Chapter 2
Pollutant Load and Water Quality

Pollutant load per capita flowing into water body (PLC,,,) is an index to evaluate
contribution of municipal wastewater pollutant discharge in pollutant load flowing
into ambient water body such as coastal zones, bays and lakes. PLC,, is not com-
monly applied in water pollution fields, however, PLCy,, should be more widely
applied because of its easily understandable characteristics especially for compar-
ison purposes among wastewater treatment methods or systems, among river sub-
basins, and among countries, for miscellaneous stakeholders including policy
makers, professionals of water environment and wastewater treatment and ordinary
citizens.

PLC,,y, is different by wastewater treatment methods and sub-river basins. For
example, PLC,,-BOD has been estimated to be 0.83 g person™' day ' (gpd) for
WWTPs populations, 0.8-2.4 gpd for combined johkasou populations, 8.3-24 gpd
for simple johkasou populations, and 7.8-21 gpd for night soil treatment system
populations in a river basin of Japan (Tsuzuki 2006). The pollutant discharge cal-
culator should be prepared for each sub-river basin and for each municipal waste-
water treatment method. The pollutant discharge calculators can be utilised to
enhance community involvement in water environment preservation and
improvement.

Pollutant discharge per capita (PDC) is an index to simply indicate pollutant
discharge amount to ambient water. PDC of municipal wastewater is a function of
pollutant generation per capita (PGC) and treatment efficiencies of municipal
wastewater treatment systems. The Millennium Development Goals (MDGs)
sanitation indicator is 100 % in Japan. However, there have still been some
municipal wastewater pollutant discharge problems. One of the key indices in
sanitation and wastewater treatment in Japan is population with flush toilets. On
the contrary, in Thailand, the MDGs sanitation indicator is 99-100 %, however,
PDCs in Thailand are larger than those in Japan (Tsuzuki et al. 2009c). Therefore,
more improvement of municipal wastewater treatment is necessary to improve the
ambient water quality in Thailand. These situations may be similar in other
developing countries with large MDGs sanitation indicator or on truck country.

In this chapter, estimation methods of PLCy,, and their results are explained. Water
quality profiles in the past and present are explained to consider the relationships
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Fig. 2.1 Water pollutant indicators in centralized and on-site wastewater treatment systems
(Modified from Tsuzuki 2005). (Copyright permissions have been obtained from JECES and
Nova Science Publishers)

between pollutant discharges and the ambient water quality. The sub-river basin basis
analysis of PLCy,, has been firstly conducted in the Miyako-gawa River Basin, Chiba
Prefecture, Japan, which flows into the Tokyo Bay (Tsuzuki 2006). The indicator,
PLCy, has been quantitatively evaluated by sub-river basin and wastewater treatment
method. An example of pollutant discharge calculator of municipal wastewater shows
the quantification concept and method of the soft intervention effects on pollutant
discharge reductions and ambient water quality improvement.

2.1 Pollutant Load per Capita Flowing into Water Body
(PLCyp)

In this section, the municipal wastewater pollutant indicators and their relation-
ships with ambient water are discussed and explained. There are several indicators
on water pollutant discharges and environmental water quality (Fig. 2.1):

. Pollutant generation per capita (PGC);

. Pollutant discharge per capita (PDC);

. Pollutant load per capita flowing into water body (PLCy,); and
. Water quality.

O S

The water body is considered as the ambient water especially bay or coastal
areas in Fig. 2.1. Analysis of PLC,,, and Pollutant discharge calculator of muni-
cipal wastewater is conducted for several on-site and centralised municipal
wastewater treatment systems in Japan (Fig. 2.2).

PDC and PLC,,, are calculated with Egs. 2.1 and 2.2

(100 — WTE;))

PDC(POL;)). = PGC;
( ( J))l 7 x 100
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Fig. 2.2 Flow chart of the analysis of pollutant load per capita flowing into the water body
(PLC,,) and pollutant discharge calculator for municipal wastewater. (Tsuzuki 2006) (Removal
rate is pollutant removal efficiency. Reaching ratio is pollutant yield rate). (Copyright permissions
have been obtained from Elsevier and Nova Science Publishers)

where (PDC(POL))); is pollutant discharge per capita (PDC) of pollutant j with
municipal wastewater treatment method i (g person™' day ™) PGC; is pollutant
generation per capita (PGC) of pollutant j (g person”' day™'); and WTE;; is
wastewater treatment efficiency of pollutant j with municipal wastewater treatment
method i (%).

