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Abstract: An innovative approach based on water
environmental capacity for non-point source ( NPS) pollution
removal rate estimation was discussed by using both univariate
and multivariate data analysis. Taking Shenzhen city as the
study case, a 67% to 74% NPS pollutant load removal rate
can lead to meeting the chemical oxygen demand ( COD)
pollution control target for most watersheds. In contrast, it is
hardly to achieve the ammonia nitrogen ( NH,-N), total
phosphorus ( TP) and biological oxygen demand ( BOD;)
pollution control target by simply removing NPS pollutants.
This highlights that the pollution control strategies should be
taken according to different pollutant species and sources in
different watersheds, rather than “one-size-fits-all”.
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n recent decades, the Chinese government has made a

lot of efforts to improve urban water quality, but the
deterioration of the urban water environment has progres-
sively become a serious problem in many cities'™ . This
can be attributed to the lack of knowledge regarding urban
water pollutant source identification and ineffective pollu-
tion control strategies.

Point and non-point sources( NPS) are the two primary
sources of urban water environment pollution. Generally,
the point source pollution such as municipal sewage and
industrial wastewater has been treated as a major concern
for many years. However, non-point source pollution has
not received sufficient attention even though it is also
among the most important contributors of water environ-
11 Especially in recent years,
with the development of point source pollution control

ment deterioration in China
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technology, NPS pollution has played an increasingly
prominent role in influencing urban water environment
pollution' . Contrary to point source pollution, NPS is
characterized by random and intermittent occurrence,
complex mechanisms and processes, and difficulties in
monitoring, simulation and control'”.
many diffuse sources such as agriculture, stormwater run-
off and deposition of atmospheric pollutants. Among
them, stormwater runoff plays a dominant role'™. The
runoff can pick up significant loads of pollutants accumu-
lated on the surface and transport them into the receiving
water body. As early as in 1995, the US EPA has classi-
fied urban stormwater runoff as the third largest source of
water environment pollution'”’. This highlights the imme-
diate need to develop an effective NPS pollution control
strategy for urban areas. In this regard, how to estimate
the removal rate of the NPS pollution in order to meet a
planned water quality objective is an essential step during

It comes from

the control strategy development.

In this research, we provide an innovative approach to
estimating the removal rate of NPS pollutant load based
on the water environmental capacity. The water environ-
mental capacity represents a threshold, namely how much
pollutant loads the water environment can receive without
leading to water quality deterioration'.
concept, the removal rates of pollutant loads from differ-
ent pollution sources ( point source and NPS) can be esti-
mated. Taking Shenzhen city as the study case, NPS pol-
lutant removal rates based on the water environmental ca-

Based on this

pacity concept were estimated. Appropriate control strate-
gies for different pollutants in each watershed were also
investigated using both univariate and multivariate data
analysis technique. Although this research study was
based on Shenzhen city, the created knowledge can con-
tribute to the development of NPS pollution control strate-
gies in other rapidly urbanizing cases in China.

1 Material and Methods
1.1 Study site selection

The study site, Shenzhen city, is located in the Pearl
River estuary, close to Hong Kong. All the 74 main riv-
ers in the city are rain source typed''. According to the
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distribution of these rivers, Shenzhen city has been divid-
ed into nine river basins. In this research, the five major
terrestrial basins are focused on. They are Maozhou wa-
tershed, Longgang watershed, Shenzhen watershed,
Guanlan watershed and Pingshan watershed (see Fig. 1).
Each of the five watersheds covers more than 100 km® and
is located away from coasts.
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Fig.1 Location map of the study sites
1.2 Study approach

The research study was undertaken in the following
steps. First, the annual pollutant
loads exported from point source, NPS and the watershed
background were estimated based on the data obtained

for each watershed,

from a broad literature review, and the total annual pollu-
tant loads can be obtained by adding these three types up.
Secondly, the water environmental capacity was estimated
by a one-dimensional water quality analytical model based
on “Environmental Quality Control Planning of Shenzhen
City” (2006—2020)"”". Accordingly, pollution emission
thresholds were determined for total annual pollutant
loads, and then the removal rate of each pollutant load
was obtained. Finally, the relationship among pollutants,
pollution sources and watersheds was investigated using
both univariate and multivariate data analysis techniques.
Visual PROMETHEE software'"”’ was used in this re-
data  analysis.
PROMETHEE ( preference ranking organization method
for enrichment evaluations) is a non-parametric method
providing ranking for objects on the basis of a range of
variables while graphical analysis for interactive assistance
(GAIA) visually shows the results of PROMETHEE
using principal component analysis (PCA). A detailed
discussion of PROMETHEE is provided by Keller et
al'""™'. The analysis process for estimating NPS pollutant
load removal rates is shown in Fig. 2.
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Fig.2 Flow chart for estimating NPS pollutant load removal rates

