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TECHNOLOGY UPGRADE FOR PRODUCTION CAPACITY EXPANSION

Mohd. Akbar Johari
Ph.D., P.E.

Water Supply Department
Negeri Sembilan, Malaysia

ABSTRACT : The quest to upgrade our water supply treatment technology hinges
importantly among other factors, on the need to push production capacity beyond
conventional limitations. More often, this initiative would also be spurred by economic
advantages or gains sought by the operators. The objective of this paper is to present
some of the current efforts undertaken by the Department in upgrading the Sg. Terip
Water Treatment Plant for capacity expansion to fullfil the demands of an accelerated
regional economic development, with the least capital investment. The paper attempts
to highlight the non-conventional treatment technology selected in some detail which
is now currently being implemented.

BACKGROUND
Water Supply Demand Projection

Table 1 presents a summary of the total water supply demand projection which includes both
domestic and industrial components for a 25 year period, from 1990 to 2015 (JKSEA, 1990).

The amount of domestic consumption was based on the percentage of population served with piped
water and the amount of water consumption per capita. A 3.4 percent population growth rate is
adopted in the projection, whichis considered as the upper limit (SEPU, 1990). The amount of water
served per capita was assessed with comparison with other established studies (Binnie, 1984).

The industrial water demand projections was based on an extensive survey of the inherent water
consumption patterns for various industrial sites in the country. The water losses includes both
distribution and treatment losses. A 40 percent loss was applied in 1980 and was gradually reduced
and maintained at 15 percent in 2010 to 2015.

An upper and lower demand limits were used in the projection which conforms to the higher and
lower population growth rate and distribution losses, respectively. Figure 1 demonstrates the
peculiarity of the water demand projection curves. It can be observed that the curves have an
accelerated demand from the year 1990 to 2000. This is significantly due to the aggressive
industrialisation programme planned and currently pursued by the State Government,which
includes the Senawang, Nilai,and Pajam industrial zones.
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Existing System and Supply

The existing water supply sources, capacity and distribution system for the district of Seremban is
as shownin Fig. 2 (JBANS, 1990). The present supply is derived from 5 sources - Sg. Linggi Water
Treatment Plant (40 percent of the production is supplied to Seremban), Pantai Headworks, Mantin
Plant, Sg. Ngoi Ngoi Intake, and Sg. Terip Water Treatment Plant, with a total combined maximum
production of 109.1 Mega Litres per Day (MLD). However, there is a plan to cease operation of
the Mantin and Sg. Ngoi Ngoi works based on economic factors and lack of reliability (JBANS,
1991).

Water Supply Development Strategy

From Table 1, and an analysis of future water demand it can be appreciated that the present water
supply production capacity is only marginally sufficient to meet the total demand up to the year 1991,
and that there is a growing deficit beginning 1992, which is currently met by straining the operation
of the Sg. Terip Treatment Works. Hence there is an immediate need to plan, develop, and
implement new water supply schemes to provide for future demands up to the year 2015.

Several analysis and feasibility studies had been commissioned to undertake a strategic approach
and assessment of potential sources that could be developed (JBANS, 1989; Binnie, 1984; JKSEA,
1990). Alternatives were ranked according to their technical feasibilities and economic merits.
Based on such analysis as well as the constraints on the availability of financial resources, a decision
was finally made on the immediate upgrading (capacity expansion) of the existing Sg. Terip Water
Treatment Plant (STWTP). Relevant to the overall water supply development strategy is the
decision to concurrently implement the development of the Sg. Kelinci Impoundment Reservoir
which will however not be presented in this paper. This paper will be devoted to discussions on the
implementation of the Sg. Terip Water Supply Scheme - Stage II, generally, and the capacity
upgrading of the water treatment plant, specifically.

THE UPGRADING OF THE SG. TERIP WATER TREATMENT PLANT
Objective

Figure 2 shows the location of the STWTP with respect to the existing Seremban water supply
source and distribution system. The treatment plant was designed, constructed, and completed in
1985 under the stage I of the Sg. Terip Water Supply Scheme which also includes the development
of the earthfilled Sg. Terip Dam impounding a total of 47,700 Mega Litres of water. The plant was
designed using a conventional treatment system as shown in Fig. 3. (Johari, 1990).
Conventionally, the STWTP once extended to the limit of the land available will only be capable
of providing an additional 40.9 MLD, to produce alimiting capacity of 81.8§ MLD. This will generate
an increase in the water supply to the Seremban district to a total of 150.0 MLD. From Fig. 1,
however, it could be observed that this will only cater for the total water supply needs of up to the
year 1994. There is therefore a need to upgrade the water treatment technology beyond
conventional means with the objective of producing the highest achievable output capacity within
the existing land and economic constraints. The remainder of this paper presents the approach,
principle, and the efforts made towards achieving the objective above.
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Basis of Selection of Watei‘ Treatment Plant

The proposed treatment system was to incorporate processes capable of providing higher flow-
through rates. The optimal high-rate water treatment system selected under the implementation of
the Sg. Terip Stage Il Water Supply Scheme were based on :

(i). proven and suitability of technology;

(i) capability of producing the maximum attainable treated water;

(i) capital cost;

(iv) economics and case of operation and maintenance;

(v) flexibility in treating raw water of varying quality (combination of both unpounded andriver
water);

(vi) degree of modifications to the system for future upgradmg 1f and when necessary;

(vii) training requirements, etc.

Types of Treatment System Considered

The exact type of treatment systems were not specified prior to Tender Stage. There were 3 types
of treatment systems utilising new technology considered and evaluated. They were namely:

(i) Lamella Plates System
(ii) Air Flotation Process
@iii) Lamella Pulsator.

The component of clarifier which varied the most from one proposed treatment system to the others
shall be brjefly discussed in the following paragraphs.

Lamellar Plates Clarification

Numerous studies had advocated the use of lamellar plate clarifiers or tube settlers for high-rate
sedimentation (Culp et.at., 1968; AWWA, 1971). Itis basically a conventional clarifier with each
plate likened to a single-stage rectangular settling tanks. The plates, stacked in a parallel assembly,
one over the other, form as many horizontal flow settlers as there are lamellae in the structure. The
flocculated water is distributed under the modules stretching over the width of the structure. The
clarified water passes upwards and the solids settle to the inclined wall of the plate and leave the
plate by sliding downwards along its Jower side. The use of this process with normal surface loading
rate or rise rate as high as 7.9 m/h as compared to conventional horizontal sedimentation tanks of
1.5 to 2.0 m/h enables the ground occupancy of the sedimentation structures to be considerably
reduced.

Air Flotation Process

In the water treatment field, itis standard practice to reserve the term “flotation” for processes using
very fine bubbles of air or “microbubbles” 40 to 70 microns in diameter. The flotation process would
normally be preceeded by presettling to remove heavier particles, after which the water is mixed
with the fine bubbles lifting the formed flocs to the surface. It is most suitable where the particulate
impurities in the raw water tend to be buoyant, e.g., algae, peat, organic colour, etc, where low
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surface rates would be required for conventional settling process (PCI, 1989). However, it is best
applied to water with alow level of suspended solids up to 28 mg/l, whichis typical of impoundment,
and not for water with a high variation of solids such as drawn from rivers. In cold, low-mineral
content surface water where the naturally light floc can easily be separated by flotation, it is possible
to achieve upward flow rates of 5 to 8 m/h (16 to 26 ft/h).

Vertical Flow lamellar Pulsator Clarifiers

The clarifier consists of a flat-bottorned tank with a series of perforated pipes atits base to distribute
the raw water uniformly over the entire bottom of the clarifier. A further set of perforated pipes
or channels is provided at the top of the clarifier to collect the clarified water evenly and to prevent
any velocity irregularity in the various parts of the tank. The pulsator operates on a system of
pulsating sludge blanket regulated by a vacuum pump. The pulsations compress the sludge into a
dense blanket and trap the flocs rising from the bottom of the tank to the decanting launders located
on top. The pulsator permits the use of high upward flow rates which, depending on the type of
suspended matter, can be up to 8 m/h. The pulse is adjustable but generally, it gives a rapid flow
for 5 to 10 seconds at intervals of about 30 seconds.

By fitting plate modules in a Pulsator above the sludge blanket the quality of the clarified water can
be improved compared with the results in a conventional tank at the same upward velocity, or the
upward velocity can be increased. The floc particles which escape from the sludge blanket settle
on the lower surfaces of the modules and accumulates there. A thin film develops until cohesion
causes the film to slide back into the blanket.

Treatment System Adopted

The principal components and the layout of the final selected system for STWTP Stage ITis as shown
in Figure 4. A schematic diagram of the STWTP Stage I is also shown in Figure 5.

The aerator is a “cascade” type with a total fall of 2.0 m in 4 steps. With a flowrate of 6,000 m3/
hour, the weirs were designed for a total length of 14 meires for a water height above the weir
of 0.16 m. Aeration is necessary to remove iron and odour present in the impounded water.

The inlet works includes reinforced concrete repartition chambers, allowing distribution of the raw
water to the Pulsators and the existing Treatment Plant by means of weirs. The raw water is dosed
with lime to ensure correct pH for efficient coagulation. Aluminium sulphate solution will be dosed
as the primary coagulant at the flash mixer to ensure rapid dispersion of the chemical into the whole
raw water flow. Polyelectrolyte dosing is provided as acoagulant aid after the addition of aluminium
sulphate and after the turbulence of the mixing process has been tranquilized.

Sedimentation process using four units of the plate type Pulsator sludge blanket clarifier (see Figure
6) of over-all dimensions 18 m x 16.7 m x 4.9 m deep each and a surface loading of 6.52 m/hour.
The Pulsator is efficiently flexible in treating both river and impounded water, covering wide range
of turbidity of the raw water and also in the removal of algae. The high chemical retention time
in the sludge blanket enables the pulsator to cope with rapid changes of the raw water quality, even
with a 25 to 50 percent reduction in alum dosage. Temporary breakdowns in a Pulsator may be
tolerated without affecting the clarifed water quality. :
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Seven numbers of AQUAZUR V single medium rapid gravity sand filters (see Figure 7) of overall
dimensions 14.5 m x 8.5 m x 3.5 m deep each and a normal filtration rate of 8.76 m/ hour were
adopted. These filters are characterised by a sand filter bed (1.2 m height) of uniform grain size
which stays homogeneous after washing; a backwashing simultaneously by air (with a high flow
rate) and water (with a low flow rate), followed by a medium flow rinse, which does not expand
the filter bed; a feed and washing system employing surface sweep with raw water. The main
advantages of the Aquazur V filters are suitability for high filtration rates ranging from 7 to 30 m/
hour, no substantial increase in filtration rate of other filters while backwashing of a filter is in
operation. The back-washing system is technically much simpler, trouble-free and less energy
consuming.

Sludge disposal and washwater recovery facilities are also incorporated into the system. The sludge
from the clarifiers is collected into a balancing sump complete with polyelectrolyte dosing facility
and pumped toreinforced concrete circular thickeners where the sludge is thickened. The thickened
sludge flows into the sludge lagoons where the supernatant effluent is drained to waste. The used
filter wash water is stored in a waste water recovery tank from where submersible pumps return the
water to the flash mixer.

Provisions were also made to account for the possible deterioration of water quality in the future, -
among which is to provide dosing of potassium permanganate to oxidize the iron and manganese;
ahigherdosing of alum and lime to remove the colour related to the presence of iron and manganese
and a substantial amount of the organic matters; moderate sand filtration below 7 m/hour, in order
to enhance biological nitrification for ammonia removal (nitrification requires water saturated with
oxygen, free of any trace of chlorine); additional pH adjustment which might be useful between
clarification and filtration, in order to promote optional removal of organic matters.at low pH in the
clarifiers and optimum iron and aluminium removal at higher pH in the filters; construction of a lime
saturator in order to avoid dosage of lime slurry and related impurities into the filtered water; and
dosing of activated carbon for organics control.

Contract Management

The work was awarded as a “fast track™ Contract. During tendering stage, only the required civil
guide drawings for each treatment component was indicated. The structural drawings were only
prepared after the treatment system was selected and the Contract was awarded.

A careful planning of the work programme in the design office and construction site was carried
out. The programme was prepared taking consideration of the design, drawing and construction
time, so that particular attention was paid to the activity which was critical to the flow path, The
programme was monitored closely to ensure timely completion.