PRY;
100

where (PLC,,,(POL;)); is pollutant load per capita flowing into water body
(PLC,;,) of pollutant j with municipal wastewater treatment method i (g per-
son~! day™'); and PRY; is pollutant runoff yield of the pollutant j (%).
Pollutant discharge within a sub-river basin, PDy, ; (g dayfl), is calculated for
the area above the monitoring point using Eq. 2.3 (Tsuzuki 2006).
Aka

PDk(Lj = PDkJ X A_k (23)

(PLC.s(POL))), = (PDC(POL,)), (22)

where PD, ; is pollutant discharge of pollutant j in the sub-river basin k (g day ™),
Ay is land area above the monitoring point in the sub-river basin k (km?) and Ay is
total land area in the sub-river basin k (kmz).
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For sub-river basins downstream of the other sub-river basin(s), pollutant load
used for the calculation of pollutant runoff yield is calculated with Eq. 2.4, and
corresponds to pollutant discharge.

PLk_j = Pkal,j + PDkJ' X Iz—k: (24)
where, PLy ; is pollutant load of pollutant j in the rivers at the monitoring points in
the sub-river section k (g day ).

For river basins with a riverside purification facility, the pollutant discharge of
the river basin has been calculated using the removal efficiency of a pollutant in
the river water purification facility, and the treated and untreated river water
volumes in the river water purification facility (Eq. 2.5).

{( _%) XQI+QM}
Qt+Qu

where, PDy,; is pollutant load of pollutant j below the river water purification
facility v in the sub-river section k (g day™"), PDy; is pollutant load of pollutant j
above the river water purification facility v in the sub-river section k (g day™"),
RE, is removal efficiency of the riverside purification facility v (%), Q; is treated
river water volume in the river water purification facility (m® dayfl), and Q, is
untreated river water volume in the river water purification facility (m* day™").

In Eq. 2.5, it is assumed that only one river water purification facility is
developed in the corresponding sub-river section. When there are more than one
river water purification facilities in the sub-river section k, there are two calcu-
lation methods. One is calculations using Eq. 2.5 for the number of times of the
facilities. Another is one-time calculation supposing the effects of several river
water purification facilities into one specific removal efficiency with pollutant
loads at the most upper and the lowest points of these river water purification
facilities.

Figure 2.3 shows some places in Japan explained in this book. Tokyo Bay is
surrunded by Chiba and Kanagawa Prefectures and Tokyo Metropolitan.

We can estimate contributions of municipal wastewater discharges to ambient
water quality (Table 2.1). PLC,,,(BOD) has been found to be different by sub-river
basin even with the same municipal wastewater treatment method in a case study
in Chiba City, Japan (Fig. 2.4) (Tsuzuki 2006). Contribution of pollutant discharge
to the Tokyo Bay can be estimated for each sub-river basin and municipal
wastewater treatment method. Then, effects of pollutant discharge reduction
measures or soft measures in households can be estimated for each sub-river basin
and municipal wastewater treatment method (Table 2.1). PLC,,;, depended on sub-
river basin even with the same wastewater treatment method.

Along with economic development, PGC should increase to some extent with
increase of foods, chemicals and materials amounts used in people’s lives and
industries. PDC should increase with PGC increase when appropriate wastewater
treatment systems are not applied, and decrease after wastewater treatment system

PLka‘ = PLkJ X (25)
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Fig. 2.3 Some specific places described in this book in Japan and around Tokyo Bay. There is
the Tone River between Ibaraki and Chiba Prefectures, and most pollutants flowing into the
Tokyo Bay are from Saitama, Chiba and Kanagawa Prefectures and Tokyo Metropolitan

development. PGC and PDC can be decreased with soft interventions. PLCy,,
reflects PGC, PDC, pollutant removal efficiency of the wastewater treatment
systems, and natural purification effect in ambient water. Water quality, which is
commonly applied as the water environment indicator, is a function of pollutant
load and water amount or flow rate in ambient water. Monitored water quality
would be a base dataset to estimate PGC, PDC and PLC,,,. Water quality itself is
important to make judgment for the appropriateness of the water usage for many
purposes including water supply sources, irrigation, navigation, fishery, recreation,
swimming and hydro power generation.