It is noteworthy that in this research, the estimation of
point source pollutant load was undertaken without con-
sidering industrial wastewater because of its much lower
pollution emission load compared with municipal
wastewater. From 2007 to 2010, the COD pollution gen-
erated from industrial wastewater decreased from 5 592 to
3 582 t/a. By contrast, the COD pollution generated
from municipal wastewater ranged from 49 625 to 31 134
t/a, which is almost ten times larger than that of industri-
) In addition, this was supported by the
research objective of developing an approach to estimating
the NPS removal rate rather than estimating total pollutant
loads. In this context, only municipal wastewater was
considered during the estimation of point source pollutant
loads in this research.

al wastewater

1.3 Mathematical models

As rivers are the main receiving water bodies in Shenz-
hen city, a one-dimensional water quality analytical mod-
el for estimating environmental capacity is used based on
river self-purification as follows:

C:Coexp( —%) (1)
where C is the planned water quality, mg/L; C, is the
threshold of pollution emission, mg/L; k is the attenua-
tion coefficient, 1/d; x is the river length, km; u is the
flow velocity, km/d.

As the river water is considered to be evenly mixed,
the uniform mixture model is applied in this research. In
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addition, taking into account the planned water quality,
the summation of pollutant loads from point source, NPS
and watershed background should be smaller than the
threshold C, mentioned above. The water environmental
capacity calculation model is

QBCB + QMCM + QNCN

L=G0=""0 "0, + 0, (2)

where L is the annual pollution emission threshold of each
watershed, t/a; Q, and C, are the total quantity of sur-
face water in a watershed, m’, and the threshold of pol-
lution emission, mg/L, respectively; Qg, C, are the riv-
er flow volume without wastewater inflow, m’, and the
background value of river pollution, mg/L; Q,, C, are
the quantity of wastewater generated from point source
pollution, m’, and the pollutant
wastewater generated from point source pollution, mg/L;
Oy, Cy are the quantity of wastewater generated from

concentration of

NPS pollution, m’, and the pollutant concentration of
wastewater generated from NPS pollution, mg/L, respec-
tively.

Based on this concept, the removal rates of the NPS
pollutant load can be obtained in the combination of Eq.
(1) and Eq. (2).

2 Results and Discussion
2.1 Environmental capacity estimation

2.1.1
The stormwater runoff volume from the five watersheds

Quantity estimation

were estimated based on land use information and frac-
tions of surface types data provided by “Land use plan-
ning of Shenzhen city” (2006—2020)""".
were categorized into two types, namely grass surfaces
(pervious surfaces) and impervious surfaces, which are
two important surface types in terms of runoff volume es-
timations. Areas of grass and impervious surfaces in each
watershed are shown in Tab. 1.

The surfaces

Tab.1 Areas of different kinds of surfaces in each watershed
in 2020

Tab.2 Estimated water quantities of different pollution sources
in each watershed in 2020

Quantity/ .
s 3 _;, Maozhou Guanlan Shenzhen Longgang Pingshan
(10°m” - a™ ")
Or 1. 906 1. 878 0.971 1. 805 0. 556
Or, 0.536 0. 361 0.248 0. 540 0.262
Oum 2.709 4.404 3.171 3.865 1.261
Op 2.570 1. 942 2.043 2.899 1.421

Surface type  Maozhou Guanlan Shenzhen Longgang Pingshan

Grass land  184.7  124.5  85.3  186.1  90.4

I H o

MPEVIOUS 153 1 121.3 627 116.6  35.9
surface

Xu and Guo'® noted that the average runoff coefficient
of pervious surfaces such as grassland is 0. 15 while the
corresponding value can reach more than 0.9 for impervi-
ous surfaces. Taking into account the relevant data given
by past research studies and “Code for design of outdoor
wastewater engineering” (GB 50014—2006) """, 0. 15 and
0. 8 were selected for the runoff coefficients for grass sur-
faces and impervious surfaces, respectively. Accordingly,
the estimated runoff volumes are shown in Tab. 2.

Note; Qy is the quantity of stormwater runoff generated from impervious
surfaces; Qg is the quantity of stormwater runoff generated from grass

lands.

In terms of municipal wastewater volume estimation,
considering the development of sewer systems, the collec-
tion efficiency of municipal wastewater would increase to
90% in 2020. Therefore, based on the volume of WWTP
effluent, the annual quantity of municipal wastewater in
each watershed is obtained. Tab.2 summarizes the results
of relevant quantity estimations of municipal wastewater
volume. Additionally, river flow volume which is re-
ferred to in Zhang’s research outcomes'™
in Tab.2.

