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Abstract: As a method for eco-efficiency analysis, environmental cost efficiency (ECE) indicators
have been proposed for the end-of-pipe (EOP) systems that referred to the techniques achieving
environmental benefit under economic cost. The wastewater treatment plant (WWTP) belongs to the
EOP systems; however, few studies used the ECE indicators for the sustainability evaluation. Here,
this study first proposed the following processes that had been excluded in the current ECE framework
and thus limited the potential application in WWTP: (1) the direct impact of wastewater on receiving
water, (2) the migration and transformation of water pollutants affected by the self-purification
mechanisms of receiving water. To address the aforementioned processes, this study extended the
framework of ECE indicators by means of incorporating the potential growth of microorganisms
as the characterization state and integrating the water quality models with the characterization
models. To investigate the applicability, a full-scale WWTP was selected as the study case and the
eco-efficiency of the increasing levels of sewage treatment was evaluated. The case outcome showed
that, with the extended ECE indicators, the analysis of eco-efficiency could be directly related to
the specific locations and could determine the specific distance ranges within which the scenarios
changing were considered efficient. Moreover, the eco-efficiency could be investigated under more
concrete and flexible situations because the extended framework of ECE indicators was able to include
more information, such as different types of receiving water or different environmental conditions of
certain water body.

Keywords: eco-efficiency; life cycle assessment; wastewater treatment; depletion of dissolved oxygen;
water quality model

1. Introduction

Eco-efficiency analysis enables the assessment of sustainability from combined perspectives of
environment and economy and has been increasingly applied to evaluate the performance of waste
management systems [1–7]. Among various feasible methods, environmental cost efficiency (ECE) is
established specifically for the end-of-pipe (EOP) systems, which refer to the techniques achieving
environmental benefit under a certain amount of economic cost [6]. In particular, the pollutant-removal
techniques, designed and operated to dispose wastewater or solid waste, exactly belong to the EOP
system. The ECE method has been efficiently implemented regarding the optimized management of
municipal solid waste [2]. Upon the evaluation of wastewater treatment plants (WWTPs), however,
the ECE method has been rarely used. In order to promote the future application in this regard,
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it would be legitimate and necessary to first identify the issues that could limit the effectiveness in
application and then seek available solutions.

Environmental impact assessment constitutes an important part of ECE method, where the
evaluation outcomes are generated by conducting Life Cycle Assessment (LCA), a standardized and
sophisticated method that can quantitatively assess the environmental impacts of techniques, processes
or services throughout their entire value chains [8–10]. LCA has been widely used in evaluation of
WWTPs-related topics [11–14], offering a great deal of possibility to further perform ECE estimation.
Nevertheless, there are inherent problems inside the LCA approach, hindering the evaluation on
WWTPs, and this will accordingly limit the effectiveness when applying ECE method.

One major problem lies with the LCA results that have abstract meanings, representing the generic
impact without referring to any specific situations; that is to say, the results cannot comprehensively
reflect the direct impacts of WWTPs effluents on the receiving water [15,16]. In response to this
problem, there have been efforts to investigate the usage of site-specific LCA approach or the regional
inventory data in assessing wastewater-related issues [17,18]; however, these studies made little
contributions to map the direct impact of WWTPs effluent. In addition, eutrophication impact category
has been a key point for the methodological progresses of LCA, involving the development of spatially
explicit factors on lake-level or stream-level, spatially differentiated factors regarding different emission
sources and the fate model for phosphorus emissions on the continent-scale and country-scale [19–23].
However, these methodological progresses were rarely applied on WWTPs-related issues, despite that
eutrophication has been considered a relevant LCA impact category to wastewater.