2.2 Roles of Fishery for Water Environment

How are pollutants discharged to coastal area decreased? Natural purification,
discharging to neighbouring water body and removal by fishery are major possible
reasons for pollutants reduction in coastal areas. Removal amounts of organic
carbon (CODyy, in this case), total nitrogen (TN) and total phosphorus (TP) by
fishery have been estimated in the Tokyo Bay for the three periods of 1935, 1960,
and 1997-2001 as shown in Fig. 2.5 (Tsuzuki 2004). Annual fishery amounts in
the Tokyo Bay has been largest in 1960 among the three periods and decreased
after industrialization and water pollution in the sea area. Total pollutant discharge
amounts have been regulated in major enclosed sea areas in Japan, i.e. the Tokyo
Bay, Mikawa Bay and Seto Inland Sea (Fig. 2.3). The Mikawa Bay is adjacent to
Nagoya City and Seto Inland Sea includes the Osaka Bay. The concept of total
pollutant discharge control in Japan is similar to total maximum daily load
(TMDL) regulations in the USA. However, the number of subjected areas in Japan
is limited. In the fifth total pollutant discharge reduction plan in Tokyo Bay area in
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Fig. 2.4 PLC,,(BOD) by sub-river basins and wastewater treatment methods in Chiba City,
Japan (g-BOD person™" day~") (Tsuzuki 2006). (Copyright permissions have been obtained from
Elsevier and Nova Science Publishers)
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Fig. 2.5 Pollutant removal amounts by fishery in Tokyo Bay in 1935, 1960 and 1997-2001
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2004)
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19992004, targeted pollutant discharge reduction amounts have been 19 t-
CODy, day ™!, 5 TN day ™', and 1.9 t-TP day ", or 6,900 t-CODy;, year', 1,800
t-TN year ' and 690 t-TP year ' (Table 2.2). Targeted reduction amounts of
CODpp,, TN and TP discharged into the Tokyo Bay in 2004-2009 in the 6th Plan
have been within the same order as those in the 5th Plan. The actual discharged
amounts of CODyy,, TN and TP have been less than the targeted amounts in the
5th Plan, and the Plan has been considered to be achieved in a quite good extents.
For example, CODy;, discharge amount has been targeted to be 228 t day ™' in
2004 in the 5th Plan schemes, and the actual discharged amount has been
211 t day~' in 2004 (Table 2.2).

These targeted amounts are almost the same range of yearly organic carbon, TN
and TP removal amounts by fishery in 1960 (Fig. 2.5). Pollutant removal by
fishery is not neglectable amount in regards to pollutant discharge and removal in
the Tokyo Bay area.

Table 2.2 Pollutant discharge regulated amounts in the 5th and 6th total pol-
lutant discharge reduction plan in Tokyo Bay area in 1999-2004 and in
2004-2009.

2.3 Relationship Between Pollutant Discharge and Water
Quality: Perturbation or Hysteresis

When the amounts of pollutants discharged to the ambient water including the
rivers, lakes and coastal areas, water quality of the ambient water is generally
considered to deteriorate and vice versa. The relationship between pollutant dis-
charge amounts and ambient water quality is generally considered to be something
like linear or first-order relationship. Miscellaneous measures are conducted to
reduce pollutant discharge and to improve ambient water quality.

On the contrary, BOD in the Yamato-gawa River, Japan, has been found to
deteriorate more than expected when pollutant discharge has rapidly increased in
the late 1960s and early 1970s (Figs. 2.6 and 2.7) (Tsuzuki 2013). In phase I
(Fig. 2.7d), original relationship between pollutant discharge and water quality has
been considered to be a linear, however, water quality has deteriorated because of
rapid increase of pollutant discharge over a threshold level in the river basin
(Phase II). After several years, water quality has improved besides continuous
increase of pollutant discharge, water quality has improved and the relationship
has become close to the original linear relationship with pollutant discharge
decrease (Phase IV), and the relationship has returned to the original linear rela-
tionship (Phase V). It has taken long time when water quality has once deteriorated
cause by rapid pollutant discharge increase or pollutant discharge excess a
threshold level. The relationship is similar to perturbation or dynamic equilibrium
change of stable conditions in the fields of ecosystems.