Regular meetings other than the site meetings, were held to sort out any problems encountered in
preparing the civil works and structural drawings for construction based on the civil guide drawings
submitted by the Contractor. Meetings were also conducted to sort out site and contractual
problems. Immediate actions were followed up to ensure no interruption of work progress due to
any problems.
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TABLE 1 — ESTIMATED DOMESTIC AND INDUSTRIAL DEMAND — SEREMBAN AND PORT DICKSON

LOWER UMIT
AREA 1980 1088 1900 1905 2000 2008 2010 2018
SEREMBAN |DOMESTIC Mid 854 0.7 382 1079 1312 188.1 1888 228.1
DISTRICT |INDUSTRIAL Mid 10.5 17.7 24.2 4207 70.0 791 762 758
TOTAL Mid 859 87.4 1124 187.8 201.9 235.2 204.8 800.9
PORT DOMESTIC  Mid 18.3 23.0 204 35.4 426 48.7 - 564 842
DICKSON | INDUSTRIAL Mid 78 8.8 102 129 15.86 182 21.0 241
DISTRICT  |TOTAL Mid 259 M6 308 48.4 56.3 86.0 77.4 88.3
8TUDY DOMESTIC Mid 78,7 02.7 117.0 143.4 1730 204.8 245.0 200.8
AREA INDUSTRIAL Mid 181 209 M 026 862 7.3 07.2 100.0
TOTAL Mid 01.8 119.0 1582.0 208.0 260.1 302.1 3422 880.2
ADD 5% FOR
TREATMENT LOSSES  Mid 066 1253 160.0 2188 2738 318.0 880.2 400.7
OFFER LIMIT
AREA 1080 1088 1900 1005 2000 2008 2010 2018
S8EREMBAN |DOMESTIC Mid 534 724 04.3 119.1 1408 184.1 2277 2790
DISTRICT |INDUSTRIAL Mid 10,5 180 24.8 51.7 740 84,5 81.5 80.9
TOTAL Mid 65.9 90.0 119.14 170.8 224.2 268.8 8092 30.9
PORT DOMESTIC Mid 18.3 23.5 308 ara 484 54.0 629 72.1
DICKSON [INDUSTRIAL Mid 7.8 8.7 10.5 13.5 1658 10.5 228 287
DISTRICT |TOTAL Mid 260 323 41.3 51.4 82.0 73.5 85.3 97.9
STUDY DOMESTIC Mid 73.7 05.6 1250 1509 196.0 208.1 200.6 351.1
AREA INDUSTRIAL Mid 18.1 26.7 a3 65.2 o1.1 104.0 1039 1087
TOTAL Mid Q1.8 122.3 160.3 2222 287.1 3422 394.5 457.8
ADD 5% FOR _ :
TREATMENT LOSSES Mid 206 128.7 168.7 2339 3022 360.2 4182 481.9
800 n
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ULTRAFILTRATION APPLIED ON TROPICAL WATER
MACAOQO, A CASE STUDY

Chan U Sam & C.Audroing ' ' C. Anselme & J. Mallevialle

The Macaoc Water Supply : = o CIRSEE

Borja, Macao ; Le Pecq, France

ABSTRACT: This paper presents the results of pilot
plant experiments to clarify water using high technology
which was developed in France: ultrafiltration. It is
shown that its application on tropical water (Macao),
presents a good constant water quality, as well as high
flux, at a competitive energy cost.

Keywords : Ultrafiltration - Pilot scale experiment - Turbidity,
TOC, UV removal - Permeability - Energy cost.

1. Introduction:

The membranes manufactured by Lyonnaise des Eaux-Dumez with
a cut-off around 0.01 um (ultrafiltration), produce treated
water complying with the EEC standards (1-2) in the last few
years. This technology was developed in France (3-4).

Compared with the conventional clarification process
(coagulation, settling and sand filtration), ultrafiltration
presents the following main advantages:

- High compactness (more than 600 m2 of filtration area in 1
m3).

- No addition of reagents (coagulants, flocculants).

- Totally automatic driven system.

- Constant quality of treated water.

_ Facing both a very fast increase of raw water consunption,
and a limited area available for the erection of a conventional
treatment plant, S.A.A.M. decided late in 1989 to start a re-
search program on membrane ultrafiltration.

Pilot work was performed at the S.A.A.M. laboratory which

is in the proximity of the S.A.A.M. treatment plant. The work
reported in this paper is based on pilot (1 m2 of membrane
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area) experiments performed with the same raw water resources
as those of the treatment plant. The results are reported from
the initial phase of the two year-long pilot study. This
provides a comparison of both treatments (classical/membrane)
on the quality of treated water as well as on energy costs.

2. Equipment and method:

2.1 Site :

The pilot was installed in the laboratory of the Macao
Water Supply Company. Since the laboratory is Jjust opposite
the efficient 180 000 m3/day clarification treatment plant, a
connecting pipe was laid in order to supply the same raw water
as used for the classical treatment. Throughout the year the
Macao resources present a good average quality: TOC in the
range of 1.5 to 2.5 ppm, turbidity generally lower than 8 NTU
with episodic peaks reaching 35 NTU, total bacteria count
(37°) below 100/ml with a very slight level of fecal pollu-
tion, at a temperature between 15 and 30°C.

2.2 Pilot equipment and operation:

, The ultrafiltration module was provided by Lyonnaise des
Eaux~Dumez, France. The membranes are organic. The diameter
of each tubular fiber is 0.93 mm, corresponding to a membrane
area of 1 m2 per module. The raw water, having passed through
a 200 um prefilter, is forced under pressure to penetrate the
inner surface of the tubular membrane fibers. Part of it is
filtered through the membranes while the remainder is recycled
to the inlet pipe. After a certain period, the filtration
cycle is stopped. Treated water is driven through the membrane
(backwashing) and allows the recovery of the initial permeabil-
ity before the next filtration starts. The same filtration
process continues in successive cycles. Everything is automat-
ically controlled by a Telemecanic robot (figure 1).

3. Experiments and results:

3.1 Introduction:

The experiment consisted in optimizing the different hy-
draulic parameters with regard to tMw energy cost. Our refer-
ence was the conventional treatment plant, therefore the target
was fixed at the running energy cost of 85 Wh/m3. 1In the
membrane process, the cost is mainly affected by the recycling
speed and the inlet pressure. Thus, it was planned with the
corresponding experimental conditions described below (see
table No. 1)
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For three months, the experiments were conducted with a
gradually descreasing recycling speed: starting a 0.9 m/s, down
to 0.7, 0.5 and 0.3 m/s. The permeability kept an average of
230 1/h.m2 bar at 25 C, with a low energy cost (maximum 60
Wh/m3) .

The next step consisted in trying the dead-end filtration
with this type of fiber. (Please refer to graphs No., 5-6-7-8-
9, showing these most stressful conditions).

The following conclusions were drawn from a two-month
experiment:
-Under a raw water turbidity around 5 NTU, the permeability is
230 1/h.m2 bar at 25°C.
-With a raw water turbidity around 8 NTU, the permeability is
215 1/h.m2
-When the raw water turbidity is over 10 NTU, the permeability
is lower than 200 1/h.m2 bar at 25°C.

Moreover, while Keeping those conditions, it was noticed

that with a turbidity level at 20 NTU during 3 to 6 hours it
took half a day and 2.5 days to recover the permeability with a
corresponding filtration time of 25 and 45 minutes.
Therefore, when facing a peak of turbidity, it was decided to
start the recycling pump in order to get a minimum recycling
spged of 0.5 m/s. This maintains a level of 230 1/h.m2 bar at
257C.

The treated water flow rate fixed at 180 1/h.m2 allows a
permeability around 165 1/h.m2 bar at 259%. After 3 peaks of
turbidity at 120 NTU during 3 hours, the permeability decreased
to 140 1/h.m2 bar at 25°C.

The results of these experiments lead to the determination
of the following ranges of data.
At a constant treated water flow of 150 1/h.m2 and with an
inlet speed of 0.5 m/s, the permeability can be kept at 170
1/h.m2 bar at 25°c. A short duration peak of turbidity (15
minutes) at 80 and 120 NTU, respectively 190 = 230 NTU in the
recycling loop did not decrease these results.
With a fixed treated water flow of 180 1/h.m2; the inlet speed
should be higher than 0.5 m/s, when the raw water turbidity is
over 40 NTU; Kkeeping electrical costs below 65 Wh/m3.

3.3 Test at constant pressure:

We decided to change the initial concept slightly by work-
ing with an approximately constant pressure and no longer with
a constant treated water flow (centrifual pump). It meant that
the clogging indicator was now the treated water flow and no
longer the pressure.
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DATE

13/07-03/08...
centrifugal/screw

03/08-16/12...
centrifugal pump

pumps. 0.93mm
0.93mm

TREAT.W. (L/H) 275-125 210-125

BFLG PERIOD(SEC) 45 45

FILTR. PERIOD(MN) 415 45

SPEED (M/S) 0.3-0.5-0.3 0.3

Table 2.

A one-month experiment showed a constant average treated water
flow at 150 1/h.m2 at 0.8 bar. It was then decided to restart

the experiment for one month and gradually increase the
pressure (from 0.7-1-1.2-1.3 bar).

The results are shown in Table 3, and graphs No.

10-11-12-13~-14
express the variations.

DATE Computer Inlet Permeability | Treat.w.f
time Pressure (l/h.m2.bar) | .r.(25C)
(bar)
3/09-11/09 0-191 0.7 185 130
11/09-24/09 191-507 1 185 170
24/09-3/10 507-723 1.2 172 187
3/10-15/10 723-1005 1.3 161 201
Table 3.

Moreover, the variation of treated water flow and permeability
versus the delta of pressure is linear within the range stud-
ied. This showed that the module was not fouled during the
experiment under those hydraulic conditions.
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4. Conclusion:

These tests have proved that the use of the centrifugal
pump stays within the range of energy costs previously defined
(lower than 80 Wh/m3). In this constant pressure mode the
production is slightly higher than for a similar pressure in
the constant flow mode.

Considering the water quality, it can be seen on graphs No.

1-2-3-4, that there is no microbiological breakthrough in the
ultrafiltrated water (total bacteria count or total coliform).
About 20% of the TOC was removed. It should be noted however,
that when TOC spikes occured the removal reached up to 70%.
This is illustrated by graphs No. 1-2-3-4, where the TOC back-
ground level is around 1.5 ppm, whereas TOC spikes can reach
5 ppm.
The use of membranes confirms without exception - spikes or not
-~ the total removal of TSSD at 105°C. The filtrated water
showed a turbidity below 0.1 NTU, regardless of the raw water
turbidity. These data are in accordance with other experiments
conducted in France and the USA using the same Lyonnaise des
Eaux-Dumez membranes (5-6=7-8).

The study of the new resource showed that the raw water
turbidity should be low throughout the year (average of 8 NTU),
The membrane unit may run in frontal filtration and in recy-
cling mode according to the turbidity level. The production
should be 150 1/h.m2 with a maximum electrical cost of 80
Wh/m3. With this data, it was decided to build a 2900 m3/day
demonstration unit (800 m2). It consists of 16 modules of 50
m2 each. They are divided into two parallel lines of 8. There
is one pump for each function ~ feeding, recycling and back-
flushing - for the whole unit. The backflushing frequency
should be every 30 minutes and should last approximatively one
minute.

This membrane treatment plant will be the subject of future
publications.
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RURAL DISINFECTION TO PREVENT OUTBREAK OF DISEASE

T.K. Tjiook

Advisor IRC

International Water and Sanitation Centre
The Netherlands

Abstract: For guarding the gquality of potable water,
an uninterrupted supply of disinfectant by on-site
generation is illustrated in case studies.

The significance of adequate disinfection/chlorination of
drinking water is again emphasized in recent disasters.

In the current cholera epidemic (1991-1992), which spread
over 16 Latin American countries, almost 600.000 cases with 5000
deaths have been reported. Mass campaigns in Peru to boil or use
chlorine tablets contributed to drastically curb the epidemic.

In last vear’s big flood in the People’s Republic of China,
during which some 10 million people had to be relocated,
preventive measures of source protection and adequate
disinfection/chlorination have been reported to prevent a
large-scale outbreak of infectious disease (cholera reported 39%
less than in 1990).

Many people in developing countries, especially in rural
areas have no access to potable water. Although by the end of
the International Drinking Water Supply and Sanitation Decade,
rural coverage has increased spectacularly, still one out of
three has no access to drinking water services (rural population
in Asia and the Pacific amounts to 2000 million in 1990).

Where disinfection is designed as part of a treatment scheme, a
limited budget may cause the purchase of chemicals to be
interrupted from time to time, thus jeopardizing a regular
disinfection practice and affecting the good quality and safety
of the drinking water.

"On-site generation" is the technlque to produce disinfectant
near the place of application by electrolysing a solution of
kitchen salt in a-cell with low voltage DC, obviating the
dependence from a sometimes less reliable outside supply. In the
"hypochlorite cell" the formed chlorine and sodiumhydroxide can
react to yield the active hypochlorite solution. In a simple
"batch" process the concentration of available chlorine
increases in the tank as the electrolysis proceeds and is
terminated when the concentration has risen to say approximately
5000 ppm. At a higher concentration the loss of 0Cl’ by
reduction will be high. Hardness (Ca, Mg) originating from the
water or salt can precipitate on the cathode, rendering the
electrode ineffective after some time.
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In one unit for "continuous" operation, a mixture of saturated
high quality salt solution and "softened" water flows
continuously through the cell, leaving this as a dilute
hypochlorite solution. Feeding this disinfectant solution into
the drinking water stream can be made automatic, so as to obtain
a proportional dosing.

Analogous to the "VLOM" type handpumps, decentralized units
should rely on local skills for "village level operation and
maintenance" in order to have long lasting service with minimal
breakdown. Using local kitchen salt instead of high quality salt
will deliberately cause the formation of a precipitate layer on
the electrode which can be removed in an acid bath rather than
having a complex ion exchange /resin regeneration of a softening
process.

- To apply the disinfectant to the drinking water finally, the
existing dosing equipment in a central village drinking water
supply can be utilized; this can vary from a simple "constant
head" (drip) type feeder to a proportional "venturi" type
feeder. Where household chlorination is introduced, the
disinfectant can easily be distributed from a central village
hypochlorite generation unit.