To overcome the aforementioned problem, efforts should be made to refine the ECE method by
means of characterizing the direct effect of wastewater within the phase of environmental impact
assessment. A representative effect is the depletion of dissolved oxygen, resulted from the growth
of microorganisms encouraged by the emitted organic matter contained in wastewater [24]. Such an
effect could seriously endanger the aquatic ecosystems, especially in developing countries, such as
China, where large amounts of inland water bodies are suffering from the lack of dissolved oxygen.
In addition, considering the dynamic migrating process of water pollutants and the self-purification
mechanisms of receiving water, the direct effect of wastewater is influenced by many environmental
factors, such as water velocity, water temperatures and downstream distances [25–28]. This promotes
the necessity of developing reasonable methods to generate dynamic estimation results that are the
function of multiple variables.

To that end, this study extended the framework of ECE method on the basis of characterizing the
depletion of dissolved oxygen and capturing the migration and transformation processes of water
pollutants in receiving water. The establishment process of the extended ECE framework was described
in detail, and a descriptive case analysis was conducted to demonstrate how to use the proposed
method to evaluate a real WWTP case.

2. Methods and Materials

2.1. General Scheme of ECE Indicators

Figure 1 shows the entire framework of ECE indicators. The general scheme of ECE indicators
is described in Figure 1a and was defined in the previous study as a form of the ratios of net
environmental benefit to net economic cost. ECE indicators are used to calculate the environmental
benefit of Alternative 1 over Alternative 2 per additional economic cost [6]. The extended framework,
proposed in this present work is demonstrated in Figure 1b. By incorporating the oxygen-depleting
potential and the fate of water pollutants, the main contributions of the extended framework were
to include the water quality modeling systems and a unique impact category associated with its
characterization factors and models within the ECE indicators. The water quality modeling systems
are effective tools that could simulate and predict the fate and behaviors of pollutants in a water
environment. The impact category was defined as Bacterial Depletion of Oxygen (BDO), representing
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the oxygen-depleting potential which was caused by the growth of microorganisms due to the release
of wastewater. The BDO category was in parallel with other impact categories, such as global warming
or acidification, and the characterization factors and models were established on the basis of LCA
system [29]. Of note, as an indicator designed specifically for LCA, the BDO category is inconsistent
with the indicator termed as Biochemical Oxygen Demand, which is used to monitor environmental
pollution by representing the total organic content that is available to organisms, plus any chemicals
that spontaneously react with O2.
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Figure 1. Framework of this study: (a) shows the general scheme for the conduction and comparison of
environmental cost efficiency (ECE) indicators between different scenarios; (b) shows the development
of the extended ECE indicators in this study.

ECE indicators were determined with Equation (1), by calculating the net environmental
improvement per unit economic cost, as defined in previous studies.

ECEA,B =
EIA − EIB

ECA − ECB
=

(−IPA) − (−IPB)

NCAA −NCAB
(1)
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where ECEA,B was the net environmental improvement of scenario A over scenario B per additional
cost, NCA was the discounted net cost, EI was the environmental improvement measured against a
null option, and IP was the environmental impact potential based on LCA calculation, which was
described by Equations (2) and (3).

IPX =
∑

j
W jNORCR, j (2)

CRi =
∑

i

CFi ×mi (3)

where IPX represented the total environmental impact for certain scenario X; j referred to the impact
categories; i referred to the substances contributing to the impact categories; W j was the weighting
factor; CFi was the characterization factor; mi was the emitted amount; and NORCR, j was the normalized
score of the characterization result for j impact category.

The economic dimension of ECE indicators was calculated with the concept of discounted net
cost, which could be quantified by method of the annuity method (Equation (4)).

NCAX =
NPVX × (1 + r)T

× r

(1 + r)T
− 1

(4)

where NPVx was the net present value; t was the time index; T was the lifetime of scenario X; and r
was the discount rate.

2.2. Extended Framework of ECE Indicators

The extended framework included (1) the characterization of oxygen-depletion potential due to
the growth of microorganisms via defining a new impact category and developing its characterization
factors and models, and (2) the incorporation of the fate of water pollutants by means of integrating
BDO category with water quality models.

