion


When analyzing the efficiency of the treatment plants encompassed in this study, firstly, their efficiency was calculated excluding contextual variables (M0) with a view to observing whether there was any kind of significant difference in the result. Hence, initially, an input-oriented order-m efficiency was estimated, as expressed in Equation (1), obtaining the mean value for efficiency of      θ ^   m , n    ( x , y )    is 0.6964 (see Table 3).
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Table 3. Levels of mean efficiency for WWTPs.
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Measures of Efficiency

	
Mean

	
Standard Deviation

	
Min.

	
Max.






	
M0 (order-m efficiency)

	
0.6964

	
0.2902

	
0.2196

	
1.4010




	
M1 (order-m conditional efficiency)

	
0.8141

	
0.3754

	
0.2784

	
2.2000









The above result indicates that the mean inefficiency of the whole set of 158 treatment plants was 0.3036 (1-0.6964), in other words, if all the plants were to perform as efficiently as the best ones, the mean efficiency could improve by 30.36%.



Below in the same table is the result for conditional order-m efficiency (M1), which controls heterogeneity between the different WWTPs by considering contextual variables. As expected, the efficiency ratio improves, where the mean value of      θ ^   m , n    ( x , y | z )    is 0.8141, in other words, a mean inefficiency of just 0.1859 (potential improvement of 18.59%, which is quite smaller than the values of previous research too [21]). This result is logical given that now the dataset with which each unit is compared to estimate its level of efficiency is smaller since it only includes treatment plants with similar characteristics (values from the context variables) instead of comparing them with the total sample, as is the case M0. For the same reason, the number of efficient units with M0 (33 units) increased when the estimation was conducted with M1 (43 units).



In addition, both M0 and M1, indicate the existence of DMUs where the levels of input efficiency surpass unity (as evidenced by the maximum values in Table 3). These DMUs would be the ones that are functioning better than the average of the m treatment plants to which their efficiency is compared (as suggested by Cazals et al. [37], an m value was chosen for which the reduction of the number of superefficient observations was stable, m = 30 in both cases). In this respect, the maximum efficiency score obtained taking into account the effect of the contextual variables (M1) was 2.2000, meaning that the most efficient plant used 1.20 times less inputs than the expected value of the minimum level of m = 30 other WWTPs drawn from the plant population, generating a greater or equal output level and having contextual variables with similar characteristics. On the other hand, the least efficient WWTP only obtained an efficiency score of 0.2784, which means that it used 72.16% more resources than the expected value of the minimum input level of m = 30 other plants drawn from the population of WWTPs, generating a greater or equal output level and having contextual variables with similar characteristics.



In order to ascertain the existence and type of influence of the exogenous variables on levels of efficiency, the significance tests described in De Witte and Kortelainen [35], who use the regression method developed by Racine and Li [39], were implemented. The results are presented in Table 4.
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Table 4. Non-parametric significance test. M1 (order-m conditional efficiency).
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Variables

	
p-Value

	
Mean Effect

	
Factor that Favours Efficiency






	
SS

	
0.0050 *

	
Favorable

	
Greater SS




	
COD

	
0.0680 *

	
Favorable

	
Greater COD




	
VTW

	
0.0020 *

	
Unfavorable

	
Lower volume




	
TA

	
0.3310

	
Not significant

	
–




	
Age

	
< 2 × 10−16 *

	
Unfavorable

	
Lower age








Note: * implies a significant level of 95%.







The above table shows how the results of the significance comparisons for the contextual variables of M1 accept as valid the amount of suspended solids (SS), the chemical oxygen demand (COD), the volume of treated water (VTW) and the age of the plants (Age), rejecting the other variable considered, the type of aeration (TA).