One such simple "batch" type unit has been introduced in half
a dozen Latin American countries and some countries in the Far
East. In Latin America where causes of disinfection failures
have been studied, its merits are being recognized. In
Udonthani, Thailand the hypochlorite solution was dosed up to 1
ppm to a 38 cu.m storage tank; in Kota Bharu, Malaysia (a well
supply), proportional chlorination was obtained by coupling the
dosing to the on-off control system of the waterpump: in Tambun,
Indonesia the hypochlorinator has been in operation for over two
years in conjunction with the town’s package drinking water
treatment plant. Feed-back from these countries indicated that
the "batch" type hypochlorinator proved simple to operate on
local salt; it obviates the need for transport and storage, as
the required disinfectant can be produced every day as needed
on-site; the smell of the dilute solution is not that pungent,
making a ready acceptance of the technology by the community
more likely.

The case from China again stresses that the supply of safe
drinking water is the best prevention from outbreak of disease.
In preparing a disinfection program the introduction of the
technology would require training, technical and institutional
support and community management to aim at a sustainable
program.

One final comment on the chemical risk of chlorine by-
products (incl. THM’s). In a recent conference on the Safety of
Water Disinfection (Washington D.C. Aug.31-Sept.3 ’92), the risk
of microbial waterborne diseases was indicated to be several
orders of magnitude greater than the chemical risk of chlorine
by-products; the use of low-cost and effective chlorine products
to make drinking water safe should then not easily be replaced.
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STUDIES ON THE REMOVAL OF PLANKTONIC ALGAE BY
FLOCCULATION AND FILTRATION

H. Bernhardt : ' ' J. Clasen

Wahnbachtalsperrenverband Wahnbachtalsperrenverband
Siegburg, Germany Siegburg, Germany

ABSTRACT : Taking the blue-green alga Synechocystis minuscula for a
model it is shown by means of measuring the electrophoretic mobility
and by means of microscopic examinations that the flocculation of
simply structured algal cells follows the principle of adsorptive
coagulation with charge neutralisation when kationic polyelectrolytes
or positively charged aluminum-hydroxo-complexes are used as floccu-
lants. The optimum of filterability is gained in the area of charge
neutralisation where the algal cells form aggregations. The difference
between cell aggregates which are formed by charge neutralisation and
those which are formed by sweep coagulation is shown by means of
microscopic pictures.

INTRODUCTION

The elimination of bacteria and algae follows the same law as the
removal of colloidal and dispersed matter, irrespective of their organic or
inorganic nature.[1]

Assuming that this statement is correct, the position of algae in the
biological systematic system should generally have no influence on
flocculation mechanisms. In plain terms this means that diatoms, green
algae, Cyano-bacteria (blue-green algae) and bacteria can be coagulated and
aggregated according to the same mechanisms as inorganic colloids and
dispersed particles. These findings also suggest that the different growth
phases of such microorganisms do not bring about direct implications for the
flocculation mechanism. Contrary to this assumption, the growth phases,
however, do have an effect which can be attributed to different surface
charge densities and in some respect also to modifications of chemcial
substances in the peripheric cell walls [2]. The stability of such dispersed
microbiological systems are therefore determined by the functional groups of
the peripheric cell wall substances, which in turn are responsible for the
negative charge density of the cell surface.

Investigations conducted with E. coli bacteria, the small spherical
green alga Chlorella and the green alga Scenedesmus obliquus have demon-
strated that bacteria and small, nonmotile algae with poorly structured
cells can be flocculated and filtered [1, 3-10, 12] according to the
principle of adsorption coagulation with charge neutralization [11]. The
results show that a removal of these bacteria and algae species by
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flocculation and filtration will be most efficient if the negative charge
density is notably reduced or completely neutralized.

Qur investigations with the blue-green alga Synechocystis minuscula
have proved that this mechanism also applies to the flocculation properties
of a blue-green species. Compared to most other projects implemented in this
field, we did not soley determine the effect of destabilization - a
prerequisite for an agglomeration of algal cells - by measuring the
electrophoretic mobility and indirectly the filtration properties of
destabilized algae, but we rather went a step further and identified
destabilization also by microscopic observations. Moreover, in testing the
filterability of the produced aggregates, we managed to establish a link to
practical water treatment.

MATERIAL AND METHODS

All investigations were conducted with the small spherically-shaped
planktonic blue-green alga Synechocystis minuscula*. This species forms part
of a collection of algal cultures at the biological laboratory of the Wahn-
bach Reservoir Association where it is stocked under the code name C 69/16.
It had been selected for our assays because it has a simple geometric
structure and 1is reproduced by cross division which means that its
variations in size are relatively moderate. The cells have a diameter of 3-
4 pm*. For the experiments those cultures were taken which had just reached
the stationary growth phase.

The flocculation tests were either carried out with aluminium sul-
phate (A1,(S0,),-18H,0) or with quarternary polydiallyl ammonium chloride
(Catfloc) as cationic polyelectrolyte. The average molecular weight of this
polyelectrolyte was 1-3 x 106 D **,

The tests apparatus employed in these investigations had been deve-
loped by the Wahnbach Reservoir Association [13] and can be used for batch
tests. In keeping with the Jar test, the apparatus consists of a
flocculation vessel in which the particles are destabilized and subsequently
flocculated. Connected to the bottom of the flocculator is a filter column,
which contains quartz gravel of a grain size of 0.37 - 0.5 mm. The layer
depth amounts to 5 em.(Fig. 1).

During filtration, the troughput and thus the filtration rate was
adjusted by hand at the outlet valve using a flow meter. The maximum fil-
tration rate was kept constant at 5 m/h. Flocculation was carried out at a
temperature of 15 + 1 °C.

The electrophoretic mobility of algae and particles was measured with
a Zeta meter manufactured by Rank Brothers Ltd, London, UK.

The raw water containing a predetermined level of algae had a pH of
9.5. By adding aluminium sulphate the pH dropped from 9.5 to approx. 4.0.

%) Our thanks go to Dr L. Hoffmann, Liege, Belgium for determining this
algal species
*%) Information by Chemviron Ltd
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Fig. 1: Schematic diagram of the small flocculation test apparatus.

In order to disperse the Al3* ions homogenically in the aqueous
medium an Ultra-Turrax stirrer (15,000 rpm) was wused. The desired
destabilization pH was set by adding a preselected dose of 0.1 n NaOH or 0.1
n H,(S80,), repectively. All this handling was done in about 15 sec. The
total time including pH-adjustment, destabilisation without aggregation,
sampling and mesurements amounted to 110 sec,

With respect to a cationic polyelectrolyte, a grid stirrer had been
used for 10 seconds at 300 rpm.

Following destabilization, samples were taken for microscopic
preparations and investigations. The aluminium hydroxide flocs were dyed
with alizarin S, Photomicrographs were taken using Nomarski's differential
interference contrast.
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RESULTS

It was the objective of these studies to find out by experiment whe-
ther a flocculation of small spherical algae, taken as an example of faintly
structured round cells, obeys the principle of adsorption coagulation with
charge neutralization. [11, 14] For this reason, algae was coagulated with
both a cationic polyelectrolyte (Catfloc) and positively charged poly
aluminium hydroxo complexes. Furthermore, batch experiments were performed
with an anionic polyelectrolyte to demonstrate that negatively charged
polyelectrolytes neither discharge algal cells nor bring about a cellular
aggregation. The results will be published elsewhere.

Experiments were conducted deliberately without a floc-forming phase
in order to determine whether the discharging mechanism alongside an addi-
tion of cationic polyelectrolytes or positively charged aluminium hydroxo
complexes will suffice to aggregate algae. At the same time, the filtration
behaviour of the algal clusters was observed, which had generated under the
given test conditions.

In contrast to experiments implemented with cationic polyelectrolytes
it was not possible with aluminium salts to measure the impact of a charge
neutralization through positively charged aluminium hydroxo complexes on the
filterability of algal aggregations. Such measurements could not be made
since destabilized algal cells are readily embedded in the rapidly forming
aluminium hydroxide flocs during the given filtration time of 13 minutes,
whereby an flocculation of algae takes place. Only at pH 4 was it possible
to determine the filterability of partly destabilized and aggregated algal
cells because at this very low pH and the likewise low aluminium dosage
(0.8:10* mol/1l) aluminium hydroxide flocs will not be generated, despite a
longer retention time in the filtration equipment [11, 13, 15-17].

Coagulation and filtration of the blue-green alga Synmechocystis minuscula
with a catonic polyelectrolyte according to the principle of adsorption
coagulation with charge neutralization

Experiments were conducted with an algal suspension of 107 cells/ml
which was coagulated at pH 9.5. By way of charge titration [18-21]) it could
be demonstrated that the charge density of the cationic polyelectrolyte
employed within a pH range of 4 - 9.5 remains practically constant. However,
the negative charge of Synechocystis cells was found to fluctuate
considerably between pH 4 and 9.5 (Fig. 2). Variations in the charge density
of the different cell concentrations (10% cells/ml compared to 107 cells/ml)
though did not proceed alike. It therefore can be concluded that a release
of extracellular organic matter (EOM) which is known to exert a strong
impact on the charge concentration of an algal suspension [22], varies in
quantity and likewise depends on the cell concentration in the aqueous
medium. The higher the actual cell concentration, the more significant the
EOM level (cf. Fig. 2: charge concentrations of 10° and 107 cells/ml). After
all it should not be left unnoticed that the charge concentration of an
algal suspension containing 107 cells/ml increases from - 0.01 meg/l at pH 4
to - 0.026 meq/l at pH 9.5.

Correspondingly, the electrophoretic mobility of algal cells will

increase from -1.8 (um/s)/(V/cm) at pH 4 to -2.5 (pm/s)/(V/cm) at pH 9.5
(Fig. 3). This is due to a deprotonation of carboxyl and activated OH-groups
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Fig. 2: Relatibnship between the pH value and the charge concentration of
algal cells in a Synechoccystis suspension with 10° (one trial) and
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Fig. 3: Variation in the electrophoretic mobility of the Synechocystis
cells in a nutrient suspension with 10’ cells/ml after an addition
of 30 mg/l Al* in relation to the pH value and the Al dose
respectively .
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- present in cell walls and extracellular orgnic matter - which is a
function of the pH. Quite naturally, these changes influence the negative
charge density. Thus, the dose of cationic polyelectrolytes required to
neutralize algal cells in the alkaline range must be appreciably higher than
the one applied in a weakly acid pH range.

The variations in the electrical charge of algal cells in relation to
the increase in the dose of cationic polyelec—trolytes at pH of 9.5 were
observed by measuring the electrophoretic mobility (Fig. 4).

)
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g 3
s ®

- 1.0
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Catfloc dosage [mg/! Catfloc)

Fig. 4: Influence of a cationic polyelectrolyte (Catfloc) on the electrical
charge of the Synechocystis cells and their filterability, expres-
sed as residual turbidity at 560 nm (m!)in the filtrate of a test
filter column. The charge is given in terms of the electrophoretic
mobility of the algal cells.

Attention was also paid to the filterability of generated floc ag-
gregates and in particular to the implications of neutralization and charge
reversal for filtration. Its efficiency was determined in terms of the re-
sidual turbidity in the filtrate, which presents the breakthrough behaviour
of algae (Fig. 4). Additionally, the behaviour of algal cells during the
conversion of their electrical charge was observed by microscope (Fig. 5 a-
e).

Figure 5a shows a photomicrograph of the untreated algal suspension
of 107 cells/ml. The size of the algae can be derived from the integrated
scale. It is apparent that the individual algal cells in the suspension have
not agglutinated into clusters.
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of cationic polyelectrolytes at pH 9.5.
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As can be seen in Fig.4, the algae in the untreated suspension are
negatively charged and show an electrophoretic mobility of -1 (um/s)/(V/cm).
By adding Catfloc, the negative charge of the algal cells is reduced. At a
dosage of 20 mg/l Catfloc, the negative charge will only attain -0,5
(pm/s)/(V/em). The respective photomicrograph (Fig. 5 b) shows that the
algae begin to form clusters. After having dosed 30 mg/l Catfloc, the algal
suspension was almost completely discharged and the cells had accumulated to
large aggregates (Fig. 5 c).

A further dosage of Catfloc entails a charge reversal of the algal
cells into the positive range. Using a Catfloc dosage of 40 mg/l, the elec-
trophoretic mobility will shift to +0.5 (m/s)/(V/cm), while 150 mg/l of this
cationic polyelectrolyte will cause an increase to about +1 (um/s)/(V/cm).
The values of the electrophoretic mobility reach a peak value (Fig. 4). The
respective photomicrographs (Fig. 5d and e) show that there is a steady
decline in the number of aggregated algal cells. At 100 mg/l Catfloc (Fig.
5e) most of the cells have already reassumed their initial dispersed stage.
By means of charge reversal the algal suspension is restabilized.

The changes in the state of aggregation due to an excessive attach-
ment of cationic polyelectrolytes to the cell surface as well as the asso-
ciated charge neutralization or charge reversal strongly affect the filte-
rability of algae. This can be deduced from the course of the turbidity in
the filtrate of the flocculation test apparatus (Fig. 4). In the region of
neutralization which is accomplished with a dose of 25 to 35 mg/l Catfloc,
filtration is most effective. The experiments were repeated a number of ti-
mes and always led to the same results. It should be noted that in the vi-
cinity of charge neutralization, measurements of the electrophoretic mobi-
lity are faulty.

