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Abstract: For the life cycle assessment (LCA) of wastewater management, eutrophication is
considered the most relevant factor. However, eutrophication is not the only pathway through
which wastewater influences the environment, and merely characterizing eutrophication potential is
not sufficient for the LCA framework to reflect the influence of wastewater. This study defines
the Bacterial Depletion of Oxygen (BDO)—a new impact category that represents the oxygen
depleting potential caused by the growth of microorganisms—and characterization models and
characterization factors are developed for the application of BDO. Water quality models (both one-
and two-dimensional) are incorporated into the BDO characterization models so that the LCA
framework includes some spatially differentiated factors, and can be used to estimate the direct
impact of wastewater on receiving environment (IBDO value). Based on three case studies, this study
demonstrates how the BDO category can be applied for the evaluation of wastewater management.
Results show that increases in the downstream distance and self-purification coefficients reduce the
IBDO value, whereas the increase in water velocity raises the IBDO value. Future integration of the BDO
category with water quality models must link the dilution effect of water bodies, the environmental
carrying capacity of receiving water, and the distribution of water pollutants in eutrophication and
bacterial oxygen depletion.
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1. Introduction

Increasingly sophisticated discharge requirements and the requirement to avoid shifting the
burden from one environmental impact to another have necessitated the application of scientific
tools to the decision-making process concerning wastewater management. Life cycle assessment
(LCA) has been widely used for the environmental evaluation of wastewater management [1–10],
and eutrophication is considered the most relevant impact category [7]. Accordingly, most of the
methodological LCA progress in regards to wastewater management has focused on the development
of a eutrophication impact category [11–15]. These methods enable the examination of the potential
impacts of eutrophication in freshwater and marine ecosystems associated with the development of
fate and transport models [16].

Eutrophication is not the only type of water pollution. The depletion of oxygen due to the
growth of microorganisms is another important pathway through which wastewater influences the
environment, especially for wastewater that contains a large amount of organics pollutants [17].
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Specifically, when wastewater flows into water bodies without treatment, organic pollutants such as
carbohydrates, protein, and organic acid can encourage the growth of aerobic bacteria, consuming vast
amounts of dissolved oxygen (DO). If the oxygen supply from air and photosynthesis is lower than the
oxygen consumption, the DO concentration decreases. Once the concentration approaches zero, the
growth of anaerobic bacteria is stimulated and the water conditions deteriorate, killing aquatic species
and causing serious water pollution associated with the release of unpleasant smell and depreciated
value. Deterioration of water quality due to organic enrichment is a major environmental issue in
industrialization and urbanization. In China, water pollution caused by microorganism growth has
been found in many contaminated rivers [18,19], and reducing this kind of pollution has become the
objective of many environmental policies introduced by the Chinese government [20,21].

In general, LCA results have a high level of abstraction without referring to any specific
situations [22]. Generalizable LCA results are justifiable for environmental impacts with large-scale
characteristics such as global warming [23]. For emissions that directly impact the regional
environment, however, it is crucial for the LCA framework to incorporate spatially differentiated
factors to obtain more representative results. This is especially important when conducting
LCA for wastewater-related issues because the emissions of water pollutants directly affect
regional water bodies [24,25]. In previous LCA studies, some regional characterization factors or
models for eutrophication have been developed, including spatially explicit factors at the lake- or
stream-level [11–13], spatially differentiated factors for different emission sources, and a fate model
for phosphorus emissions on the continent and country scales [14,15]. However, most studies did not
consider the transport and transformation of water pollutants, including organic matter, nitrogen, and
phosphorus, in the receiving environment. When released into water bodies, water pollutants move
and undergo processes that often involve simultaneous biological, chemical, and physical reactions [17].
Due to this variety of mechanisms, the pollutant concentration varies in different parts of water bodies,
with different potential impacts. Such situations have rarely been included in current calculation LCA
frameworks. This highlights the need to incorporate the fate of water pollutants in LCA frameworks
for obtaining estimation results that represent the direct impact of water pollutants on different parts
of water bodies. Water quality models (WQM) are effective tools for simulating and predicting the fate
and behavior of pollutants in water environments [26]. WQM include some geological, chemical, or
physical factors related to the water environment, and can be used to identify the levels in different
parts of a water environment.