The shape of the graphs of the non-parametric partial regressions for the conditional efficiency to unconditional efficiency ratios with the contextual variables shows the direction of the mean effect for each exogenous variable. It should be taken into account that, since an input orientation has been selected for the model, the relationship between the slope of the graphs and the sense of the influence of each contextual variable on the efficiency of the WWTPs is inverse. Thus, a positive slope indicates a negative influence of the contextual variable and vice versa [46,47,48]. This information is reflected in Figure 2, Figure 3, Figure 4 and Figure 5 for the variables whose significance was ascertained previously and summarized in the second and third column of Table 4.
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Figure 2. Partial regression plot of SS (mg/L). 
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As these figures show, both the level of suspended solids and the chemical oxygen demand positively affect the efficiency of the plants, whereas the volume of water treated and the age of the plants affect it negatively.
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Figure 3. Partial regression plot of COD (mg/L). 
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Figure 4. Partial regression plot of VTW (m3/year). 
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Figure 5. Partial regression plot of Age (years). 
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In terms of the amount of suspended solids and chemical oxygen demand, the expectation was that a higher content of solids and chemical demand in the water to be treated would reduce the efficiency of the treatment plants. However, the actual result does not agree with initial expectations. In this respect the data would seem to point to the fact that, in relation to the rest of the plants, those receiving lower quality influent water would implement specific measures aimed at better management of their resources and make a greater effort to ensure that the effluent water reached at least the minimum legally established quality standards.



On the other hand, the age of the plants and the volume of water treated show a different behaviour to the previous variables. In particular, those plants that were built or reformed a long time ago achieve a lower level of efficiency, as expected [21]. This result would agree with the fact that more recent WWTPs have incorporated technological innovations in their facilities, ensuring an improved performance with respect to older ones, while rectifying previous operation and/or management practices found not to be entirely appropriate.



Lastly, the volume of treated water would show an inverse relationship with the level of efficiency reached by the WWTPs, i.e., smaller treatment plants would be the most efficient, unlike the findings of previous studies [22,26,44,45]. However, the expected result was ambiguous, since certain previous studies pointed to the possibility of there not being statistically significant economies of scale [30].



In particular, there would appear to be a higher likelihood of finding diseconomies of scale in large water utilities, which increases when these are publicly owned, precisely the case on which the present study focuses. The possible reasons for this result essentially include greater network complexity, larger annualized capital costs, and higher transport costs as plant size increases. Furthermore, the public nature of the ownership and management of the facilities could affect the fact that, given the prevalence of public utilities in the water industry, there might be a certain tendency to privatize facilities with economies of scale [30].



All calculations were performed using the R np package 0.60-2 developed by Hayfield and Racine [49] for the calculations of the bandwidths, our own R package that we developed to estimate the order-m efficiencies and the conditional order-m efficiencies, and the code kindly provided by professors de Witte and Kortelainen to do the significance tests. The R version used was 3.1.3. [50].




5. Conclusions


This paper applies an extension of the model of conditional efficiency that allows a large quantity of continuous and discrete contextual variables to be incorporated simultaneously in the calculation of efficiency levels, as well as enabling the significance of said variables to be verified in the calculation of said levels.



The efficiency of 158 WWTPs that were using the type of secondary treatment based on activated sludge through extended aeration (EA) in the Region of Valencia (Spain) was analyzed and the main findings were that, unlike previous research into this subject [21], the levels of inefficiency were substantially lower, which would indicate that the treatment plants analyzed could improve their level of efficiency, but would not need to do so to such an extent.



At the same time, it has also been determined that certain exogenous factors presented statistical significance and different influence to previous results [20,21,22,25,44,45]. In particular, the quality of the influent water and the size were identified as a statistically negative significant exogenous factors (lower quality of the influent water and smaller plant size, greater efficiency) and yet the type of aerator used was not significant. Others, like the age, had the same type of influence as previous results (more modern, more efficient plants) [21].



Hence, the findings of the present study would point to the need for investing public funds in order to incorporate new technological improvements in the water treatment systems and facilities, thereby contributing to enhancing the efficiency of the process.