The test results and the microscopic evaluations of the algal aggre-
gates have shown that the dose of cationic polyelectrolyte required to
achieve a charge neutralization also promotes a formation of aggregate which
can be best removed by sand filtration. Any higher doses of cationic
polyelectrolytes, however, were found to result in a gradual reversal of the
negative charge and thus in a restabilization of the dispersed system.
Consequently, the filterability deteriorates considerably.

Coagulation of algae with positively charged aluminium hydroxo complexes
according to the principle of adsorption coagulation with charge
neutralization

Further experiments were to clarify whether algal cells can also be
coagulated and aggregated with aluminium hydroxo complexes, i.e. by an at-
tachment of positively charged polymers to the cells and by charge neutra-
lization without embedding the algal cells in hydroxide flocs. This concept
however poses a problem which has to be overcome: During the hydrolysis of
aluminium ions, which are fed into the water at levels>=10-¢4 mol/l,
aluminium hydroxo precipitates will generate quite rapidly. At pH values>=5
aluminium hydroxo complexes are formed at the same time. Becaurse these
precipitates are positively charged, they will not only neutralize the
negative charge of the algal cells but also agglutinate or enclose the
latter. Therefore, the experiments had to be strictly geared towards
attaining a formation of positively charged hydroxo complexes whilst
preventing hydroxide flocs from being generated. In order to master this
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challange, the algal suspension was thoroughly mixed with an Utra-Turrax
stirrer (15,000 rpm) during the addition of aluminium ions. The emmediately
generated pH of 4 is too low to give rise to the fromation Al-hydroxo
precipitates [11, 13, 15-17, 23]. This is confimed by the experiments which
were run to investigate the discharge of the Synechocystis cells with Al
hydroxo complexes as a function of the pH-value (Fig. 3).

The desired pH values (4, 5, 6 and 7) for destabilizing the algal
suspension could be accomplished by adding lye. As Fig. 6 clearly shows
algal cells are not neutralized at a flocculation pH of 4. At pH 5 a charge
reversal can be achieved by dosing approx. 7 mg/l Al. An addition of 5 mg/l
Al leads to a considerable decline in the negative charge of the algal cells
from originally -2.0 (pm/s)/(V/cm) to -0.4 (pm/s)/(V/em). If the
flocculation pH is raised to 6, the algal cells are also neutralized.

1.0
pH5

0.5 — o -/“pHs
0.0 S / _ <

-0.5 -

____——apH4

-1.0 +

electrophoretic mobility
[(um/s)/(V/iem)]

-3.0 7 I | | I
o 5 10 15 20 25 30
Al dosage [mg/I Al

Fig. 6¢: Relation between the electrophoretic mobility of Synechocystis (107
cells/ml) and Al* dosage at different pH values.
pH 4: The charge of the cells is not neutralized, because the
hydroxo complexes are just being formed so that not enough positive
charges are available, :
pH 5: Al hydroxo complexes are formed which can neutralize ore even’
reverse the charge of the algal cells.
pH 6: Higher dosages of Al,(S0,)'18 H,0 are required to neutralize
or even reverse the charge of the algal cells, because with
increasing pH the charge density of the cells increases (see also
Fig. 3) while the positive charge of the Al-hydroxo-complexes
decreases.

Neutralization however will only be achieved with approx. 22 mg/l Al.
A further addition of positively charged aluminium hydroxo complexes will
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lead to a charge reversal. This can be explained by the fact that at pH 6
the density of the positive charge of the hydroxo complexes starts to
decrease on the one hand and the negative charge of the algal cells sharply
increases on the other (Fig.2). Besides, under these conditions, neutral
aluminium hydroxide are already generated.

‘ The microscopic observations show that at pH 4 and a dosage of 5 or
10 mg/1 Al, algal cells still occur as separated individual cells (Fig. 7a).
First signs of an aggregation become discernible at 20 mg/1 Al (Fig. 7b).

R

a) 10 mg/l A1%* ' b) 20 mg/l Al%,

Fig. 7a-b: Photomicrographs of Synecbocystjs cells at pH 4 and at differeﬁt
dosages of Al** ions.

At pH 5 and a dosage of 5 mg/l Al a distinct aggregation of algal
cells is already visible (Fig. 8a). This corresponds with the low negative
charge of the algal cells (Fig. 6); In the photomicrograf 8a algal cells
which are closely interconected are visible in weakly marked Al hydroxo
precipitates. This figure proves that a sufficient dosage of positively
charged aluminium hydroxo complexes as well as cationic polyelectrolytes
will give rise to an interaction between polymers and algal cells. In
addition a neutralization of the negative surface charge takes place by
virtue of positively charged aluminium hydroxo complexes. Looking at these
results we can righty speak of an adsorption coagulation with charge
neutralization. At a dosage of 10 mg/l Al all algal cells are aggregated. At
the same time aluminium flocs are visible (Fig. 8b).

If the aluminium sulphate dosage is raised to 20 mg/1 Al, the algal
cells will assume a positve charge equaling an electrophoretic mobility of
+0.4 (pm/s)/(V/m) which will not be substancially increased by further Al
amounts (saturation value) (Fig. 6). The adopted positive charge
concentration cannot exceed the positive charge of the aluminium hydroxo
complexes. At this Al level (0.7 mmol/1 Al), the formation of aluminium
hydroxide is already advanced and algae are embedded in the hydroxide flocs.
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Evidence of this develop’iuent is 'given in Fig. 8¢ illustrating how cells are
embedded in hydroxide flocs following a dose of 20 mg/l at pH 5.

Aggregation becomes even more apparent as the particles are destaba-
lized at pH 6. Whereas an addition of 5 mg/l Al does not lead to a charge
reduction of algal cells (Fig. 6) leaving them virtually unaffected and
separated (Fig. 9a), 10 mg/l1 Al is seen to bring about an aggregation of
algal cells corresponding with the advanced discharge of the algal cells
(0.4(pm/s)(V/em), Fig. 6) (Fig. 9b). Neutralization requires an addition of
22 mg/1 Al (Fig. 6). An enclosure of algal cells in the produced hydroxide
flocs under the given conditions (0.7 mmol/1 Al, pH 6) can be seen in Fig.
9¢c. The microphoto shows that algal cells form clusters of their own but are
also enmeshed in aluminium hydroxide flocs. At this point, the transition
into a "sweep coagulation" [11] becomes obvious.

Fig. 8a-c: Photomicrographs of Synechocystis cells at pH 5 and at different
dosages of Al3* ions.
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Filtration tests at pH 4 were conducted with an algal suspension of
108 cells/ml which was first of all filtered as described in Fig. 1. The
very small difference in the cell number before and after filtration clearly
indicates that the algae could hardly be retained in the filter.

_ If algal cells are aggregated by positively charged aluminium hydroxy
complexes the influence of the aggregation on filtration can only be assayed
under pH 4. According to Fig. 3 a dosage of 30 mg/l Al reduces the
electrophoretic mobility from -1.7 to -0.6 (pm/s)(V/cm). This proves that
the dosed Al%** ions under pH 4 are partly present as posisively charged
hydroxo compounds which act charge neutralizing. According to Fig. 7b the
aggregation of algae starts at a dosage of 20 mg/l Al. The effect on the
filterability could be proved by means of a filtration trial with a dosage
of 20 mg/l1 Al under pH 4. Within 13.5 minutes, the suspension passed

a) 5 mg/l Al3* b) 10 mg/l Al%*

Fig. 9a-c: Photomicrographs of Synechocystis cells at pH 6 and at different
dosages of Al%* ions.
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through the filter column(see., Fig. 1). In terms of the cell concen-tration
in the influent, the removal efficiency amounts to approx. 35 Z. Although
this is a rather low rate, it nonetheless proves that the filterability of
algae can be enhanced if cell aggregates are formed with positively charged
aluminium hydroxo complexes. Unmistakable evidence is provided by
photomicrographs (cf. Fig. 7a, 10 mg/l Al at 107 cells/ml with Fig. 7b, 20
mg/l Al).
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Fig. 10: Curves of the electrophoretic mobility and influence on the filte-
rability of the flocculated Synechocystis cells for different
flocculant dosages at pH 7 (cf. Bartsch [48] (10%/ ml/cells).

Flocculation of algal cells with aluminium ions at pH 7 according to the
principle of "sweep coagulation”

In these experiments, conducted by B.B. Bartsch as part of an M.A.
thesis [24], the applied algal suspensions contained only 10° cells/ml. A
slow stirring phase was not used either. After feeding the aluminium sul-
phate solution and setting the destabilization pH at 7 with a precalculated
sodium hydroxide solution, the electrophoretic mobility of the algal cells,
flocs and particles was immediately determined. Furthermore, samples were
taken for microscopic preparations and photomicrographs. The curve of the
electrophoretic mobility is plotted in Fig. 10. In order to neutralize 10°
cells/ml, 3 mg/l Al had to be added. In evaluating this dose, the low charge
concentration of 10% cells/ml has to be compared to a suspension of 107
cells/ml (-0.0003 meq/1 vs. —0.023 meq/l of 107 cells/ml) (see also Fig. 2).
As Fig. 3 demonstrates, the positive charge density of the polymeric hydroxo
complexes produced under these conditions is also much lower. At pH 7, large
amounts of neutral aluminium hydroxide flocs have formed. From the
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photomicrographs in Fig. 11 we learn that algal cells no longer prevail in
form of aggregates but that they are rather embedded in the aluminium
hydroxide flocs.

Instead of following the mechanism of adsorption coagulation with
charge neutralization, flocculation at pH 7 is largely effected by a so-
called "sweep flocculation" [11]. The algae are enclosed in the aluminium
hydroxide flocs. It is therefore not surprising that the optimum elimina-
tion, measured in terms of a reduction in turbidity by filtration, already
takes place at aluminium dosages which do not cause a neutralization of the
algal cells (cf. [23]). The algal suspension of 10° cells/ml corresponds to
a surface concentration of 0.05 m?/1 and a charge concentration of -
0.003 meq/ml at pH 7 or -0.006 meg/l at pH 9.5 respectively which can be
neutralized using 3 mg/l Al at pH 7. Optimum flocculation and removal of
algae by filtration is however already achieved with as little a dose as 1.5
mg/l Al (Fig. 10). This can be accounted for by the behaviour of the algae
embedded in the hydroxide flocs. Accordingly, the flocculation mechanism and
the aggregation time in this pH range gain in importance.

Fig. 11: Photomicrograph of Synechocystis cells at pH 7 after an addition of
20 mg/1l Al%*, The algal cells are either attached to or enmeshed in
the Al-hydroxide flocs.

Fig. 11 shows that a large number of algae are not only enmeshed in
the hydroxide flocs but are also attached to their branched surfaces. Apart
from these findings the figure illustrates that the low dose of aluminium
jons which gives rise to an optimum removal of algae cannot be associated
with the negative charge concentration of the algae but with their
adsorption to the hydroxide floes. There is no stoichiometric correlation
between the dosage of positively charged Me-hydroxo complexes or
polyelectrolyte cations and the charge concentration of the algal suspension
as this could be observed in investigations with low pH values which have
been repeatedly described in the pertinent literature [1, 3-11, 14].
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CONCLUSIONS

Generally speaking our experiments have shown that according to the
thesis quoted in the very beginning of this paper algal cells, regardless of
their position in the biological system, can be destabilized, aggregated and
thus be brought into a filterable form by adsorption coagulation with charge
neutralization by means of positively charged organic or inorganic polymers.
This can also be achieved by means of metal hydolisates when the sweep
coagulation is applied.
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APPLICATION OF BIOLOGICAL TREATMENT BY USING
FLUIDIZED BED IN WATER PURIFICATION PROCESS

Y. Ishibashi : H. Konno : K. Goto & A. Sato
Dept. of Civil Engineering Dept. of Civil Engineering Dept. of Civil Engineering
Tohoku Gakuin University Tohoku Institute of Technology Tohoku University
Miyagi, Japan Miyagi, Japan Miyagi Japan

ABSTRACT : Application of biological trcatment by using fluidized bed method in water
purification process was studied. The method seems to be a probable application if it is an
effective substitute for pre—chlorination which produces trihalomethane (THM) and a fair
amount of ammonia nitrogen is reduced by it.

Pilot plant equipment which consists of nine columns was acquired at the Kunimi water
purification plant, Sendai City Water Works Bureau. Six columns of {luidized bed method with
four kind of granular ceramics with changing hydraulic conditions, activated carbon and
ion—exchange resin were filled for filter media. Three columns of fixed bed system were also
set up to make a comparison. The biofilms which were attached to the filter media were
observed with an electromicroscope. )

As a result of a regular check up, improvement of water quality such as ammonia nitrogen
{(NH,—N), turbidity, suspended solid, iron and manganese, chlorophyll—a and potassium
consumed was expected. Moreover, the ability for THM formation was reduced when water
temperature was raised. Two results about NH,—N deserve special explanation; NH,—N was
reduced with acclimatization in winter and also NH,—N was completely removed against a
heavy load of ammonium chloride.

Odors are a serious problem for drinking water quality. Removal of characteristic fishy odor
using trans, trans—2, 4—heptadienal which is isolated from Uroglena sp. was observed. This
point also should receive emphasis.