The goal of this study wastwo2-fold. First, a new impact category is defined for LCA system,
the Bacterial Depletion of Oxygen (BDO), to characterize the oxygen depleting potential that is
encouraged by the growth of microorganisms due to the release of water pollutants. Following the
general framework for characterization, characterization models for the BDO category are developed.
Second, WQM are incorporated into the characterization models with a BDO category. The LCA
system includes the transport and transformation of water pollutants in the receiving environment,
and can be used to estimate the direct impact of organic pollutants on the different parts of the
receiving environment.

2. Methods and Materials

2.1. Bacterial Depletion of Oxygen

This study defines an independent impact category named the Bacterial Depletion of Oxygen
(BDO), which is in parallel with other impact categories in LCA, such as eutrophication, global
warming, or acidification. The BDO category is defined to represent the oxygen depleting potential
caused by the growth of microorganisms due to the release of water pollutants. Based on the general
characterization LCA framework [27], the characterization model for BDO category is described as:

IBDO(S) = ∑
p

BDOp ×mp (1)
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where S is the area affected by the substance p, p refers to water pollutants that can stimulate the
growth of bacteria, IBDO(S) refers to the characterization results of the BDO impact category, mp is the
emitted amount of substance p, and BDOp is the characterization factors, representing the potential
contribution of substance p to bacterial growth.

Characterization factors (BDOp) are calculated by aggregating the potential contribution of water
pollutants to the growth of microorganisms. In this study, organic matter (measured as the chemical
oxygen demand, or COD), nitrogen (measured as the total nitrogen, TN) and phosphorus (measured
as the total phosphorus, TP) are considered the major water pollutants (substance p) involved in the
depletion of oxygen in receiving water bodies. The formula describing the characterization factors is:

BDOp =

vp
Mp
vre f
Mre f

(2)

where vp and vre f represent the potential contribution to the bacterial growth by one mole of the
substance p and the reference substance, respectively; and Mp and Mre f refer to the molar mass of the
substance p and the reference substance, respectively. There are three types of reference substance
p: oxygen (O2), nitrate (NO3

−), and phosphate (PO4
3−). When characterizing the potential growth

of bacteria in a LCA, choosing O2 can provide an intuitive measure of oxygen depletion (kg O2 eq.),
whereas selecting NO3

− (kg NO3
− eq.) or phosphate PO4

3− (kg PO4
3− eq.) can contribute to a direct

comparison between the newly defined BDO category and the currently available eutrophication
category [27]. Of note, the identification of substance references would minimally influence the
characterization of environmental impact in LCA. Therefore, the potential contribution of reference
substance (vre f ) is usually assigned a value of 1 [28].

The determination of vp (vTN , vTP, and vCOD) is based on the identification of the characterization
state. Given the scientific background of the eutrophication category, the average chemical composition
of aquatic organisms (C106H263O110N16P) is assumed to be representative of average biomass [27].
This study determines the growth of bacteria with the characterization state of the BDO category, and
vp is calculated on the basis of the stoichiometry and the chemical composition of the bacterial biomass
(CnHaObNc) [29]:

Cn HaObNc +

(
2n + 0.5a− 1.5c− b

2

)
O2 → nCO2 + cNH3 +

(
a− 3c

2

)
H2O (3)

where one mole of the bacterial biomass (Cn HaObNc) requires c moles of N and (2n + 0.5a − 1.5c −
b)/2 moles of chemical oxygen demand (COD) and vp is calculated as:

vTN = 1
c

vCOD = 1
( 2n+0.5a−1.5c−b

2 )
vTP = 0

2.2. Incorporation of Water Quality Models into the LCA Framework

To include the fate of water pollutants in the LCA framework, this study incorporates water
quality models (WQM) into the characterization model of the BDO category. Two kinds of WQM
were selected in this study: the one-dimensional (1D) model and the two-dimensional (2D) model.
In this study, the BDO characterization model coupled with 1D is called the one-dimensional coupling
characterization model (1DCCM), and the BDO characterization model coupled with 2D is called the
two-dimensional coupling characterization model (2DCCM).
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2.2.1. Descriptions of 1D and 2D