2.2.1. Characterization of Oxygen-Depleting Potential

Characterization results of BDO impact category was calculated with Equation (3). The characterization
factors were calculated as follows:

CFi =
vi/Mi

vre f/Mre f
(5)

where vi and vre f represented the potential contribution of one mole of substance i and reference
substance (NO3

−) to the bacterial growth, respectively. Substance i referred to water pollutants (COD
and TN in this study) that could stimulate the growth of bacteria. Mi and Mre f referred to the molar
mass of substance i and reference substance (NO3

−). Moreover, vi and Mi were determined on the
basis of chemical composition of bacteria with Equation (6).

CnHaObNc +

(
2n + 0.5a− 1.5c− b

2

)
O2 → nCO2 + cNH3 +

(a− 3c
2

)
H2O (6)

where the degradation of one mole of bacterial biomass (CnHaObNc) required c mole of N and (2n +

0.5a − 1.5c − b)/2 mole of COD.
Accordingly, for the potential contribution to bacterial growth, vN = 1/c and vCOD = 1/

(
2n+0.5a−1.5c−b

2

)
.

Bacterial empirical formula was selected to represent the bacterial biomass [30]. These empirical
formulas included aerobic bacteria or anaerobic bacteria. Herein, empirical formulas of aerobic bacteria
such as C5H7O2N, C7H12O4N, C9H15O5N and C9H16O5N were chosen to calculate the characterization
factors of COD and TN.
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2.2.2. Integration of BDO Category with Water Quality Models

To capture the migration and transformation of water pollutants in water bodies, water quality
models were induced to couple with BDO characterization model. In this way, the dynamic interaction
between water pollutants and water bodies could be reflected in ECE indicators.

For rivers with small sizes, one-dimensional water quality models (One-DWQM) could be used to
describe the fate of water pollutants [31]. The use of One-DWQM supposed that the concentration of
water pollutants only changed in the longitudinal orientation along the river, and the complete mixing
of water pollutants could be achieved instantaneously in the emission section.

The differential equation to build One-DWQM is described with Equation (7).

∂c
∂t

+ u
∂c
∂x

= E
∂2c
∂x2 − kc (7)

After the integral transformation of Equation (7) and the transformation of concentration equivalent
into mass equivalent, the emitted amount of substance i, the mi defined in Equation (3), could be
described with Equation (8).

mCOD(x) = Pi exp
(
−

kix
u

)
(8)

where x represented the distance from emission point to the downstream water body that was under
evaluation; ki was the self-purification coefficients substance i; u was the water velocity of receiving
water bodies; and Pi was the average material mass per unit time for substance i.

For rivers having bigger sizes with a width more than 200 m, two-dimensional water quality
models (Two-DWQM) were more applicable [32]. The concentration of water pollutants was supposed
to change in the longitudinal and horizontal directions. Only in the vertical direction, water pollutants
were supposed to be in uniform distribution.

The differential equation to build Two-DWQM was described with Equation (9).

∂c
∂t

+ ux
∂c
∂x

+ uy
∂c
∂y

= Mx
∂2c
∂x2 + My

∂2c
∂y2 − kc (9)

After the integral transformation of Equation (8) and the transformation of concentration equivalent
into mass equivalent, the emitted amount of substance i, the mi defined in Equation (3), would be
described with Equation (9).

mi(x, y) = Wi × exp
(
−k

x
86400ux

)
× 1/H ×

√
πMyxux ×

exp
(
−

uxy2

4Myx

)
+ exp

−ux(2B− y)2

4Myx

 (10)

where x, ki, u and Wi were the same parameters defined for Equation (8); y was the horizontal distance
from emission point to downstream impact point; ux and uy were water velocities along the longitudinal
and horizontal orientation of receiving water; Mx and My were longitudinal and horizontal dispersion
coefficients; H was the average depth of receiving water; and B was the width of receiving water.