INTRODUCTION

Water pollution is increasing remarkably. Eutrophic lake water has been used as raw
water for water supply. Pre—chlorination was a useful method in water purification against
the polluted water. However, pre—chlorination produces trihalomethane. Many biological
treatments such as submerged biological filtering have been used as a pretreatment for the
conventional process. In this study, the authors tried the application of biological treatment by
using the fluidized bed method. This method seems to be a probable application if it is an
effective substitute for pre—chlorination. Furthermore, when we compare the fluidized bed
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method with the fixed bed method, the former method is advantageous because it can reduce
the pressure head scince it is fluid, and reduces the number of repetitins of back washing.
The performance of the fluidized bed method using various filter media with biofilms for
purification was studied by setting up a pilot plant. Water quality items were measured for a
regular check up and batch experiments. Behavior of ammonium nitrogen was observed
especially closely. In addition, fishy odors are a serious problem for drinking water. Properties
in the treatment of the fishy odor are also described in this paper.

METHODS

Raw waters whose source is Lake Okura were taken from the receiving well of Kunimi
water purification plant, Sendal City Water Works Bureau.A pilot plant which consists of a
total nine columns 700 mm in diameter and 3m high was acquired at the plant. Fig.l. shows
the external equipment. In the fluidized bed columns, four kinds of granular ceramics with
changing hydraulic conditions and diameters, activated carbon and ion—--exchange resin were
filled for filter media. Three columns with a fixed bed system were also set up to make a
comparison. Two kinds of granular ceramics and anthracite filled the fixed bed columns.

® fluidized bed (Bl~¢) @® manometer
® pump in receiving well © pressure gauge

& flow meter ® fixed bed (Al~3)

© head tank @© linée—mixer
V1 valve (raw water) @ chemical (NH.CD)
Y2 valve (bacl washing,water) ® pump
Y3 valve (back washing,air) @ drain
@ air compressor
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Various driving force conditions and combinations of filter media are shown in Table 1.
Table I shows the properties of the filter media. Filter media and attached biofilms to the
surface of filter media were observedby an electromicroscope.

Table 1 Constitution of beds

detention expansion of

fluididized | CoTumn diameter | thickness

No. | filter medin | To 1 of bed (em) | F1O% T8% | beriod(min) | filter bed
B-1 ceramic 2 195 47 v/h 2. 49 T0%
B—-2 ceramic 2 1717 40 2.66 50
fluididized
B-3 ceramic 2 157 27 3.49 20
bed
B—14 ceramic 1 158 11 8. 914 minigum
B-5 activated 0.5 157 7.9 11. 9 fluidization
carbon
B—-6 ien-excange 0.5 96 6. 5 8. 86 velocity
resin
A-1 ceramic 2 174 342 | 7.3
fixed .
A-2 ceramic 5 174 342 7.3
bed
A-3 anthracite 2 178 301 8.5
Table N0 Constitution of beds
. . diameter density settling velocity
filter media (mm) (g/nd) Cem/s)
2. 14 (0.2 2.14 8.26 (0.72)
ceramic
1. 06 (0.2 1.70 -4.81 (1.000
activated cabon 0. 55 (0.05) 1.70 3.20 (0.35)
ion-exchange
resin 0. 59 (0.13) 1.17 1.24 (0.4D

( ) ‘standard deviation of distribution

Characteristics of mixing were investigated to understand the situationof flow in the columns
and to get a dispersion coefficient for simulation. The mixing condition could be estimated by
Peclet number from tracer experiments. The Peclet number was derived from the following
equation (Levenspiel, 1972):

Pe = ulLE
where Pe = Peclet number
u = mean flow rate through a cross section

L. = column length
E = dispersion coefficient in the current direction

When porosity was less than 85 %, mixing was remarkable. The best mixing condition in the

fluidized bed was B—3 (see Table 1). Water quality items for a regular chek up are found in
Table .
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Table M Checed water quality items

water temperature, turbidity, color, pH, electric conductivity, potassium
permanganate consumed, ammonia nitrogen, nitrite nitrogen, nitrate nitrogen,
total nitrogen, total oraganic carbon, chlorine demand, absorbancy of U.V.,
suspended soild, chlorophyll-a,

mananese, iron,

chloroform, bromodechloromethane, debromochloromethane, bromoform, total
trihalomethane, ability for trihalomethane formation

threshold odor number,

total colonies, coliform group

RESULTS AND DISCUSSION

Observation by an electromicroscope

As ceramics were porous, but the pores were not interconnected (Fig. 2), microorganisms
were not attached to the inside of the ceramics. Though the ceramics had a smooth surlace,
clays and,or bacteria whose size was several micron, were attached because filamentous
microorganisms produced a polymer through their secondary metabolisms (Fig. 3). As the
surface of granular activated carbon in the experiments was very smooth, bacteria seemed to
be not attached in this fluidized bed which had violent shearing force (Fig. 4). Since the
positive ions exist on the surface of ion—exchange resin, it was easy for negatively charged
bacteria to attach (Fig. 5).

1 g.

6 25KV Z2Oum

g Tt

Fig. 2. Interior of ceramic Fig. 3. Attached biofilms to the surface

of ceramic
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ABSTRACT

The study is to set up the basis of removing algae from coagulation basin by
researching the efficiency of various coagulation processes against various algae. From
the results, it is learned that the efficiency of coagulation process is influenced by the
species of algae, the pH value, the size and shape of algae. Usually the favorable pH
range is 4 - 7 and each species of algae has its own optimum pH value. Algae with
large size and non-filamentous shape have better settleability. In the rapid mix
process, adding the sludge of sedimentation basin will increase the possibility of algae
colliding with coagulant-sludge particles and form the stable floc which is fast and -
completely settled. In the meantime, it improves the sludge features too. Adding
polymers will also increase the efficiency of removing algae.

INTRODUCTION

There are over 40 lake reservoirs in Taiwan. The water quality of some reservoirs
has already gotten from bad to worse, especially the serious eutrophication in Chung Ching
Lake, Feng Shan Dam and Der Chi Dam. It is also found that algae concentration is
increasing in other water sources particularly in the summer time,

The increasing algae will bring stink taste and odors (1) to the water, influence the
pH value of the water, increase the turbidity as well as produce lots of troubles to the
water treatment plant. For example, Ulotrichales clog filter bed almost certainly (2). The
large amount of algae decreases the effectiveness of coagulation and disinfection, increases
sludge,promotes corrosion of the piping system (3). The prosperous proliferation of algae
also causes the production of trihalomethanes and algal toxins (3) threatening the security
of the human beings and animals.

Based on Mackanthun and Keuo (1970), the biological troubles of water treatment
process in the States mainly come from algae in particular stink odor and clogged filter
bed. As a result, it is necessary to control pollution sources by reducing algae in water.
However, to the water sources with eutrophication, it is necessary to study the way of
removing algae to ensure the qulaity of tap water. In the past, the water treatment plants
could not get a satisfactory algae removal rate. The smaller algae easily go through the
filter bed to clog the filter system and shorten filter run. There is a desire for further
study on the treatment of algae-containing water sources in the traditional water treatment
process. The purpose of this research is to study the efficiency of removing algae from
water by chemical coagulation process in the water treatment process.
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METHODS

1. The species of algae used in the study: :
Purebred algae: Oscillatoria tenuis, Microcystis aeroginosa, Chlorella sp., Pediastrum
duplex meyen, Scenedesmus quadricauda.

Hybred algae: Oscillatoria tenuis, Microcystis aeroginosa, Chlorella sp., Pediastrum
duplex meyen, Scenedesmus quadricauda, Navicula sp.,, Gomphonema sp. and so on.

2. Methods:

The jar test is used in the coagulation test in the study. In jar test, the sample is
mixed at rapid speed (80 rpm) for two minutes, slow speed (20 rpm) for 30 minutes
and the settle time is 60 minutes.

3. Coagulants:

(1) Polyaluminium Chloride (PAC) (2) Aluminum Sulfate
(3) Ferric Chloride (4) Aluminum Chloride
(5) Ferric Sulfate » (6) Ferrous Sulfate

4. Analysis methods:

(1) Chlorophyll a: The algae are separated by the membrane filter with 0.45 ¢ m
-diameter pores. Then it is extracted by acetone or methyl alcohol. The final
step is to measure the absorbance with spectrophotometer.

(2) Number of algae: The number of algae is counted by the Sedgwick-rafter Counter
Chamber.

(3) Zeta potential: The zeta potential of the water is determined by the zeta meter.

RESULTS AND DISCUSSION
1. The algae removal efficiency of various coagulants

Different coagulants carry out different algae removal efficiency. Judging the
coagulants with the dosage needed for the treatment, it found that ferrous sulfate has the
worst algae removal efficiency, then aluminum chloride, aluminum sulfate, ferric sulfate,
ferric chloride and PAC (Fig.l). PAC creates a fairy good results by forming large floc
with algae and sediment fastest among the coagulants, then aluminum sulfate, ferric
sulfate. The floc formed by ferrous salts is quite small and makes a slow sedimentation.

100
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Fig. 1. The chla removal efficiency of various coagularits
under different algae concentration
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2. The optimum pH values for each coagulant

In general, the favorable pH values for algae removal is 4 to 7. But each

coagulant has its own optimum pH value as the following:

Coagulant
FeS0O,. 7H3z 0
Fe; (SO4 ). XH20
AlCl; . 6H, O
FeCls. 6H, O
PAC
AL (SO4).14-18H20

sensitive to pH leue

apparently lower. More details will be shown later on.

The favorable pH

- 10

VL RN SN SNR S W o
1
N

The optimum pH

8.8

5.9 (fig. 2)
S then 8 - 10
6

4.5

4,5 -(fig. 3)

Beyond its favordble pH range, the removal rate of MICI‘Q__YStl‘; is

Chil.a removal eff. (%)

100
aor
80F
Chlocella sp.
70F Chl.a = 507 rng/rn5
60 Fe,(50,)5*XH,0 = 20 mg/1
50
40 A { 5
5 5 7 "
pH

Fig. 2. The effect of pH on Chla removal efficiency by using
Fex(S04)) as the coagulant.
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3. The influence of algae concentration on algae removal rate

The algae concentration affects greatly on the chlorophll removal rate. By and
large, the higher the algae concentration is, the better is chlorophyll removal rate is. In
low dose of coagulant the correlation curve of chlorophyll concentration against its removal
rate has a steep slope (fig. 1) which means that the higher algae concentration brings
better removal rate. In high dose of coagulant (60mg/l) the slope is quite gentle showing
that chlorophyll removal rate is less affected by the algae concentration in the water (Fig.

D.
4. The influence of polymer on algae removal rate

The inorganic salt dose can be cut down by adding polymers to the water. Only
sufficiency quantity of cationic polymer such as Cat-Floc-T can result in an adequate algae
removal. To much or too little polymer is adverse to algae removal (fig. 4). However
,adding Cat-Floc-T as the coagulant aid can considerablely reduce the coagulant dose. From
fig. 5, it is found that coagulant dose over 05mg/l lowers the algae removal rate.

100

80

Microcystis
Chl.a=507 mg/m
pH = 7.0

60 I
af)

20

Chl.a removal elf.(%)

0 2 4 6 8 10 12
Dosage (mg/1)
® .t Fioc-T  ®pac @ A1, (S0,)

Fig. 4. The chla removal efficiency by using Cat-Floc-T,
pAC and Al(SOs); as the coagulants.
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Fig. 5. The influence of Cat-Floc-T on chla removal efficiency.
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5. Correlation between zeta potential and algae removal rate

There is an apparent relation between zeta potential and algae removal rate. The
tiny algae in the water carry negative charge. After adding the coagulant to the water,
the zeta potential becomes zero or positive, The zero zeta potential conducts the best
algae removal (fig. 6) which coincides with the previous study on correlation between
inorganic colloid coagulation and zeta potential. Furthermore, the pH change in the
coagulation process (fig. 7) shows that zeta potential can serve as the indicator of algae

removal as well as the indicator of optimum dosage of coagulant except in pH 2 - 3.

When pH is 2 - 3, the algae are decomposed by the strong acid to TOC which breaks
down the correlation between chlorophyll removal and zeta potential. The zeta potential
closer to O brings better result of removing chlorophyll and TOC.

5 100

. ‘ ”/,//’,._,_______;=:. - 490
" 0 =80
z st 170 <
- 460 &
< =10 Chl.s = 200 ma/m> ©
o pH range 6.0 £ 0.17 1°0 ~—
g -5 Z.P.= -17.19 mv a0 2
—— ) C:
8"2"] -+ 37 GE.
(23
© 420 ®©
o ~-25 after rapid mix ® after slow mix -
p after smdiTentatl.nn. chl.a removal eff. -S]D &
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Fig. 6. Correlation between zetal-potential and chla removal efficiency
under different PAC dosage.
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Fig. 7. The effect of pH on zeta potential and Chla removal efficiency
by using AL(SO4); as the coagulant,
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6. The species of algae versus the algae removal efficiency by coagulation

The species of algae affects algae removal efficiency too. Fig. 8 reveals that
chlorella and Scenedesmus can be removed efficiently when pH is over 4.5. Microcystis
can be removed efficiently when pH is 3 - 5 but pH over 5 will reduce the action
distinctly, Oscillatona_can be removed satisfactorily while pH is over 3. Concerning the
size of particle, the large granules (30-60 um) is affected by gravity more than the small
granules (3-5 um) so they are easy to be absorbed and removed. It is hard to remove
filamentous algae, For example, QOscillatoria, a kind of floating filamentous algae with
vibration movement and air bubbles are hard to form floc for removal. The algae in
same shape have different zeta potential show different removal rate. The one with higher
zeta potential is easier to remove than the one with lower zeta potential. The algae with
air bubbles are difficult to sediment. Diatoms such as Navicula sp. and Gomphonema
sp. are in spindle shape with size of 10-20 um and have poor mobility so that they are

easy to be removed.
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Fig. 8. Chla removal efficiency of different kind of algae
by using PAC as the coagulant under different pH.