The development of 1D is based primarily on the Streeter-Phelps oxygen-sag equation and the
steady-state assumption that constant parameters are required, such as the flow rate of waste [30].
1D is often used for small-sized rivers [31]. In the 1D model, the concentration of water pollutants is
assumed to vary along the longitudinal orientation, while all waste constituents are assumed to be
completely mixed vertically and laterally within any cross section [32]. The equations describing 1D
are as follows:

∂c
∂t

+ u
∂c
∂x

= E
∂2c
∂x2 − kc (4)

∂z
∂t

+
1
B

∂Q
∂x

= qt (5)

∂Q
∂t

+
∂

∂x

(
Q2

A

)
+ gA

(
∂z
∂x

+
Q|Q|

A

)
= 0 (6)

where Equation (4) is the differential equation for 1D, Equation (5) is the continuity equation of flow,
Equation (6) is the momentum equation for the longitudinal orientation, c is the pollutant concentration,
u is the velocity of the receiving water, E is the longitudinal dispersion coefficient, t is the time required
for the pollutant to move over one cross-section, x is the longitudinal distance that pollutant travels
through the cross-section, k is the self-purification coefficient of the pollutant, z is the water level,
Q is the rate of flow, B is the width of the receiving water, A is the cross-sectional area, and g is the
gravitational acceleration, qt is the flow rate arising from the side-river.

Based on Equations (4)–(6), the concentration of pollutants along the longitudinal orientation can
be described as:

C(x) =
m
Au

exp
(
− kx

u

)
(7)

where C(x) is the pollutant concentration at the cross-section, which is x meters away from the emission
point, and m is the emitted amount of the pollutant.

The development of 2D is based upon the finite-difference solution of the vertically averaged
equations of fluid motion [33,34]. 2D describes time-varying lateral and longitudinal distributions of
water pollutants in a water body, and is often used for large water bodies including large-sized rivers,
reservoirs, lakes, and estuaries [35]. The use of 2D depends on the assumption that water quality
varies along the longitudinal and lateral axes of a water-body, and all waste constituents are assumed
to be completely mixed vertically [34]. The equations describing 2D are as follows:

∂c
∂t

+ ux
∂c
∂x

+ uy
∂c
∂y

= Mx
∂2c
∂x2 + My

∂2c
∂y2 − kc (8)

∂ρz
∂t

+
∂ρHux

∂x
+

∂ρHuy

∂y
= 0 (9)

∂ρHux

∂t
+

∂

∂x
(ρHuxux)+

∂

∂y
(
ρHuyux

)
= −ρgH

∂z
∂x

+
∂

∂x

(
Hγe f f

∂ux

∂x

)
+

∂

∂y

(
Hγe f f

∂ux

∂y

)
− τhx (10)

∂ρHuy

∂t
+

∂

∂x
(
ρHuxuy

)
+

∂

∂y
(
ρHuyuy

)
= −ρgH

∂z
∂y

+
∂

∂x

(
Hγe f f

∂uy

∂x

)
+

∂

∂y

(
Hγe f f

∂uy

∂y

)
− τhy (11)

where Equation (8) is the differential equation of 2D; Equation (9) is the continuity equation of flow;
Equations (10) and (11) are the momentum equation for the longitudinal orientation and lateral
orientation, respectively; c is the pollutant concentration; k is the self-purification coefficient of the
pollutant; t is the time required for the pollutant to transfer; ux and uy are water velocities along
the longitudinal and lateral orientation, respectively; Mx and My are longitudinal and horizontal
dispersion coefficients, respectively; x is the longitudinal distance from emission point to downstream
impact point; y is the lateral distance from emission point to downstream impact point; H is the
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average depth of receiving water; g is the gravitational acceleration; ρ is the water density; z is the
water level; τhx is the momentum coefficient along x orientation and τhy is the momentum coefficient
along y orientation; γe f f is the coefficient of virtual viscosity.

Based on Equations (8)–(11), the concentration of pollutants at the downstream impact point (x,y)
can be described as:

C(x, y) = Cp ×Qp × exp
(
−k x

86400 ux

)
× 1

H×
√

πMyxux
×
[

exp
(
− uxy2

4Myx

)
+ exp

(
− ux(2B−y)2

4Myx

)]
(12)

where C (x,y) is the pollutant concentration at the downstream impact point (x,y), Qp is the flow rate of
the emission point, and Cp is the pollutants concentration at the emission point.