In this respect, it would also be advisable to step up the rate of renovation of the older plants to ensure that obsolete systems remain in operation for the shortest possible time. Moreover, improved performance would be achieved by the implementation of measures aimed at analyzing the management practices of treatment plants receiving lower quality influent water, with a view to replicating them in plants with higher quality influent water, thereby improving the efficiency of the latter.



Obviously, the implementation of measures to ensure that all treatment plants receive influent water with lower levels of SS and COD would also result in enhanced performance through a reduction of the effort and costs involved in the treatment process. In addition, as regards plant size, it would be advisable for new plants to be smaller, though obviously always in proportion to the size of the population they must serve. This would avoid the high annualized capital costs, greater installation complexity, and higher transport costs inherent to large infrastructures, which do not appear to have a positive impact on the efficiency of WWTPs. Lastly, given that the type of aeration was found not to have a significant impact on efficiency in the kind of plants analyzed, it would be logical to use the method with the lowest financial costs from an acquisition, installation, and maintenance standpoint.



Nevertheless, the static nature of this research limits the possibility of generalizing the conclusions obtained. The use of information referring to several years, and not just one, could alter and/or expand the conclusions obtained. In this respect, future research could focus on calculating levels of efficiency over time with a view to comparing their evolution and establishing conclusions within a dynamic framework, as well as expanding the group of WWTPs analyzed, including others that employ different processes with a view to comparing the results offered by each of said subtypes and expanding the findings. In this respect, the information available for this purpose is crucial.
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Senante ef af. [17-19].

Reagent costs: Hernandez-Sancho er al.
[5,21,22]; Molinos-Senante et af. [17-19];

Qenzo-Toja et al. [20].

/

/ Qutputs \

Eliminated chemical oxvgen demand (COD) and
suspended solids (SS): Hernandez-Sancho and
Sala-Garrido [27]; Hernandez -Sancho er al.
[5,21,22]; Sala-Garrido et al. [23-25]; Molinos-
Senante ef al. [18,19]; Lorenzo-Toja et al. [20].

Nitrogen (N): Hemandez -Sancho er al [5],
Sala-Garrido et al. [23,24], Molinos-Senante ef al.
[18]. Phosphorus (P): Hernandez-Sancho et al [5],

\Molinos-Senante et al. [18]. /

Contextual Variables
Size of plant: Hernandez-Sancho and Sala-Garrido [26];

Hernandez-Sancho ef af. [21,22]; Lorenzo-Toja et al. [20].
Technology used: Hemnandez-Sancho e ol [521,22];
Sala-Garrido er af. [23,25].

Age of the plant: Hernandez-Sancho et af. [21,22].

Nature of the influent water (grammes of COD per m?):
Hernandez-Sancho et al. [22].

Others: Hernandez-Sancho ef al. [5,21]; Sala-Garrido et al. [25];
Molinos-Senante ef af. [17,18].

Not previously used contextual variables in productivi
and/or efficiency of WW TP s that might be considered
Economies of scale and scope, multi-utilities, industry

inteeration. costumer income levels, legal framework, density:

Market structure: Carvalho ef al. [30], Berg and Marques [32].
Ownership: Carvalho er al. [30], Berg and Marques [32].

DEA: Hernandez-Sancho et af. [22]; Sala-Garnido ef af. [24,25].

FDH: Hernandez-Sancho et af. [5].

Kemp [29].
Meta-regression analysis: Carvalho ef af. [30].

DEA and other methods: Hernandez-Sancho and Sala-Garrido [26,27]; Hernandez-Sancho
et al. [21]; Sala-Garrido ef af. [23]; Molinos-Senante ef af. [17-19]; Lorenzo-Toja ef al. [20].
Decision making model under a Zero Profit constraint: De Jong ef af. [8].

Threshold Model / Kolmogorov-Samirnov test/ The logistic model/ Gompertz model:

7 ™\ Carvalho et al. [30].
Productivity and efficiency Equivalent inhabitants: Fraquelli and Giandre [31].
— h
of WWTPs
\. 1 J
/ Methods applied

N
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