2.3. Application of the Extended Framework to a WWTP Case

2.3.1. Case Description

The case study was based on a full-scale WWTP, which is located in Northeast China. According
to different effluent treatment requirements, four scenarios were defined, following as scenario-1
(tertiary treatment), scenario-2 (intermediate treatment), scenario-3 (basic treatment) and scenario-4
(no treatment). No treatment scenario meant that wastewater discharged into receiving water without
any pretreatment. The basic treatment scenario was designed to degrade organic matter from
wastewater. The intermediate treatment scenario was needed when enhanced-nutrients removal was
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required. To achieve the goals of reusing effluent or protecting a recreational water body, tertiary
treatment scenario was required to further remove water pollutants.

For investigation, the WWTP was supposed to be built on the banks of two receiving river cases.
The first case was one reach of the Ashihe river located in Northeast China. This river reach had a
small size, and thereby the One-DWQM was applicable. Another case was one reach of the Harbin
mainstay of Songhua river located in China, with a length of 16.25 km, an average width of 450 m and
an average depth of 2.3 m. For this river case with bigger size, the Two-DWQM was applicable. More
information concerning with the selected river reaches were described in Tables S3 and S4.

In this study, eco-efficiency of the increasing wastewater treatment levels was evaluated with
ECE indicators. Three types of ECE indicators were obtained: ECE4,3, ECE3,2 and ECE2,1. Specifically,
ECE4,3 represented the eco-efficiency of increasing treatment levels from scenario-4 to scenario-3;
ECE3,2 represented the shift from scenario-3 to scenario-2; and ECE2,1 represented the shift from
scenario-2 to scenario-1.

2.3.2. Evaluation of Environmental Impact Potential

LCA was conducted for the environmental impact assessment of ECE indicators. The goal of the
case was to assess the potential environmental impact of each treatment scenario. Functional unit for
the WWTP was 10,000 m3 of effluent. Study scope was the operational stage of the WWTP, and the
system boundary took into account the treatment of wastewater, electricity consumption, chemicals
manufacture and transportation, and waste activated sludge processing.

For inventory analysis of each scenario, input elements included electricity, inorganic chemicals
and PAM-acrylonitrile. Emissions associated with air, solid and liquid phases were identified as output
elements. For air phases, major output elements included carbon dioxide and nitrous oxide. Bio-sludge,
tertiary precipitation, phosphorus precipitation and pretreatment solid waste were regarded as the
main contributors to the solid phase. With respect to the liquid phase, chemical oxygen demand (COD),
total nitrogen (TN) and total phosphorus (TP) were determined as the main water pollutants. More
information about the input and output of each scenario is described in Tables S1 and S2.

During life cycle impact assessment (LCIA), inventory data were converted into environmental
impact scores within different impact categories. The selected impact categories included photochemical
oxidation (PO), global warming (GW), abiotic depletion of fossil fuels (ADF), abiotic depletion of
elements (ADE), acidification (A), freshwater aquatic eco-toxicity (FAET), human toxicity (HT), ozone
depletion (OD) and biological depletion of oxygen (BDO). BDO was the impact category which was
defined in the above section. Characterization factors and models for impact categories except BDO
were obtained from the literature [29], and the characterization results of the BDO category were
calculated on the basis of the abovementioned equations. Normalization step in LCIA was adopted
to convert the characterization results with unique category units into non-dimensional normalized
scores [33]. Same weight was assigned to each impact category, for ease of interpretation.

2.3.3. Economic Analysis

In this case, the total cost of increasing treatment levels included acquisition, installation, operation,
maintenance, refurbishment and disposal costs throughout the lifetime. The lifetime of the tanks
and buildings in the WWTP was assumed to be 30 years, while that of the equipment and machines
was assumed to be 15 years. A hypothesized discounting rate of 5% (at constant prices) was used in
this case.