2.2.2. Development of 1DCCM and 2DCCM

This study defines a time-varying mass parameter for the BDO characterization model, and
Equation (1) can be described as follows:

IBDO(x) = ∑
p

[
BDOp ×mp,t(x)

]
(13)

IBDO(x, y) = ∑
p

[
BDOp ×mp,t(x, y)

]
(14)

where mp,t(x) and mp,t(x, y) are the masses of the pollutant that travel through a cross-section (x) or
an impact point (x,y) at a given time t, respectively; mp,t(x) is determined by the flow rate of receiving
water and the C(x) of 1D; and mp,t(x, y) is determined by the flow rate of receiving water and the
C(x, y) of 2D.

The 1DCCM was developed by combing Equations (7) and (13), and can be described as follows:

IBDO(x) = ∑
p

[
BDOp ×mp,t(x)× exp

(
−kp

x
u

)]
(15)

where IBDO(x) is the characterization result of the BDO category, representing the oxygen depleting
potential of the emitted water pollutants at the cross-section that is x meters away from the emission
point; COD and TN are considered the major water pollutants (substance p); and t is the time required
for water pollutants to reach the cross-section, determined by x and u.

The 2DCCM was developed by combing Equations (12) and (14), and can be described as follows:

IBDO(x, y) =
{

∑p
[
BDOp ×mp,t(x, y)× exp

(
−kp

x
u
)]}
×
[

1
(H
√

πMyxux)

]
×
[

exp
(
− uxy2

4Myx

)
+ exp

(
− ux(2B−y)2

4Myx

)] (16)

where IBDO(x, y) is the characterization result of the BDO category, which represents the oxygen
depleting potential of the emitted water pollutants at the impact point (x,y).

2.3. Identification of Atrazine and Its Metabolites

We first demonstrates how to calculate the characterization factors for the BDO category.
The growth of bacteria (mixed cultures and pure cultures) are determined as the characterization state.
The potential contribution by one mole of substance p (vp) to the bacterial growth w calculated by
incorporating the bacterial empirical formula into Equation (3). The selected bacterial empirical
formula included C5H7O2N, C7H12O4N, C9H15O5N, C9H16O5N, C4.9H9.4O2.9N, C4.7H7.7O2.1N,
C4.9H9O3N, C5H8.8O3.2N, C4.1H6.8O2.2N, C5.1H8.5O2.5N and C5.3H9.2O2.5N (for mixed culture), as
well as the C5H8O2N, C5H8.33O0.81N, C4H8O2N, C4.17H7.42O1.38N, C4.54H7.91O1.95N, C4.17H7.21O1.79N,
C4.16H8O1.25N, and C3.85H6.69O1.78N (for pure cultures). All empirical equations were determined
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from the technical book. The COD and TN were identified for the substance p; therefore, he vCOD and
vTN could be determined. TP was excluded because its minimal contribution identified by Equation (3).
The characterization factors of the BDO category were calculated by introducing vCOD and vTN into
Equation (2).

We then investigated the application of 1DCCM and 2DCCM. 1DCCM was applied to a
small-sized river, the Ashihe river located in China. One river reach of the Ashihe river was selected
in this study: the reach from Xiquanyan to Maan mountain. The impact of a single parameter on the
characterization results of BDO, IBDO(x), was explored, and the parameters included the downstream
cross-section that is x meters away from the emission point, the self-purification coefficient of COD
(kCOD), and the water velocity (u). We explored the combined impact of these parameters on IBDO(x).
2DCCM was applied to a large-sized river, the Songhua river, located in China. The Harbin mainstay
of the Songhua river was selected, which is 16.25 km long, 450 m wide, and 2.3 m deep. We explored
the change in IBDO(x) along the longitudinal orientation at different lateral sections. Six lateral sections
of the Harbin mainstay were selected: y = 0 m, 50 m, 100 m, 150 m, 200 m, and 250 m. Both the rivers
were assumed to be affected by an emission point. The flow rate of wastewater was 10,000 m3/day,
and the COD of raw wastewater was 259.2 mg/L and TN was 28.7 mg/L.