7. The influence of turbidity-creating substance

The algae removal is affected by the existence of turbidity- creating substance. The
turbidity-creating substance used the study is the sludge of sedimentation basin. Fig. 9
shows that the chlorophyll removal rate is increasing along the increasing dosage. When
the dosage reaches a certain amount, the curve of chlorophyll removal rate gets a plateau.
Nevertheless, the higher turbidity of the water is, the better algac removal rate is. The
influence of turbidity is more obvious in low coagulant dose than in high coagulant dose.
Adding turbidity-creating substance does not increase the turbidity of the treated water
after coagulation process. Fig. 10 indicates that the more turbidity-creating substance is
added to the water, the less residue turbidity of treated water is. However, the enough
algae supplement is needed for a positive effect. Fig. 10 shows the chlorophyll removal
rate is increasing along the raising of turbidity when turbidity-creating substance is added
into the water. Comparing the chlorophyll removal rates, it is found that only a certain
amount of turbidity-creating substance will bring positive results. The chlorophyll removal
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rates of water containing no turbidity-creating substance and with turbidity-creating
substance cross at Point A in fig. 10. It means that turbidity over Point A can benefit
the algae removal rate. Point A will move toward the left side if putting more coagulant
into the water. Please refer to Point A and Point A’ in fig.10. Therefore, adding sludge of
sedimentation basin can save the dosage of coagulants. Besides, the higher turbidity
induces better settleability. The sludge is clearly separated from water and small volume
sludge is easy to treat,
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Fig. 9. The chla removal efficiency of the different
turbidity water by adding different dosage of PAC.
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CONCLUSION

1

. The higher the algae concentration is, the better the chlorophyll removal rate is.
However, the higher algae concentration also has more algae left after the treatment.

. The answer for which coagulant can bring the best algae removal depends on the usage
of the treated water. If the treated water will be used as tap water, then PAC and
aluminum sulfate are best choices.

Each coagulant has its own adequate pH range, pH 4 - 7 is proper to all the five
coagulants used in the study except to ferrous sulfate,

. Concerning the shape of algae, the non-filamentous algae brings a better removal result.
Concerning the size of particle, the large particles has better settleability.

All algae brings negative charge. Different algae have different zeta potential. The
algae which bring larger zeta potential is easy to be removed by coagulation process.
High coagulant dose makes zeta potential tend to O or positive charge.

The polymer Cat-Floc-T can increase the algae removal rate as well as decrease the
consumption of coagulant. In addition, it produces less sludge which is easily treated.

Adding sufficient sludge of sedimentation basin can accelerate the sedimentation of
algae by combining algae with sludge. The sludge has smaller volume and higher
density which is easier to treat and raise the algae removal rate.
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carbon of ion—exchange resin

Improvement of water quality

The ability for improvement of water quality depends directly on the water temperature.
The authors mainly described the behavior of water quality items at a low temperature.
Results were obtained in the temperature range of 2.2~ 9.8C. Improvement of water quality
such as turbidity, suspended solid, iron, chlorophyll—a and potassium permanganate consumed
was expected, as shown in Table V. In particular, turbidity was best reduced in column B--4.
Iron was decreased in column B—3. Column B—6 could remove suspended solid, chlorophyll—a
and potassium permanganate consumed. Though the values of manganese in raw water were
0.02 ~ 0.04 mg -1, manganese was reduced completely in all columﬁs. The percentage of
chlorine demand was lowered 15 and 30 %, and lowering the temperature did not improve the
efficiency. The fluidized bed method was unsuitable for color, total organic carbon (TOC),
ability for trihalomethane (THM) formation, and absorbancy of U.V. at 260nm (E.). However,
the efficiency of these water quality items improved when temperature was raised. In the
fixed bed method, turbidity, suspended solid, iron, chlorophyll—a and chlorine demand were
available. Effectiveness of reduction by the fixed bed method was much better than the ability
by the fluidized bed method because of too much contact and catalytic reaction time. But
color, TOC, Eu, ability for THM was not expected.
Concerning the filter media, the ceramics hardly reduced the potassium permanganate
consumed, the TOC and the Ex. Ceramics of | mm diameter were better than those of Zmm

diameter for the efficiency of the treatment.

Table N Percentage of water quality improvement
against initial concentration (fluidized bed)

(urbidity 10~25% 10~30 15~50
guspended‘soild 10~30 20~60 30~50
tron 0~10 30~40 20~30
chlorophyll-a 0~20 15~30 20~50
potassiuim permanganate 5~15 5~15 10~30
consumed

)




The removal of ammonia nitrogen (NH,—N) is another important treatment for water
purification. Fig. 6 shows one of the monthly variations of NH,~N. As the concentration of
NH,—N in raw water was under 0.02mgl. ammonium chloride was sometimes added.
Therefore, in each month, untreated concentrations of NH,—N were different. NH,—N could
be reduced with acclimatization in winter. The authors emphasized the importance of
acclimatization because researchers pointed out that it is difficult to reduce NH;—~N in
conditions of temperatures under 10°C. Furthermore, nitrification was shown to have an
excellent effect on the reduction of NH,—N in summer.

On the other hand. when ammonia chloride was added in steps from 0.2 to 0.8 mg.1 as
NH,—-N, NH,—N was completely removed against such a heavy load. (data not shown)

(sensitivity limit:0.22ng, 1)

0.5 100

““”"."'",nﬂ""()"""n‘,,{? raw \Vater .".{)

O * D treated water &-" —-
0. i w R n 80 ¥
o % e+ porcentage of .~ o
\Q E removal _.-"' E
€ 03 - 60 g
n o % - e 'S

2 0.2 - g
“ :3 &
S -] Lo R B
0. 1 e 252 e TAUN
e ;::i y i

| s v el F I F T U

05755 5750 3/13  4/17 5/15  6/10 /17 8/21

sampling date (1991}

Fig. 6 Removal of ammonia nitrogen in [luidized bed (B—4)

Fishy odor reduction

Both musty odor and fishy odor are a serious problem for drinking water quality. In
musty odor, the occurence factors have been known previously., and the removal systems for
odourous compounds in water purification plants are being developed. However, many
problems about fishy odor have been left unsolved. Trans, trans—2, 4—heptadienal standard,
(E. E)— HD. (Wako pure chemica! industries, LTD.) has been used for fishy odor. (E, E)— HD
is isolated from Uroglena americana. Fig. T illustrates the structure and molecular formula is
C:H,,0. Threshold odor is 1000times less than musty odor. (Jiittner, 1981 ; Yano et al., 1988)

In the experiments by fluidized bed method, the volatility of (E, E)— HD was great. So it
might be easy to reduce this compound by only aeration. The compound could be removed by
biofilms. Fig. 8 shows a comparison of removal using tightly stopped 2 litre bottle and stirring
at 20 C. Biofilms attached to ceramic and granular activated carbon are illustrated with “control” in the
figure. Biofilms could reduce (E.E)~ HD 834 g, h-g as suspended solid. The activated carbon
had a much greater adsorbtive power.
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Fig.7. Molecular structure of trans, trans—2,4—heptadienal(Yano et al. 1988)
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Fig. 8 Removal of trans, trans—2,4—heptadienal

CONCLUSION

The emphasis of this study has been the establishment of the fluidized bed method.
Though we have to select the another better filter media instead of ceramics, this method is _ ‘ o
useful for preteatment because additional purification occurs during conventional processes. S
From this standpoint, it is not necessary to completely purify the contaminant. Moreover, the
following properties became another reason after studying the experimental results. NH,—N
was reduced with acclimatization, even though water temperature was low. Any amount of
chloride demand and the ability of THM formation were reduced, and water quality of both
items was improved when water temperature raised. (E, E)~ HD was decreased by biofilms

and_~or aeration.
Investigation is being carried out to understand the ecosystem and hydraulics in the column 5
using image processing by computer. Such a approach appears to provide the best treatment

for the reduction of contaminants through the use of biological filters.
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TREATMENT OF HIGHLY TURBID AND COLORED WATER BY
FLUIDISED PELLET BED SEPARATION

Norihito Tambo : ' ' Xiaochang Wang
Dept. of Sanitary and Environmental Eng. _ Dept. of Sanitary and Environmental Epg.
Faculty of Engineering FactuAoprgmeenng
Hokkaido University, Japan Hokkaido University, Japan

ABSTRACT: High rate separation of high concentration ¢lay and color

suspensions by a fluidized pellet bed separator have successfully been
devised. Within only several minutes, complete removal of the coagulable
color substances and the turbidity was achieved. Moisture content of the
separated sludge was less than 90%. This technique can be used for the
purification of tropical river waters containing high concentration of
natural colored substances and high turbidity at the same time. [t is
also applicable for the treatment of waste waters of the similar nature.

INTRODUCTION

In previous papers the authors (Tambo, Yu and Wang, 1987; Tambo and
Matsui, 1987; Tambo and Matsui, 1989) proposed a technique for high rate
_separation of highly turbid water by a fluidized pellet bed separator. With
an up-fiow rate of 30-70 em/min, solid/liquid separation for raw water with
" turbidity of 102 to 104 mg/1 performed effectively and very clear treated
water was obtained within 4-7 min. The effective density of the pellets
generated was one order or more higher than the conventional aluminum [locs
of the same size. This achieved high separation velocity and lower moisture
content of the disposed sludges. In main land China, south east Asia and
Africa where highly muddy and silty rivers are very common water resources,
this technique can be widely applied. In addition to this, many tropical
river waters, such as the Amazon river in south America, contain high con-
centration of natural colored substances as well as high turbidity. High
rate separation of turbidity and color from such waters has also been
requested.

Organic color materials commonly exist in surface water are humic sub-
stances. To coagulate organic color by metal salts, a higher dosage is often
needed than in the case of turbidity treatment, and flocs formed are vVery
loose in their structure. In addition to the difficulty with solid/liquid
scparation for the fragile low density color flocs, disposal of the volumi-
nous sludge generated is another problem to be solved. The fluidized pcllet
bed technique, if it can be successfully used, may be a good way to overcone
these difficulties,

In describing the mechanism of pellet formation in a fluidized bed, one-
by-one attachment of the incoming primary particles to a grown pellet has

5A1-1




been proposed as the agglomeration mode which is entirely different from the
ordinary random flocculation (Tambo and Matsui, 1989). The existence of
least void volume among the elementary particles by such regular combination
was considered to be the reason of highly dense pellet formation. Obviously.
the character of the primary particle, i.e., the size, shape and density,
affects the property of grown pellet greatly. Raw water containing only
organic color substances is impossible to pelletize, for the high specific
volume and low density of the primary particles. Therefore, removal of color
substances by fluidized pellet bed may only be possible when a certain
amount of suspended matters such as clay particles coexist. Accordingly, the
authors intend to clarify (1) the possibility to treat colored substances
with turbidity by the fluidized pellet bed technic and (2) if the treatment
is possible, how to control chemical conditions for the best color and
turbidity removal.

OUTLINE OF EXPERIMENTS

1) Materials

To simulate the colored water from the tropical swamp, northern peaty
lake ete., diluted black liquor of a kraft pulp process collected from a
paper mill was used. The main color substances in the black liquor are
lignin matters, which have been found to show similar behaviors in coagula-
tion to the natural color substances. Filtrated by 0.45um membrane filter
to remove suspended solid matter, the concentration of the original black
liquor was measured as 3x10° ¢. u. (color unit) at pH 9.0, with a concentra-
tion of total organic carbon (TOC) of 6x104 mg/l. Raw water for the experi-
ment was prepared by diluting the black liquor to a desired color concentra-
tion using tap water. Then, aliquot of concentrated kaolinite suspension was
added to the solution to a set concentration. Color intensity of a solution
often varies with pH. Hence, the color concentrations of both the raw water
and treated water were calibrated at pH 9.0 in this study.

Polymerized aluminum chloride (PAC) was used as inorganic coagulant for
charge neutralization of the colored and turbid matters to form micro-flocs,
i.e., the primary particles, fed to the fluidized bed. Non-ionic organic
polymer (Accofloc N-100PWG) with a molecular weight of 16 million Dalton was
used as flocculent to bridge the primary particles and to promote pelleting
2) Apparatus and methods

- Jar tests

Suspensions with various color and turbidity concentration were pre-
pared. Jar tests were conducted to determine the optimum chemical dosage and
pH for maximum color and turbidity removal. At first, optimum pH was chosen
by constant aluminum dosage-variant pH manipulation. Then at the optimum pl,
minimum aluminum dosage to obtain good removal was selected by comparing
supernatant turbidity, residual color in the filtered water (by 0.4bum
membrane filter). The degree of charge neutralization was evaluated by zecta
potential of the coagulated particles using Particle Micro-Electrophoresis
Apparatus Mark Il (Rank Brother Inc, England).