2.3.4. Data Processing

A calculation model of ECE indicators was formed by combining the general scheme (Figure 1a)
and the extended framework (Figure 1b). The modeling input data included the inventory data
of the four scenarios (Table S2), the empirical formulas of aerobic bacteria or anaerobic bacteria
(see Section 2.2.1), the environmental characteristics of the evaluated reach of the Ashihe river and the
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Songhua river (Tables S3 and S4) and the lifetime of WWTP case associated with the discounting rate
(see Section 2.3.3). The modeling output data included the characterization factors of BDO category,
the annuity values for all scenarios, the normalized scores across the four scenarios for impact categories
(GW, A, PO, ADF, ADE, HT, FAET and OD), the normalized scores for BDO category changing along
the longitudinal orientation (based on the Ashihe river), the normalized scores for BDO category
changing along the both the longitudinal and horizontal orientations (based on Songhua river), and the
final ECE results in forms of ECE4,3, ECE3,2 and ECE2,1 for eco-efficiency analysis.

3. Results

3.1. Environmental and Economic Assessment

Environmental impact assessment was conducted through LCA analysis. For each scenario,
environmental impact was first evaluated within every impact category except BDO. Table S5 shows
the normalization results of each impact category. Results showed that, with the increasing levels
of wastewater treatment requirement (from scenario-4 to scenario-1), normalization results for each
impact category were increased, indicating that the enhanced removal of water pollutants would add
environmental load on these environmental indicators.

For the BDO category, normalization results were obtained to represent the environmental impact
of effluents on receiving water, via the integration of the characterization factors of water pollutants
and the dynamic changing mass of emitted substance. By means of characterizing the potential growth
of aerobic bacteria, characterization factors of COD and TN were calculated. As shown in Table S6,
the average WPCOD and WPTN were 0.24 and 4.43, respectively.

Due to the self-purifying mechanism of receiving water, the mass of emitted substance changes
with the different downstream areas; and thereby, the environmental impact of water pollutants
on different downstream areas would also change. Through incorporating water quality models
into characterization models, correspondence between normalization results of BDO category and
different downstream distances could be obtained. Regarding the small river case (the selected reach
of the Ashihe river), Table S7 shows the changing BDO normalization results along the longitudinal
orientation. For the bigger river case (the selected reach of Harbin mainstay of Songhua river),
Tables S8–S11 shows the changing BDO normalization results of each scenario along the longitudinal
and horizontal orientation. In addition, with respect to the economic evaluation, the annuity values of
the WWTP case were 19,000, 14,100, 11,800 and 1000 Yuan for scenario-1, scenario-2, scenario-3 and
scenario-4, respectively.

3.2. Eco-Efficiency Analysis Using One-DWQM for the Ashihe River Case

After obtaining the evaluation data on both environmental and economic dimensions for each
scenario, ECE indicators over the scenarios changing were able to be calculated in forms of ECE4,3,
ECE3,2 and ECE2,1. Figure 2 shows the ECE evaluation results for the WWTP case that was supposed to
be built on the bank of the small river (Ashihe river). Positive value means that the scenario changing
from one to another can be considered efficient.

With regard to the overall comparison between ECE4,3, ECE3,2 and ECE2,1 at each distance,
ECE3,2 had the highest result, whereas ECE2,1 was the lowest. This indicated that increasing disposal
requirement from the intermediate level to the tertiary level was less efficient than the increase from
the basic level to the intermediate level.

All the three ECE indicators showed decreasing trends, along with the increase of the distance
from the downstream area to the emission point. However, the decrease ranges were different. From
0 to 200 km, for example, the decrease range of ECE3,2 was almost 13 times higher than ECE2,1.
The downward trend experienced a process from positive value to zero and from zero to negative value.
This process reflected the fact that the eco-efficiency for scenarios changing was not a static single
value, but a dynamic value which changed over distance. Within a given range, the eco-efficiency
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could be considered efficient, whereas inefficient beyond the range. Taking scenarios changing from
scenario-2 to scenario-1 as an example, positive ECE2,1 were obtained when the downstream distance
was less than 10 km. This indicated that, for the downstream area that was more than 10 km away
from emission point, it could not be considered efficient if disposal requirement was tightened from
the intermediate level to the tertiary level.
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river (Ashihe river).