We finally conducted a complete LCA analysis using the CML method (the most widely used
LCA method developed by Leiden University) on a full-scale wastewater treatment plant (WWTP)
using the BDO category and 1DCCM. The WWTP is located near the bank of the Ashihe river, and the
major treatment technology is cyclic activated sludge technique, operated at capacity of 10,000 m3/day.
The components of raw wastewater entering the WWTP included a COD of 259.2 mg/L, TN of
28.7 mg/L, TP of 3.4 mg/L, and suspended solids of 187.4 mg/L. The goal of the LCA analysis was
to investigate the environmental impact of different wastewater treatment levels. Three scenarios
were defined for the LCA analysis based on the three wastewater treatment levels: scenario 1 (tertiary
treatment), scenario 2 (intermediate treatment), and scenario 3 (basic treatment). The 10,000 m3

of wastewater emitted per day was chosen as the functional unit. The operational stage of the
WWTP was evaluated, and the system boundaries included sewage treatment, electricity production,
chemical manufacturing and transportation, and waste-activated sludge processing. The BDO category
(kg NO3

− eq.) was used in parallel with the other impact categories of the CML method, and these
impact categories included acidification (A, kg SO2

− eq.), freshwater aquatic ecotoxicity (FAET, kg
1,4-DCB eq.), human toxicity (HT, kg 1,4-DCB eq.), ozone depletion (OD, kg CFC-11 eq.), photochemical
oxidation (PO, kg ethylene eq.), global warming (GW, kg CO2 eq.), abiotic depletion of fossil fuels
(ADF, MJ), and abiotic depletion of elements (ADE, kg antimony eq.). We determined five cross-sections
for the LCA analysis: section 1 (100 m away from the emission point), section 2 (20,000 m away),
section 3 (40,000 m away), section 4 (60,000 m away), and section 5 (80,000 m away).

3. Results

3.1. Characterization Factors of BDO

The characterization factors for the BDO category were calculated (Table 1). The values of 1,
4.4286, and 6.7857 for BDOTN (characterization factor of TN) were obtained for both mixed cultures
and pure cultures when selecting O2, NO3

−, and PO4
3− as the reference substance, respectively. All the

selected bacterial empirical equations produced the same number of nitrogen atoms and the same
potential contribution of substance N to the bacterial growth (vTN = 1). The values of BDOCOD
(characterization factor of COD) depended on the identification of the bacterial empirical formula,
varying with the different environmental conditions and reference substances. For the following
study, the selection of the environmental conditions or the reference substances had little influence.
Accordingly, the averaged characterization factors (0.3759 of BDOCOD and 4.4286 of BDOTN) were
used with the reference substance being NO3

−.
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Table 1. Characterization factors for COD and TN with respect to the impact category of BDO based on different environmental conditions and reference substances
(O2, NO3

−, and PO4
3−).

Empirical Formula Environmental Condition Molecular Weight vCOD vTN BDOCOD (O2) BDOTN (O2) BDOCOD (NO3
−) BDOTN (NO3

−) BDOCOD (PO4
3−) BDOTN (PO4

3−)

C5H7O2N Mixed culture 113 0.2 1 0.2 1 0.3875 4.4286 0.5937 6.7857
C7H12O4N Mixed culture 174 0.14 1 0.14 1 0.2672 4.4286 0.4094 6.7857
C9H15O5N Mixed culture 217 0.10 1 0.10 1 0.2039 4.4286 0.3125 6.7857
C9H16O5N Mixed culture 218 0.10 1 0.10 1 0.1987 4.4286 0.3044 6.7857

C4.9H9.4O2.9N Mixed culture 129 0.18 1 0.18 1 0.3490 4.4286 0.5349 6.7857
C4.7H7.7O2.1N Mixed culture 112 0.21 1 0.21 1 0.4015 4.4286 0.6152 6.7857

C4.9H9O3N Mixed culture 130 0.20 1 0.20 1 0.3954 4.4286 0.6058 6.7857
C5H8.8O3.2N Mixed culture 134 0.21 1 0.21 1 0.3994 4.4286 0.6121 6.7857

C4.1H6.8O2.2N Mixed culture 105 0.25 1 0.25 1 0.4905 4.4286 0.7515 6.7857
C5.1H8.5O2.5N Mixed culture 124 0.19 1 0.19 1 0.3708 4.4286 0.5681 6.7857
C5.3H9.2O2.5N Mixed culture 127 0.18 1 0.18 1 0.3475 4.4286 0.5325 6.7857