Fluidized pellet bed

Fig. 1l is the flow chart of the fluidized pellet bed separation system
for highly turbid and colored water treatment. Tap water from the head tank
flows into a series of flash mixers at constant flow rate. Concentrated
kaolinite slurry and color liquid are injected into the first mixer to make
turbid and colored ravw water of the desired concentrations. The pH adjust-
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ment is carried out by adding HCl solution. After thorough mixing in the
first two mixers, PAC is dosed. Then, color colloid and clay are coagulated
by aluminum at the set pH. The suspension which contains micro-floecs of
color colloid and clay is led to the bottom of the fluidized pellet bed.

The fluidized pellet bed is formed in an acrylic column of 10em in
diameter with a height of 145cm from the bottom to the pellet overflow. At
the bottom inlet of the bed, organic polymer is injected to the incoming
suspension. Based upon the preceding experiences, up-flow rate is controlled
at 30cm/min, and agitation rate of the paddles inside the bed is kept 36rpm
to input enough shear force to restrict irregular floc growth. When the
fluidized bed reaches the full height of 145cm, pellet particles overflow to
the separation column from where treated water is collected at the top and
pellet sludge is withdrawn at the bottom. During the run, pellet size at
various set height, pressure drop along the bed, turbidity and color concen-
tration of the treated water are mecasured at set intervals. At last, when
the fluidized pellet bed is judged to be in a stable state, pellets are
sampled through the 5 sampling tubes attached to the pelleting column at
different height. Then, by dropping each pellet into a quiescent settling
tube, the size and settling velocity of pellets are measured photographical-
ly using a single-frame, multiple flash technique. Then, pellet density is
evaluated. The overflow pellet particles are also sampled for moisture
content measurement.

Color .
liquid F.KMI”‘ Tap
Hel 1 vater
NaOH b
ﬁ] RP e 8
| élélléll || ||é"
Flash Mixer
L} | |
Y ’ Polymer
\ | ‘ Y |
m ]
Treated
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d i a Granular activated
: carbon bed
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Fig.1 Flow Chart of the Fluidized Pellet Bed
Separation System
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COAGULATION CONDITION FOR TURBIDITY AND COLOR PELLETING

1) Optimum pll

To confirm the optimum pH for the best turbidity and color removal,
supernatant qualities at certain aluminum dosage under various pH were
examined by jar tests. Fig.2 shows one of these results. When PAC was added
to a raw water (color: 100 ¢.u. turbidity: 1000 mg/l) at a dosage of 4.5mg/l
as Al, the maximum color removal took place at about pH 5.0, and almost
complete removal of turbidity was also obtained in the same condition.
Similar results were obtained with rav waters of various color/turbidity
ratio with various aluminum dosages. Weak acidie condition of pH 5.0 is
recommendable as the optimum pH in all these cases. The action of polymer
was also examined by jar tests. By the polymer dosage, flocs can grow larger
and settle faster, but no obvious improvement in the filtered water quality
was detected. Non-ionic polymer seems not to react with color substances
directly but only to bridge coagulated particles making large flocs. Hence,
optimum pH and optimum aluminum dosage do not change by the polymer addi-
tion.

When clay and color suspensions are coagulated with aluminum independ-
ently, optimum pH values for clay and for colored material are neutral
(around 7.0) and weak acidic (5.0-5.5), respectively (Tambo, 1965a; Tambo,
1965b; Committee report of AWWA, 1979). Considering the roles of various
aluminum species in coagulation, different coagulation pH values imply
different coagulation mechanisms. Amorphous aluminum precipitate normally
increases with pH from acid to neutral condition (Hundt and 0 Melia, 1988)
At a neutral pH region, in addition to charge necutralization, bridging
between clay particles by aluminum precipitates may play very important role
to promote the formation of settlable flocs. However, organic color sub-
stances behave differently from clay colloids in many aspects. They are
much smaltler in size (normally in soluble state), more negatively charged
(about 10mV lower in zeta potential than clay colloids at the same pH in
most cases) and with various functional groups on their macromolecules.
Therefore, soluble hydrolyzed aluminum complexes with higher positive charge
are thought to directly couple with the various functional groups on the
organics to bring about charge neutralization through Al-organic complex
formation. In acidic range of pH4.0-4.5, the highly positively charged
soluble aluminum species can neutralize the charge of color colloid at the
lowest aluminum dosage. On the other hand, to bring about good flocculation
of color colloids, a certain amount of aluminum precipitates are also needed
for interparticle bridging to form

settlable color flocs. Both of the -~ 40 T T T T

requirements to have the highly s Kaotin: 1000mg/1 4

charged soluble hydrolyzed aluminum A 30 | Color : 100 c.u. -

for effective charge neutralization & Al P 4.5mg/l

and the precipitated aluminum for S A

particle bridging can be satisfied at = 20T ’

a weakly acidic region of pHS.0-5.9 5

(Tambo, 1990). S wtl a A -
When organic color substances and g 1 A

clay colloids coexist at the same @& 0 , , . \

time, the added aluminum may react 4.5 5 5.5 6 6.5

precedently with the organiec matters _ oH

because of their relatively high

mobility, higher charge density, Fig.?2 Coagulation pH and

and/or higher number <concentration Supernatant Color
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(Narkis and Rebhun, 1975; Tambo and i

[toh, 1977). The charge neutralized -1 T T T T !
color colloids or Al-organic complgx- = )\ Kaolin 1000mg/] :
es may be transported by Brownian & pH 5.0
motion or fluid motion to collide é -1.5 } -
with each other and agglomerate to a A
suitable size and behave as bridging E N
precipitates for the agglomeration of PR i
coarse clay colloids. In such a way, = A
the optimum pH range for coagulation A !
of color and turbidity suspension is s \ , . .
the same as the condition for coagu- o 200 400 500 800 1000
lation of the simple colored water.
2) Electrophoretic measurement of - Raw water color (c.u.)
color-clay suspension

Color substiances are soluble Fig.3 E.M. of Color-Clay
matters which is invisible through Suspension i
the microscope of the ordinary -
electrophoresis apparatus. But _ . . . —_— o
when clay colloid coexist, the £ O | . A |
electrokinetic property of the 2 or 4 A
systep can be eygluated by % sor Kaolin: 10000g/ 1 £ Kaolin: 1000mg/1
counting the mobility of the £ 7 Color ¢ 100c,u, 1 [ = Color : 239c.u.
visible clay particles. Hall 3§ s \ : N SR
and Packham (1965) added very 1 T T T T T T T
little amount of kaolin into  _ N + A
colored solution as indica~ % °f A 11 A |
tors for zecta potential meas- = _ L a 1} a |
urement of soluble colored [ 4 ‘
malter. Fig.3 shows the varia- -20 " " . s T o :
tion of the electrophoretic 100 ' . . . . . . .
mobility of clay particles in % A A
1000mg/1 suspensions with £ *f A 4 T 4 ]
different color concentrations = 0w _ {F . 1
at pH5.0. When there are no 5 »f Cotor 0o {4 Color - 10000 4. ]
color substances, the E.M. & T e L
value measured is the electro- 10 . Y T r . : r r :
kinetic mobility of Xkaolin = ) 1
itsclf at the pH. When color % °+ R i A 4
is added to the suspension, a 3 | A i} s 1
decrease in E.M. is detected 4 ) G
wi th the incrcase in €o 1 or -ZDm IIZ IIL I.S I.B 20 185 2:) 2l5 3|0 -3.5 40 2
concentration showing strong e
influence of the color sub- ; Al dose (mg/1) §
stances to the electrokinetic .
property of the clay suspen- Fig. 4 Zeta Potential and
sion. At a color turbidity : Color Removal

concentration ratio of 1:1 .
(color concentration as c.u. and turbidity as mg/l). the electrophoretic s
mobility of the clay particle drops from its original value of -1.7 to about

-2.3(un/s)/{V/em). If the coexisting color concentration is further in- ;
creased, E.M. of the c¢lay particle will approach to a value which will show :
the electrokinetic property of the color substances. Therefore, it is possi- : i
ble to use the microscopic zeta potential meter for electrophoretic analysis

of color-clay system in this study. .

5A1-5



3) Optimum aluminum dosage

Results of jar test for raw water 80 oo ' ' v
with 1000mg/l of turbidity and 100, 4 Kaolin 1ooone, i
250, 500, 1000 c.u. of colored sub- Z 45 wm Xaclin 100mg/l 1
stances are shown in Fig. 4. In this E
study under the conditions when color T 49} A J
substances were effectively removed, £ M
thorough removal of turbidity was _ Avy
also always observed. Hence, the = [ il
following discussion will mainly deal &
with the color removal for the evalu- o L 1 1 1
ation of the coagulation results. 0 300 600 300 1200 1500
From these graphs, it can be seen Raw water color(c.u.)
that the attainable color removal
percentage is around 92-95% in all Fig.5 Stoichiometry of
cascs. Generally, organic matters Coagulation of Color

with higher molecular weight can be

removed effectively by coagulation, but those with lower molecular weight
are difficult to be coagulated (Tambo and Kamei, 1978). The 5-8% of residual
color may belong to the organics of the uncoagulable group.

The relationship between color removal and zeta potential is also shown
in Fig.4. A color removal of 90% seems to correspond to a charge neutraliza-
tion to isoelectric point in each case. It shows the strong dependcnce of
coagulation results to the degree of charge neutralization in the weakly
acidic pH range.

1) Stoichiomectry of coagulation of color

Fig.5 shows the relation between aluminum dose required for charge
neutralization to ¢ =0 and color concentration of the raw water. The coex-
isting clay concentration seems to have little influencec to the aluminum
dosage. Thus good linear relationship shows that there exists a stoichiome-
try of coagulation only with the color substances. ,

As discussed in previous paragraph, in the course of coagulation of
color-clay suspension, aluminum reacts first with color substances forming
Al-organic complcxes. At the first stage. only a very small portion of
aluminum species react with clay particles directly. Then, by the bridging
of Al-organic products, coagulation of clay colloids takes place. Conse-
quently the influence of clay concentration to the amount of aluminum dosage
is little, and coagulation appears to be stoichiometric with color concen-
tration as if no clay colloids exist. Stoichiometry of coagulation of color
colloids at weak acidic pH was denoted by many investigators with various
kinds of cationic coagulants. In this case. color substances with their
greal particle number concentration with very small size, and high charge
density, behave as the predominant component in determining coagulant dos-
age, regardless of the coexisting turbidity.

COLOR AND TURBIDITY REMOVAL BY FLUIDIZED PELLET BED

1) Pelleting in the fluidized bed

Table 1 shows the composition of color and turbidity concentrations in
the raw water prepared for continuous treatment by the fluidized pellet bed
separator. At thrce turbidity levels of 1000, 300, and 100mg/1, pulp black
liquor was added to make raw water of several color concentrations. Aluminum
coagulant (PAC) was dosed according to the optimum value based on the above
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Table I Pelleting State in the Fluidized Bed

Kaolin Conc.

e/ 1) 1000 300 100
COing?f)’“" * 1100 | 200 | 500 | 1000 | 1500 | 2000 {300 | 600 | 900 | 100
Pelleting

state o O O O A X O A X ©

O Good pellets
A Large agglomerates but not pellets
X Typical random floc

mentioned jar tests. The minimum quantity of polymer which enables particles
to pelletize was chosen by trial and error procedure. The state of pelleting
process in the fluidized bed at up-flow rate of 30cm/min and agitation rate
of 36rpm are summarized qualitatively 1in Table ]. At the turbidity level of
1000mg/1, good pellet-like spherical particles formed until the coexisting
color concentration increased to 1000c.u.. With a higher color concentration
of 1500¢.u.. the grown particles in the fluidized bed were also larger and
denser agglomerates than normal color flocs, but were not spherical in
shape. Further, when color concentration increased to 2000c.u., typical
random flocs formed in the bed, and pelleting of particles failed even with
inereasing polymer dosage. At turbidity levels of 300 and 100mg/l, condition
of agglomerates were similar in relation to the color/turbidity ratio. A
color/turbidity ratio of 1:1 seems to be a limit above which pellet coagula-
tion becomes difficult.

Fig. 6 shows a photograph of pellets in the fluidized bed as raw water
concentration was 1000mg/1 in turbidity and 1000c¢c.u. in color.
2) Color removal

The residual color in the treated water before and after 0.45um mem-
brane filtration is shown in Fig, 7. Color in the filtered water is the
uncoagulable parts, i.e., 5-8% of the original color, which 1is the same

Fig. 6 Photograph of Pellets in the Fluidized Bed

5A1-7




percentage in the preceding jar 80 ' Kaolin 1000mg/1

test. When the fluidized pellet 40 Cotor 100c.u. J

bed reached a stable state, . :g?mrefﬂtffm“

usually running for 3 hours or or ter filtration -

more, the residual color in the 0 1

overflow also became stable. The 60 T T r

values of the residual color in . Kaalin 1000mg/1

the overflow was only a little “or Color  250c.u. 7

higher than that of the filtered 20 f::: : .

water. The coagulable colored 0 .

substances were efficiently 60 : . i

removed by the fluidized pellet Kaolin 1000mg/1

bed in the high up-flow rate of g 40 F Color 500c.u. -

30cm/min. . 4
At higher color/turbidity 2 “"#t*:‘mh:.z,‘

ratio than 1:1, where good pellet © 0 L .

bed failed to form, a higher T 60 ' 7 T

percentage of residual color in = ok gg%;nigﬁgéﬁd

the treated water was detected. &

From the aspect of color removal, 20 | ]

{he color/turbidity ratio of 1:1 o mﬁ i . s

can be taken as a limit to ensure 60 . . r

a good treated water quality. Kaolin 300mg/ !