3.3. Eco-Efficiency Analysis Using Two-DWQM for Songhua River Case

Figures 3 and 4 show the eco-efficiency analysis for the WWTP case that is supposed to be built
on the bank of a bigger river (Songhua river). By incorporating the Two-DWQM, the migration and
transformation of water pollutants was reflected by the ECE results, and the results changed along
both longitudinal and horizontal orientation. On the basis of Figure 3, it demonstrated the estimation
of ECE results within different river areas. For example, within the river area (Y: 0~20 m, X: 0~3000 m),
ECE4,3 results ranged from 0.25 to 0.41, ECE3,2 results ranged from 0.15 to 0.26 and ECE2,1 results
ranged from 0.02 to 0.04, respectively.

Using Figure 4 enables us to investigate the specific changing trends of ECE results along
longitudinal orientation (X) at different horizontal sections (Y). Four horizontal sections (Y = 0 m,
Y = 50 m, Y = 100 m and Y = 150 m) were selected. Results showed that ECE indicators showed
different changing trends at different horizontal sections. For instance, at the horizontal section of Y
= 0 m, ECE4,3 showed the downward trend, along with the increase of X, with the highest value of
0.41 when X = 0 km. At the section of Y = 50 m, ECE4,3 increased at first and then descended with the
further increase of X. At the sections of Y = 100 m and Y = 150 m, ECE4,3 showed gradual uptrends,
with faster growth and higher values at the section of Y = 100 m.

At the same longitudinal distance (X), different results of ECE indicators were obtained at different
horizontal sections (Y). The longer distance from horizontal section to the river bank, the lower results
of ECE indicators observed. For example, at the identical longitudinal orientation of X = 10 km,
the ECE4,3 results decreased from 0.12 to 0.002 when horizontal sections increased from Y = 0 m to
Y = 150 m. This data trend indicated that the eco-efficiency of increasing effluent disposal requirement
would become lower if a more distant horizontal location was selected for investigation.

At different horizontal sections (Y), for the scenarios changing from one another, it could be
considered efficient within different longitudinal distance ranges. With the longer distance from the
horizontal section to the river bank, the scenarios’ change was considered efficient within the smaller
longitudinal ranges. At the section of Y = 0 m, ECE2,1 showed positive efficiency within the range
from X = 0 km to X = 12 km. However, at the section of Y = 150 m, ECE2,1 showed little efficiency
within any longitudinal distance ranges.
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4. Discussion

The present study presents an extended framework which aims to deepen the use of eco-efficiency
analysis in the field of wastewater treatment. Unlike previous eco-efficiency studies of WWTPs which
focused on improving uncertainty analysis [34], including external costs [35], incorporating sustainable
values [36], integrating with data envelopment analysis [37] and providing benchmark analysis [38],
this extended framework of ECE indicator aimed to incorporate the regional impacts of wastewater
into the environmental dimension of eco-efficiency. By means of characterizing the potential growth of
microorganisms and integrating water quality models with LCA characterization model, the extended
ECE indicators were able to characterize the depletion of dissolved oxygen and capture the water
pollutants’ migration and transformation processes in receiving water.

A principal function of the extended ECE indicators was to enable the determination of a specific
distance range in which the paradigm shift of WWTP could be considered efficient. For instance,
positive ECE2,1 was obtained within the distance range from 0 to 10 km (Figure 2), indicating an
efficient paradigm shift within this distance range in terms of the transition from the intermediate level
to tertiary level. The main cause of the function was the integration of water quality models into the
environmental impact assessment of ECE indicators. In this way, site-specific information (i.e., water
velocity or downstream distance) was embedded into the ECE indicators, making the estimation results
have location-specific meanings. For example, in terms of the paradigm shift from the no treatment to
the basic treatment, the ECE4,3 result was 0.0923 at the orientation of X = 10 km and Y = 50 m (Figure 4),
indicating that the environmental benefit per additional cost was 0.0923 with respect to the specific
location, which is 10 km away from the emission point at longitudinal orientation (X) and 50 m away
at horizontal orientation (Y).