C5H8O2N Pure culture 114 0.19 1 0.19 1 0.3690 4.4286 0.5654 6.7857
C5H8.33O0.81N Pure culture 95 0.17 1 0.17 1 0.3269 4.4286 0.5008 6.7857

C4H8O2N Pure culture 102 0.24 1 0.24 1 0.4559 4.4286 0.6985 6.7857
C4.17H7.42O1.38N Pure culture 94 0.22 1 0.22 1 0.4226 4.4286 0.6474 6.7857
C4.54H7.91O1.95N Pure culture 108 0.21 1 0.21 1 0.4043 4.4286 0.6194 6.7857
C4.17H7.21O1.79N Pure culture 100 0.23 1 0.23 1 0.4477 4.4286 0.6860 6.7857
C4.16H8O1.25N Pure culture 92 0.21 1 0.21 1 0.4049 4.4286 0.6204 6.7857

C3.85H6.69O1.78N Pure culture 95 0.26 1 0.26 1 0.4990 4.4286 0.7646 6.7857
Maximum 218 0.25 1 0.25 1 0.4990 4.4286 0.7646 6.7857
Minimum 92 0.10 1 0.10 1 0.1987 4.4286 0.3045 6.7857
Average 125 0.19 1 0.19 1 0.3759 4.4286 0.5759 6.7857
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3.2. Application of 1DCCM and 2DCCM

Based on 1DCCM, we explored the impact of single parameters on the characterization results
of the BDO category. The selected parameters included the downstream cross-section distance (x),
self-purification coefficient of COD (kCOD), and water velocity (u).

As shown in Figure 1, the characterization results (IBDO) showed decreasing tendencies with
increasing kCOD and x, whereas an increasing tendency with increasing u was observed. Temperature
was a main contributor to the change in the self-purifying coefficient: the higher the temperature, the
higher the kCOD. In general, the metabolic activity of microorganisms in the receiving water is enhanced
by the increase in water temperature. This indicated that with the increase in water temperature, the
self-purifying capacity of the receiving water would be stronger (leading to the increase in kCOD),
and more water pollutants could be degraded before being transported to downstream cross-sections
(leading to the decrease in IBDO).
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Figure 1. Characterization results for BDO impact category in response to the change of single factor
including kCOD, x, and u (1DCCM).

With the increase in water velocity (u), a shorter period would be required or water pollutants
to be self-purified by the receiving water; therefore, more water pollutants could be left to impact
the downstream cross-section (leading to the increase in IBDO). Accordingly, with the increase in
downstream cross-section distance (x), the receiving water would have more time to self-purify,
leading to a lower environmental impact on the downstream cross-section (a decrease in IBDO).

In reality, factors such as self-purifying coefficients (k) and water velocity (u) vary with the change
in environmental conditions, and these factors would impact the receiving water’s self-purifying
capacity synthetically but not separately. In our case (the Harbin mainstay of the Songhua river), all
three parameters (u, kCOD, and kTN) changed during various periods. For example, from March to
April, the values of these parameters increased. As described above, the increased water velocity (u)
had a tendency to increase IBDO, whereas the increased self-purifying coefficients (kCOD and kTN) had a
tendency to decrease IBDO.

Based on the 1DCCM, it was possible to investigate the combined impact of the three increased
parameters on the IBDO. As shown in Figure 2, the value of IBDO in April (1882 kgNO3

−) was higher
than the value in March (1626 kgNO3

−), indicating that the decreasing tendency driven by kCOD and
kTN was overwhelmed by the increasing tendency driven by u.
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different months.

3.3. Results of IBDO Obtained from 2DCCM

With 2DCCM, more detailed information about the migration and transportation of water
pollutants in the receiving water could be converted into the LCA characterization results. Figure 3
describes the longitudinal (x-axis) gradients of IBDO at different horizontal (y-axis) river sections.
Results of IBDO at the horizontal section of y = 0 m showed a reducing tendency ranging from
1956 kgNO3

− (x = 0 m, y = 0 m) to 723 kgNO3
− (x = 0 m, y = 7000 m) and stabilized at 558 ±

69 kgNO3
− for the rest of the longitudinal distances. However, at the horizontal sections of y = 50 m

and y = 100 m, the characterization results showed increasing tendencies, with IBDO stabilizing at
453 ± 42 kgNO3