2.1.2 Quality estimation

Tab. 3 lists the predicted outcomes of each pollutant’s
concentration generated by municipal wastewater, NPS
pollution and river background in 2020. “Environmental
quality standards for surface water” ( GB 3838—2002) "
are also shown in Tab.3. Each pollutant concentration of
WWTP enfluent has been identified according to the “En-
vironmental quality control planning of Shenzhen city”
(2006—2020). Furthermore, the quality of WWTP ef-
fluent was also predicted based on the current water quali-
ty of WWTP effluent in Shenzhen.

Taking the “Environmental quality control planning of
Shenzhen city” (2006—2020) into account, the surface
water quality in Shenzhen city should at least meet Grade
IV of “Code for design of outdoor wastewater engineering
(GB 50014—2006) " by 2020. For the five watersheds,
Longgang, Pingshan, Maozhou and Shenzhen should
meet Grade [V while Guanlan should meet Grade [l[. As
shown in Tab. 3, in 2010, the organic pollutants concen-
tration of WWTP effluent (COD and BOD;) met Grade
IV standard while NH,-N and TP were still worse than
Grade V. This implies that further treatment needs to be
undertaken for NH,-N and TP in order to meet Grade IV
by 2020. Consequently, the effluent concentrations of
COD (20.98 mg/L) and BOD (2.96 mg/L) in 2010
were applied to estimate the removal rates while the con-
centrations of NH,-N (1.50 mg/L) and TP (0.30 mg/
L), which are the values of Grade IV, were used. For
NPS pollution, the pollutant concentrations of stormwater
runoff generated by grass lands and impervious surfaces

! are also included

were determined respectively based on data obtained from

. . [22-24]
previous research studies
shown in Tab. 3.

. The estimation results are
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Tab.3 Prediction of each pollutant’s concentration generated from different sources mg/L
Category of pollutant COD NH,-N TP BOD;
Influent 230. 00 30. 00 4.50 130. 00
Munici pal .
Effluent in 2010 20. 98 3.99 0. 83 2.96
wastewater
Estimated effluent in 2020 20. 98 1.50 0.30 2.96
Stormwater Grass surface 120. 37 1. 80 0.74 7.35
runoff (NPS) Impervious surface 140. 18 3.35 0.61 13.50
Background value 15. 00 0.10 0.04 3.00
Envi | il| 20. 00 1. 00 0.20 4.00
¥
nvironmenta v 30.00 1.50 0.30 6.00
quality standards
v 40. 00 2.00 0.40 10. 00

Based on the predicted water quantity and quality re-
sults, pollutant loads of each watershed and the environ-
mental capacity can be calculated by using the mathemati-
cal models (Eq. (1) and Eq. (2)). As a result, the pa-
rameter C in Eq. (1) was determined by referring to the
water quality shown in Tab.3; k’s value is set to be 0.2,
0.1, 0.1, 0.3 for COD, NH,-N, TP and BOD,, respec-
tively; u’s value is set to be 1 m/s""”’; the river length is
considered as 30.9, 22.0, 31.8, 39.3, 23.0 km for
Mouzhou, Guanlan, Shenzhen, Longgang and Pingshan
river, respectively. Therefore, the parameter C, which in-
dicates the threshold of pollution emission can be ob-
tained.

2.2 NPS removal rates for different pollutants in
each watershed

2.2.1 Univariate data analysis
The comparisons of pollutant loads, pollution sources

Bt
©n

Pollutant load/(10%t-a™")
O PN WL A
S L O L © L O wn O
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and watersheds are initially investigated using univariate
data analysis as shown in Fig.3 and Tab. 4.

It is evident from Fig. 3 that the contribution of NPS
pollution to water environment deterioration cannot be ig-
nored. Especially for COD, the pollutant load generated
from NPS has exceeded the municipal wastewater. This
indicates that other than strengthening the municipal
wastewater treatment efficiency, reducing pollutant loads
from stormwater runoff should be also essential in terms
of improving water environment quality.

It is noted that although Shenzhen and Pingshan water-
sheds have a similar size, the pollutant load from both
municipal wastewater and NPS in Shenzhen watershed are
almost twice as high as than that of Pingshan. This may
be due to the frequent anthropogenic influence since
Shenzhen watershed is a highly developed area while
Pingshan watershed is less developed. This highlights that

the anthropogenic activities can lead to more municipal
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Fig.3 Pollutant loads from different sources in each watershed. (a) COD; (b) NH,-N; (

¢) TP; (d) BOD;
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wastewater discharge and accumulation of pollutants on
urban surfaces.