2 Pollutant Load and Water Quality

18

(U89 00€€ 0099 1—Teak 1 600T—+00C Ut uononpay

'l 6 81 —Kep 1 600T—+00T ut uonoNpaY

069 0081 0069 1= 18K 1 $00T-6661 Ut UONONpaY

6’1 S [ 1—ABP 1 $00T-6661 Ul uononpay

6°¢l €6l o6l I're 661 80T 6v¢C 144 €61 11¢c 8¢C LYC _Kep 1 "AO3 [890] ¥ JO [€10],

8¢ I'v 8¢ 9 65 19 S9 99 €L 8 ¥8 €6 —&ep ) QIMdoJald BWEIeS

0cC S [43 S'e Ie (33 84 w 9¢ LT 8¢ 0¢ —Aep 1 21mdoja1q emeSeuey|

8¢S 09 4! L'L 9L 8L 001 101 8¢ 19 0L €L —Aep ueyjodondN 0LNoL

€C LT 0¢ 43 (33 9¢ 134 54 9¢ (44 v s —&ep ) QImd2Jald QYD
600C ¥00C Ul ¥00C 6661 Ul 600¢ 00¢ Ul ¥00¢ 6661 Ul 600C 00C ut 00¢ 6661 Ul
urjoSre]  oSreyosiqg urjedie],  oSreyosiq urjeSre]  23reyosig ur joSie],  oSreyosyq urjeSie],  231eyodsig ur1dSe]  oSreyosiq
ueld p9 ueld ye ueld w9 Ueld g Ueld |9 Ueld s

dL NL "WI0D N JjuowuiaAog [eso

600C—%00T
ur pue $007-6661 Ul ea1e Aeg oAyol ur uerd uononpar aSreyosip juendod e10) Yi9 pue yig oy} ul sjunowre paIjensar aSreyosip juenod ¢'7 Aqel



2.3 Relationship Between Pollutant Discharge and Water Quality 19

Kyoto Prefecture

1}» Hyogo Prefecture

=2 ; f
—— =

6.Asaka Water ||5.Kawachi-bashi
Bridee

105m 1855/ 4 Kunitoyo-bashi | [3Fujii | [2-Myukicbashi |[1.Taishi-bashi
| | ' : Bridge Bridge Bridge

Osaka
Bay

Osaka Prefecture ”
Nara Prefecture
Legends
. Monzeoring point |
51 Riversection
Drainage area
Wakayama Prefec ture

Fig. 2.6 Yamato-gawa River Basin, Japan (Tsuzuki et al. 2010a). (Copyright permission has
been obtained from Elsevier)

It has been also observed that the relationship between pollutant discharge and
water quality has not in accordance with a linear relationship in a short-term
rainfall events in a mountainous catchment in Kyoto-Fu, Japan (Fujii et al. 2006),
and in the Richmond River, Australia (McKee et al. 2000). The short-term rela-
tionship between pollutant discharge and water quality which is not in accordance
with a linear relationship is called hysteresis.

2.4 Natural Purification of BOD in the River Sections

Natural purification effects in ambient water including the rivers are generally well
known. For example, a classical relationship between BOD and DO has been pro-
posed (Egs. 2.6 and 2.7) (Streeter and Phelps 1925; Toda 2001; Tsuzuki et al. 2010a).

dB
X

dD
DO : w-= kB + k(D" ~ D) ~ Lp (2.7)
X
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Fig. 2.7 Chronological relationship between BOD discharge in the Yamato-gawa River Basin
and BOD quality in the river, a average and 75 percentile, b 3 year average of average and
75 percentile, ¢ 5 year average of average and 75 percentile, and d 5 year average of average and
75 percentile with explanation of Phases (Tsuzuki et al. 2013). (Copyright permission has been
obtained from Springer)

where B is BOD concentration (g m_3); D is DO concentration (g m_3); X is
distance (m); u is advection velocity (m s~ '); k,, is biological oxygen consumption
rate (min~'); k, is BOD removal rate with physical and chemical reaction (s™"; Ly
is BOD loading (g m~> s_l); k, is re-aeration coefficient (s_l); D* is saturation
oxygen concentration (g m); and L is oxygen consumption rate with other
reaction than biological (g m ™ s™').