−and 231 ± 9 kgNO3
−, respectively. For the other horizontal sections of y = 150 m,

y = 200 m, and y = 250 m, characterization results were almost quantitatively negligible. One possible
reason for this finding might be that few water pollutants migrated to these sections in this study case.
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3.4. Comparison of Total Environmental Impact and IBDO for Different Scenarios

From scenario 3 to scenario 2, reduction of IBDO and decrease in total impact were evident for
all downstream sections (Figure 4). This means that upgrading the WWTP from basic treatment to
intermediate treatment would be beneficial for both the receiving water and the environment overall.
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Figure 4. Comparison of total environmental impact and BDO characterization results among different
scenarios at different longitudinal parts of receiving water using 1DCCM in a full LCA analysis
relevant to WWTP. Five downstream water body areas are defined here: DWP-1 (distance of 100 m
from downstream water body part to emission point), DWP-2 (20,000 m), DWP-3 (40,000 m), DWP-4
(60,000 m), and DWP-5 (80,000 m).

With respect to the escalation from intermediate treatment to tertiary treatment, scenario 1
showed lower IBDO results than scenario 2 at all downstream locations, but the magnitude of reduction
decreased gradually from DWP-1 (95.16 kgNO3

−) to DWP-5 (26.56 kgNO3
−). We compared total

impact between scenario 1 and scenario 2, with scenario 1 being lower than scenario 2 at DWP-1 but
higher at DWP-5. These results indicated that when examining the environmental implications of
upgrading to tertiary treatment from intermediate treatment, the upgrade appeared beneficial if the
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evaluated downstream location was near the emission point, whereas the upgrade was probably not
favorable if the evaluated downstream was far from the emission point.

3.5. Contribution of Impact Categories on Total Environmental Impact

Using 1DCCM provided further insight into how the contribution of different impact categories
for one scenario would change with different environmental conditions. Taking scenario 1 as an
example (Table 2), BDO accounted for 57.37% of the total impact at DWP-1 (100 m) but the percentage
decreased to 41.49% at DWP-5 (80,000 m). For the other impact categories, ADF of 6.87%, GW of 8.38%,
FAET of 13.74%, and A of 7.85% were obtained at DWP-1, but ADF of 9.43%, GW of 11.51%, FAET of
18.86%, and A of 10.78% were recorded at DWP-5.

Table 2. Contribution of different impact categories to total impact of each scenario at 3 different
downstream: 100 m, 40,000, and 80,000 m.

Scenario-1 Scenario-2 Scenario-3

100 m 40,000 m 80,000 m 100 m 40,000 m 80,000 m 100 m 40,000 m 80,000 m

ADE 1.61% 1.74% 2.21% 0.86% 1.29% 1.75% 0.38% 0.61% 0.90%
ADF 6.87% 7.41% 9.43% 3.74% 5.59% 7.58% 2.29% 3.67% 5.38%
GW 8.38% 9.05% 11.51% 4.80% 7.16% 9.72% 2.84% 4.57% 6.68%
OD 0.09% 0.09% 0.12% 0.05% 0.07% 0.10% 0.02% 0.03% 0.05%
HT 1.76% 1.90% 2.41% 0.95% 1.41% 1.92% 0.54% 0.87% 1.27%

FAET 13.74% 14.83% 18.86% 7.29% 10.88% 14.76% 4.26% 6.84% 10.01%
PO 2.34% 2.30% 3.21% 1.20% 1.91% 0.59% 0.78% 1.26% 1.84%
A 7.85% 8.47% 10.78% 4.17% 6.23% 8.45% 2.57% 4.13% 6.04%

BDO 57.37% 54.01% 41.49% 76.85% 65.48% 53.17% 86.31% 78.02% 67.86%

4. Discussion

Characterizing the potential bacterial depletion of oxygen is a midpoint impact assessment that
explains the quantitative relationship between water pollutants, such as chemical oxygen demand
(COD) and its midpoint impact. Coupled with water quality models, the developed 1DCCM and
2DCCM could better represent a more specific midpoint effect by aggregating water pollutants’
migration and transformation in the receiving water. Although the choice of aerobic or anaerobic state
was insignificant in this study, in LCA practice, using anaerobic bacterial growth as the characterization
state would increase the characterization result of the BDO impact category and add weight to the
BDO impact category among the trade-offs across various impact categories.