Achieving this function was different with the general calculation framework of the ECE
indicators, which did not include any site-specific information and could only generate site-generic
results. Using the general ECE framework, the comparison between alternatives was conducted in a
generalizable environment. Notably, the estimation results without referring to any specific locations
were applicable to the large-scale environmental categories, such as global warming, but not favorable
to the regional-scale categories, such as the depletion of oxygen in receiving water [17,39]. Thus,
the purpose of the present work was to supplement the general ECE calculation framework, in order to
estimate the impacts of water pollutants more accurately and make the ECE indicators more applicable
to investigate the paradigm shifts in wastewater treatment.

The depletion of dissolved oxygen was characterized in the environmental dimension of the
ECE indicators in this study. The potential growth of aerobic microorganism was selected as the
characterization state for the BDO impact category. In fact, the growth of aerobic microorganism did
not represent the real damage of water pollutants to the receiving water, but represented a factor that
would cause damage to the receiving water. Choosing aerobic microorganism as characterization state
was a way of simplifying the process of depletion of dissolved oxygen within the LCA framework,
aiming to distinguish from the process of eutrophication potential that chose biomass production as
characterization state. Moreover, the determination of characterization state depended on the specific
situation of the eco-efficiency analysis case. For the selected WWTP in this study, it was located in
China, where the aquatic environments were suffering great pressure from the formation of black
and odorous states due to organic pollutants [40]. This was one of the reasons why the depletion of
dissolved oxygen was determined to be the characterization state here.

More flexible eco-efficiency analysis in wastewater treatment was allowed due to the incorporation
of water quality models into ECE indicators. Specifically, incorporating water quality models meant
that the characteristics of receiving water were considered. The eco-efficiency analysis could be
conducted in light of different types of receiving water or different conditions of certain receiving
water. For Alternative 1 over Alternative 2, it allowed us to investigate the eco-efficiency under
more concrete situations. Nevertheless, conducting flexible eco-efficiency analysis inevitably involved
more necessary information and more complex calculations. For the incorporation of One-DWQM,
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the longitudinal parameters relevant to the downstream water body were the necessary information
for the eco-efficiency analysis. Both longitudinal and horizontal parameters were indispensable for
the incorporation of Two-DWQM. Moreover, a three-dimensional water quality model might be
needed in the future to obtain a more accurate eco-efficiency analysis, which means that the vertical
parameters of receiving water would become indispensable. There were uncertainties in the collection
of these parameters of receiving water, and these uncertainties would increase the uncertainties of the
eco-efficiency analysis.

5. Conclusions

This paper extended the framework of ECE indicators for the eco-efficiency analysis in wastewater
treatment plants. In the environmental dimension of ECE indicators, the potential growth of
microorganisms was defined as the characterization state, and the water quality models were
incorporated to capture the migration and transformation of water pollutants. A case study of
a full-scale WWTP in Northeast China was carried out, using the extended framework of ECE,
and suggested that the extended ECE calculation framework could estimate the impacts of water
pollutants more accurately and make the ECE indicators more applicable to investigate the paradigm
shifts in wastewater treatment. With the extended ECE indicators, we could obtain the results
representing the eco-efficiency that was related to specific locations, determine the distance ranges
within which the scenarios’ change could be considered efficient and investigate the eco-efficiency
under more concrete and flexible situations. However, collecting the parameters that were related to
receiving water bodies might lead to some limitations and uncertainties, which will be explored in
future studies.
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