The Streeter-Phelps equation has been applied to BOD and DO concentrations
in the six sections of the Yamato-gawa River, and the values of k;, biological
oxygen consumption rate, and k,, BOD removal rate with physical and chemical
reaction have been investigated to evaluate the magnitude of natural purification
effects of these river sections (Tsuzuki et al. 2010a). The magnitude of natural
purification effects has been in accordance with the existing research (Kusuda
1986; Shimomura et al. 2008). The effects the soft measures in households have
been quantified based on the results (Fig. 2.8). When all the households in the river
basin are assumed to introduce and continue the soft measures, BOD concentration
at the monitoring point nearest to the river mouth has been estimated to improve
25 %, from 4.1 to 3.1 mg-BOD 17",
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Fig. 2.8 BOD and DO 12
estimation results of the
Streeter-Phelps one
dimensional water quality
model with and without soft
measures in households.
(Modified from Tsuzuki et al.
2010a). (Copyright
permission has been obtained
from Elsevier)
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Fig. 2.9 Pollutant runoff
yield from corresponding
sub-river basin, Rd,. 1+,
and that from upper
monitoring point, Rn, .,
(Tsuzuki and Yoneda 2011).
(Copyright permission has
been obtained from Elsevier)

Legends

MP: monitoring point

Rdn+1)m+1y: unoff yield from the corresponding sub-river basin
Rintag+y: runoff yield from the upper monitoring point

SRB: sub-river basin

2.5 Pollutant Runoff Yields in Sub-Catchments

Some parts of the pollutants discharged to ambient water are purified and cleaned
in the ecosystems, e.g. being uptaken biologically by organisms including fish,
plankton, invertebrates and microorganisms, and physically settling to the bottom
of the rivers, lakes and coastal areas, or attaching to particles. Pollutant runoff
yield is a coefficient to indicate the ratio of pollutant load in the river and pollutant
discharged to the catchment or river basin (Fig. 2.9) (Tsuzuki and Yoneda 2011).
Pollutant runoff yield at monitoring point, MP, ., has been attributed to that from
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Fig. 2.10 Pollutant runoff yields from sub-river basins n to monitoring point 7, Ry,7 as
functions of the proportion, p, (= Ry 1y /Rdms1yn+1y) for a BOD b TN and ¢ TP (Tsuzuki and
Yoneda 2011). (Copyright permission has been obtained from Elsevier)

the corresponding sub-river basin, Rd.1yn+1) and that from the upper monitoring
point, Ri,n. ). Pollutant runoff yield from MP,, to MP,,, is described as Eq. 2.8.
Pollutant runoff yields from sub-river basins (from 1 to 7) to monitoring point
nearest to the river mouth, Ry,,, have been calculated with Eq. 2.9.

(POLloading)yp(, 1) — (POLdisch) g, 1y X Rd(ni1)(nt1)
(POLloading)p(,)

Rmn(n+1) = (28>

where R,y s Tunoff yield from monitoring point MPn to MPn+1 (%) (POL-
loading)MP,.;, is pollutant loading at monitoring point MP,,; (kg day_l)
(POLdisch)SRB ;. is pollutant discharge in sub-river basin MP,,; (kg dayfl);
Rd141)n+1y 18 pollutant runoff yield from sub-river basin n+1 to MPn+1 (—).

Ry,,7 = Rd,, x Rmn(,H_l) X -+ X Rmyy (l §n§6)

where Ry, 7 is pollutant runoff yield from sub-river basin n to monitoring point,
MP; (%).

Pollutant runoff yields from sub-river basins to the monitoring point 7, Ry,,, are
expressed as functions of the proportion, p, (Fig. 2.10). P,, is the ratio of Rmy.1)
and Rdi1ym+1y (Eq. 2.10). The results of BOD show Ry,; increases with pn
increase when pn is small in sub-river basins 1-6. When p,, is larger than the
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corresponding value to the each curve peak of Ry,;, Ry, decreases with p,
increase. The corresponding values of Ry, peaks for BOD are 4.0 for sub-river
basin 2, 3.0 for sub-river basin 3, 2.0 for sub-river basins 4 and 5, and 0.5 for sub-
river basin 6 (Fig. 2.10a). Rr;; always increases when p,, is from 0.17 to 5.0. On
the contrary, for sub-river basin 7, pollutant runoff yield from sub-river basin 7,
Ry;7 (= Rd7), decreases with p,, increase. Tendencies of Ry, are the same for TN
and TP besides the corresponding values for Ry,,; curves are different by pollutant
(Fig. 2.10b and c).

Rmn(n+1)

P, = (2.10)

Rd(nq1)(n41)
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