The impact assessment obtained from general characterization models were generalizable, so
the characterization results usually account for potential site-generic impact to the total environment.
considerable work has been completed to consider regional environmental characteristics in the LCA
framework [36–40]. By integrating water quality models into the BDO characterization model in
this study, the characterization results were more site-specific in terms of the WWTP cases. More
importantly, the 1DCCM and 2DCCM allow for more flexible LCA analysis, exploring one-scenario
environmental implications in light of different receiving water features and comparing different
scenarios’ environmental implications with a wider evaluating scope. Thus, more informative
results could be obtained. Obtaining more informative results means that more information is
needed. Except for the emission amount of water pollutants needed in the general eutrophication
characterization models, longitudinal parameters relevant to the downstream water body were
necessary for the calculation of 1DCCM, and both longitudinal and horizontal parameters were
indispensable for 2DCCM. To capture the migration and transformation of water pollutants more
accurately, a three-dimensional water quality model might be coupled with LCA characterization
models in the future. If so, vertical parameters would be required. Collecting these parameters related
to the receiving water would, to some extent, increase the complexity of performing the LCA analysis.

With the coupling models, the potential contribution of COD and TN to bacterial depletion of
oxygen could be modelled and quantified. Similarly, contribution to the eutrophication potential
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could be addressed by the coupling models. However, the coupling models would not be able to
simultaneously address the eutrophication and bacterial depletion of oxygen. To avoid repeated
calculations, the amount of water pollutants that were accounted for by the eutrophication potential
cannot be used again in the characterization of bacterial depletion of oxygen. Maybe a relevant
scientific principle is needed to distribute the water pollutants reasonably in order for coupling models
to convincingly quantify both eutrophication and BDO.

In the present work, the potential bacterial growth has been put forward as the characterization
state of the evaluated downstream river sections. During the process of migration and transformation,
the self-purifying mechanism could also be accounted for by the potential bacterial growth, partly
due to the metabolic activity of bacteria whose growth is activated by water pollutants. Thus,
bacterial growth could be treated as the force driving the removal of water pollutants before water
pollutants reach the evaluated downstream water body, and could be regarded as the potential
environmental impact once water pollutants have entered the evaluated downstream waterbody.
There is an limitation in the application of 1DCCM or 2DCCM in full LCA analysis: there is no
mechanism to handle the situation where the environmental carrying capacity is broken down
so that the self-purifying mechanism fails to operate anymore before water pollutants reach the
evaluated downstream waterbody. This issue highlights a future research direction for coupling
models, where the potential environmental impact characterized by bacterial growth could be linked
with the environmental carrying capacity of receiving water.

The self-purifying mechanism was the major basis for the development of 1DCCM and 2DCCM.
Another important mechanism that was not considered here was that a greater water volume of the
receiving water could help dilute the content of water pollutants, contributing to the reduction of
the negative effect of water pollutants. A greater water volume was generally represented by higher
water velocity, meaning that with the consideration of the effect of dilution in coupling models,
a higher velocity would drive a decrease in IBDO, opposite of the tendency shown in Figure 1.
As the coupling models continue to develop, it is important to synthesize the dilution effect and
self-purifying effect improve the simulation of water pollutant activity in receiving water in the LCA
characterization results.

5. Conclusions

In order to map the oxygen depleting potential caused by bacterial growth due to the release of
water pollutants (COD and TN) and the fate of water pollutants in receiving water (transportation and
transformation), we defined and developed a new impact category, the Bacterial Depletion of Oxygen
(BDO) category, and its associated characterization models and factors. Characterization factors were
calculated based on the chemical composition of the bacterial biomass. Coupling models (1DCCM and
2DCCM) were formed by integrating the BDO category into WQMs. By incorporating site-specific
information into the evaluation process, the coupling models enabled the LCA of wastewater-related
issues for actual regional situations. The impacts of parameters on modelling output (IBDO value)
were investigated, and the results showed that the IBDO value was reduced by the increase in the
downstream distance and self-purification coefficients but was raised by the increase in water velocity.
Future development of the BDO category and coupling models need to create links with the dilution
effect of the receiving environment, and include the more completed processes of oxygen depletion
and water pollutant behavior.
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