Tab.4 compares the removal rates of municipal
wastewater and stormwater runoff ( NPS pollution) for
each pollutant species. For COD, except in Guanlan wa-
tershed, a 67% to 74% NPS pollutant load removal rate
can lead to meeting the threshold of water environmental
In contrast, only Shenzhen watershed can
achieve the control target by only removing the municipal

capacity.
wastewater pollutant loads. This further confirms that
NPS pollution plays a dominant role in COD pollution.
However, NH,-N acted totally contrary to COD, the re-
quired NPS pollutant load removal rate under the environ-
mental capacity restriction all exceeded 100% . By con-
trast, a 47% to 92% removal rate for municipal
wastewater was enough, which suggests that municipal

wastewater plays a dominant role in NH,-N pollution.
For TP, only Maozhou and Pingshan watershed can
meet the threshold of water environmental capacity by
only removing NPS pollutants. However, the required
removal rate for municipal wastewater ranged from
47% t092% . Similarly, municipal wastewater plays a
dominant role in BOD, pollution. This indicates that
for the development of NH,-N, TP and BOD, control
strategies, improving municipal wastewater treatment
processes is an effective way, while for COD, storm-
water runoff control measures will play even larger
roles. This implies the need to take comprehensive
NPS and municipal wastewater control strategies in or-
der to meet the requirement of the water environmental
capacity.

Tab.4 Predicting removal rate of each pollutant in five watersheds in 2020 %
COD NH,-N TN TP
Watershed
M N M N M N M N
Maozhou — 70. 82 62. 69 — 62. 14 77.72 66. 55 95.18
Guanlan — — 91.28 — 91.46 — 95.31 —
Shenzhen 91.63 73.32 55.72 — 49. 86 — 55.62 —
Longgang — 70. 46 58.42 — 55.32 — 57.70 —
Pingshan — 66. 56 46. 85 — 46. 20 78. 69 54.18 —

Note: M is the municipal wastewater pollutant; N is the NPS pollution generated from stormwater runoff; “—"

In conclusion, the above outcomes imply that pollution
control strategies should be taken based on pollutant spe-
cies in each watershed and the control strategies should
differ in different watersheds rather than “ one-size-fits-
all”. Additionally, for NH,-N, TP and BOD;, impro-
ving the water quality of municipal wastewater discharged
from WWTP is an effective way to meet the threshold of
water environmental capacity. While for COD, the NPS
pollution should be focused on. This highlights that apart
from improving wastewater treatment processes, control
measures such as LID for stormwater runoff quantity re-
duction and quality improvement are also important for
the improvement of water environment.

2.2.2 Multivariate data analysis

Using PROMETHEE and GAIA, the multivariate data
analysis on relationships among pollutant loads, pollution
sources and watersheds are investigated. Two pollutant
sources ( municipal wastewater and NPS pollution ) in
five watersheds are considered as objects while four pollu-
tant loads ( COD, NH,-N, TP and BOD, ) are seen as
variables. Accordingly, the data matrix (10 x4) is sub-
mitted to PROMETHEE and GAIA. Fig. 4 shows the re-
sulting GAIA biplots.

It is observed from Fig. 4 that TP, NH,-N and BOD
vectors relationship with municipal
wastewater objects while COD vector indicates a strong
correlation with NPS pollution objects, particularly
Maozhou, Longgang and Guanlan watersheds. These ob-

show a close

means larger than 100% .

servations further confirm that the pollutant generations
vary highly with pollutant sources and watersheds. For
NH,-N, TP and BOD; the primary pollutant source is
municipal wastewater while COD is primarily generated
from NPS pollution. However, Pingshan watershed does
not have a close relationship with either of the pollution
sources. This could be due to the lesser quantity of mu-
nicipal waste water outflow and higher greening ratio in
the watershed, which suggests that increasing pervious
surfaces could potentially remove a relatively large per-
centage of the NPS pollution.

COD ¢

NPS pollution

®

Fig.4 GAIA biplot for relationships among pollutant loads,
pollution sources and watersheds (A = 99.99% ). (M—
Maozhou; G—Guanlan; S—Shenzhen; L—Longgang; P—Pingshan;
‘W—Municipal wastewater; N—Non-point source pollution; e. g. M-W
represents the municipal wastewater pollution in Maozhou watershed )
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3 Conclusion

This paper details the outcomes of a research study un-
dertaken to investigate the contribution of point source
and NPS pollution of five major watersheds in Shenzhen.
An innovative approach to estimating the removal rates of
NPS pollutant load based on environmental capacity con-
cepts was presented. In terms of Shenzhen, COD is the
primary non-point pollutant for most watersheds and a
67% to 74%
sources can lead to meeting the threshold of water envi-

removal rate of COD from non-point

ronmental capacity. In contrast, it is hardly to achieve
the NH,-N, TP and BOD, pollution control target by sim-
ply removing NPS pollutant loads in most watersheds.
This highlights that urban water pollutant loads exported
vary highly with pollutant species, pollutant sources and
watersheds. In order to keep the water environment from
continuing to deteriorate, NPS pollution control strategies
should be taken in different watersheds rather than “one-
size-fits-all”. Although this research study is based on
Shenzhen city, the provided approach can be applied in
other rapidly urbanizing cases in order to assist in water
quality enhancement.
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