3) Density of color-turbidity 40 Color 300mg/1 4

pellet 5 4
In Fig.8, densities of pel- “ m#m:,:‘::‘

lets formed under different J : :

color/turbidity ratios are shown. 50 T T T

At the turbidity of 1000mg/l with wl Kaolin 100m&/1

various coexisting color concen-

tration from 0 to 1000 c.u., the 20 ::;::::: ; : a2 1

effective density (buoyant densi- 0 1

ty) of pellets decreases slightly 0 3 & 9 12

with increasing c.u. However, Time (hr.)

when color concentration in-

creases to 1500c.u., no good Fig. 1 Color Removal by the

spherical pellets have formed, Fluidized Pellet Bed

and a sharp decrease in particle

density is seen. Under this condition, the typical floc density characteris-
tiecs of random floc, i.e., inversely proportional relationship between the
effective density and floc size (Tambo and Watanabe, 1979) appears. By
further comparison of the size density relations, it is noted that in the
case of color concentration of 1000c.u. with 1000mg/1 of turbidity, there
has already been a little decrease of effective pellet density with increase
of pellet size. Hence, color/turbidity ratio of 1:1 may be the critical
limit of pellet formation.

Another factor affecting pellet density is found to be the feeding rate
of primary particle to the fluidized bed. Fig.9 shows the variation of
pellet density with the quantity of primary particles fed to the bed in unit
time. With the same color/turbidity ratio and the stoichiometric relation
between aluminum and color concentration, the property of primary particles
is considered to be identical. However, highly dense pellets are formed at
higher concentration. It is an important character of this technique, i.e.,
the process is more effective for higher concentration suspension.

Moisture content of the separated sludge is another parameter to be
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Fig.9 Size Density Relation of Pellets with Color/Clay Ratio of 1:1

considered. It is directly related to particle density. By placing the
overflowing pellets on a micro-sieve to let out the spatial water from the
aggregate, and measuring the moisture content., we obtained a result as shown
in Fig.10. At a color/turbidity ratio of 1:1, this simple operation to
dewater sludge can reach a moisture content less than 90%. The separated

sludge has further low moisture content with lower color portion.

SUMMARY AND CONCLUSION

From the above discussion, the efficiency of fluidized pellet bed
separation process in trecating highly turbid and colored water 1is demon-
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strated. The applicable range of 100 T T T —T
this technique can be summarized E
as below. g
(a) If color substances with 2 g9 o 2 _
concentration from 100 to v M : A &
1000c.u. coexist with turbidity A : i
of the same degree (as mg/l) or. @ A
higher, they can be effectively 2 8o r A A Kaolin 1000mg/1 |
scparated by the fluidized pellet et A Y Kaolin 300mg/!
bed process with a superficial = W Kaolin 100mg/l.
over flow rate as high as 70 1 ! L 4 E
30em/min. Above a color/turbidity 0 300 800 900 1200 1500 £
ratio of 1:1, pelleting of parti- _ Raw water color(c.u.) ‘
cle becomes difficult. ¥
(b)  Almost all coagulable Fig.10 Moisture Content of !
color substances can be effec- Separated Pellet Sludge

tively removed by the fluidized
bed separator, with a color removal percentage of more than 90%, i.e.,
nearly 100% of coagulable color removal, together with complete removal of
the coexisted high concentration turbidity.
(¢) The effecctive density of color-clay pellet is about 0.02—0.1g/cm3.
With screening for a short period of time, the moisture content of the
separated sludge becomes less than 90%. Therefore, instead of a thickener,
simple screening can be used as pretreatment process for sludge separations.
In this research, weak acidic pH such as 5.0 was found to be optimum to
obtain best removal of color and turbidity at the same time. At this pl,
charge neutralization of color colloids to isoelectric point (¢=0) could be
a eriterion of alum dosage control. Optimum amount of dosage was found to be
the same to that for coagulation of simple colored water, with a stoichio-
metric relationship between colored material and aluminum. 5
In natural waters, color concentration as high as several hundred c¢.u. oo
is scarce. Hence, all the colored water, with coexisted higher concentration e
clay colloids (102 level, as mg/l), may be effectively treated by this
fluidized pellet bed technique with high separation rate.
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.~ COLOUR AND TURBIDITY REMOVAL BY MAGNETITE AND
RECYCLED INORGANIC COAGULANT - PROCESS ASPECTS
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Clayton, Australia Clayton, Australia Clayton, Australia

ABSTRACT: A water treatment process is described which has the processing intensity
associated with direct filtration but which, in contrast can be used on the highly turbid and
coloured waters typical of ropical areas.

The process uses fine magnetite in conjunction with an inorganic coagulant e.g. alum) to
adsorb the impurities from water and settle them rapidly by magnetic flocculation.

Contact times of one or two minutes give a high removal of impurities. The clarified water
is polished with a high rate sand filter.

The high alum doses required for turbid waters are cut by half as a result of recycle of 70%
of the alum. Magnetite is regenerated with sulfuric acid. The acid also solubilises the
aluminium hydroxide, forming alum. The acidic regeneration effluent and the magnetite are
separated. The magnetite is washed on a magnetic drum separator and recycled. The acidic
regeneration effluent containing the dissolved aluminium and impurities is treated with a suitable
polyelectrolyte, which flocculates a significant part of the humic acids, leaving a lightly coloured
solution of alum for recycle.

INTRODUCTION

The conventional coagulation/filtration process using alum as coagulant has been used for over
one hundred years to produce potable quality water. The benefits of clean water to mankind are such |
that every effort should be made to reduce the cost of supply of treated water to communities.

The Water and Waste Treatment Program of the CSIRO in Melbourne Australia has been
endeavouring to reduce water treatment costs by developing high intensity processes which employ a
magnetic reagent.

The first of these processes to reach the commercial market was the SIROFLOC Process

which is licensed to Austep Pty Ltd in Melbourne. So far plants built total 55ML/D in Australia and
65ML/D in the U.K. More plants are on the drawing board.
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SIROFLOC uses finely crushed magnetite ore as the main reagent for adsorbing colour and
insoluble impurities from water. Polyelectrolyte is used as an auxiliary coagulant. This system has
proven most efficient on high colour, lower turbidity waters which frequently cause problems with
the alum coagulation process. Details of the process are described elsewhere (Anderson, et al.,
1983).

More recently our attention has been focused on the advantages of alum used in conjunction
with fine magnetite. Contact times from 8- 10 mins for clarification in Sirofloc Mk I have been shown
- to be reduced to two minutes in jar tests (Anderson, et al., 1991) and settling tests show that clarifier
upflow rates of 15 myhr should be achievable.

The work following describes a pilot plant evaluation of this process using magnetite with
alum, and includes some new ideas for recovery and reuse of the alum-rich effluent,

DESCRIPTION OF THE PROCESS

The process used.throughout these tests comprises the following steps:

fresh pH adjustment

W

Ba_w___’b contact magnetization || separation filtration product
water water
magnetite ‘
recycle wash magnetite

magnetitc  |-—| regeneration

v

upgrading
alum
purity

alum recycle

effluent

Raw water came from the Plenty River in the Melbourne suburb of Lower Plenty. Turbidity
and true colour varied from 10 NTU and 30 PCU during summer to 150 NTU and 250 PCU in
winter. A storage reservoir of (.15ML capacity was used to even out short term peaks. Most of the
pilot plant trials were during the winter-spring period.

The Sirofloc pilot plant (Anderson, et al., 1983 [I] + [II]) was modified so that the contact
stage was capable of handling flows ranging from 60 - 150L/min with a pipeline reactor or 60-
90L/min with a series of stirred tanks. In the pipeline residence times could be varied from 1-5 mins.
In the stirred tanks a choice of 3 or 4 tanks was possible giving a minimum residence time of 5 mins
at 90 L/min or a max of 10 mins at 60 L/min.
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Magnetite used in the process was prepared from crushed magnetite ore at Austep's facilities
at Port Latta, Tasmania. All reagents used in the tests were commercial grades. Laboratory jar testing
was carried out to simulate the various modifications to the plant for comparison purposes.
Conventional clarification jar tests were also performed.

For jar tests a variable speed stirrer with a 75mm x 25mm flat blade was used in square jars of
1L capacity. Conventional testing was done using a two minutes flash mix (160 rpm), 30 minutes
flocculation (25 rpm) and 30 minutes settling sequence.

RESULTS AND DISCUSSION
Contact Optimization

Whilst jar test work which uses constant mixing conditions but variable time had
demonstrated an optimum contact period of between two and three minutes, when this was put into
effect in the pilot plant it became clear that the time was only one variable affecting performance. In
Fig. 1 a pipeline of fixed diameter and length was used. Thus at the longer residence times the
velocity in the pipeline is reduced - hence the shear is also reduced. If time was the only variable
affecting performance we would expect a similar curve to the jar test result. However the pilot plant
results show poor performance until velocities in the pipeline are reduced to around 1 m/sec. It would
appear that the influence of shear was more significant than time to the final level of clarification
obtained.

For this reason the conditions of contact could be more readily controlled by a series of stirred
reactors than with a pipeline reactor. With careful design it would be possible to use either form of
contactor. However a single pipeline would give little flow flexibility.

12

—&— JAR TEST RESULT - Conditions:

—— RUN 1 i )
Rl IR VP - Pipeline reactor, varying

flow rates, 40 mm i.d.
200 m long

= Coagulant doses:

Jar Test 6.5 mg/L Al
Run1 4 mg/L Al
Run2 8-9 mg/l. Al
Magnetite 0.7-1.1%
Operating pH 6.0
Regenerating pH 2.8

RESIDUAL TURBIDITY (NTU)

Raw Water;

Jar Test 22 NTU
Runl 14-16 NTU
Run 2 51-56 NTU

RESIDENCE TIME (mins)

Fig. 1 Effect of residence time in pipeline contactor
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Regeneration Schemes

The original SIROFLOC process in its commercial form (Anderson et al., 1983) utilizes
NaOH as a regenerant. This has been found to clean magnetite surfaces effectively and give excellent
coagulation-adsorption properties. As the impurities are removed from the surface the isoelectric
point (iep) of magnetite ore is raised from pH3-4 to approximately pH6 by NaOH and water washing.
Acid and water washing is not as effective in cleaning the surface and increasing the iep as NaOH,
and is not used commercially.

In a continuously operating plant the iep of the clean magnetite is not maintained. This
indicates that the magnetite surface retains some impurities and is less available as an adsorbent. In
the original process cationic polyelectrolyte is retained on the magnetite and helps to maintain a high
iep. This means that the magnetite still retains some active role of adsorption during the treatment
step.

In the new process where the plant is run with alum as auxiliary coagulant the differences in
clarification performance following alkali regeneration and acid regeneration were found to be
negligible. In both cases the alum doses required to achieve a given performance were comparable to
the dose of alum required in conventional jar testing to achieve the same result. It appeared that the
acid or alkali was being consumed in the dissolution of the AI(OH)3 and that little was left to clean the
magnetite surface and maintain its original iep. The magnetite no longer appears to have a separate
adsorption role but perhaps promotes micro mixing of the aluminium species and bound impurities
and provides a surface for adsorption of the combined floc.

In this situation acid regeneration had clear benefits, being cheaper and readily adaptable to
recycle. The pilot plant has been run for an extended period to demonstrate the long term
effectiveness of acid regeneration using H2S04.

A further benefit of acid regeneration is that at the regeneration pH humic acids become
insoluble. By carefully controlling the sytem the humic acids can be made to precipitate after
separation of the magnetite so that the magnetite is not loaded with humic acids. The humics can then
be settled independently to produce a sludge for final disposal. The recycled stream of settled effluent
contains most of the alum and the rest of the organics, presumably the fulvic acids.

Plant Operating Results

Recycle of the alum has been trialled using from 50% to 100% of available settled effluent.
With 100% recycle, the concentration of both alum and organics build up in the loop to a high level,
degrading performance and consuming more acid. Recycling 70% of the available setiled effluent
gave good long term performance and reduced the fresh alum dose required to 50%. Fig. 2 and 3.
Explanation of this is given later.
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Fig. 2 ' ' Fig. 3

Z g
‘% 6 % 7
W
o 4
[:] 10 20 30 40 50 [+] 10 20 30 4“0 50
HOURS HOURS
Conditions:  Pipeline reactor 80 L/min, contact time: 3.1 min
Coagulant 2.5 mg/L fresh A3+
"~ 2.6 mg/L recycled A3+
0.6-0.7% magnetite
Operating pH = 6.0
Regenerating pH = 2.8
Raw Water Turbidity 11-14 NTU

True Colour 35-45 PCU

Figure 2 & 3. A pilot plant run with recycle of 70% alum.

When the winter season produced waters of high turbidity and colour, the pilot plant was running
with stirred tanks for the contact stage. Figs 4 and 5 show two runs under these conditions plotted on
the same graph. The first used fresh alum as coagulant and the second used 50% fresh plus 70%
recycle of the settled effluent. There was little difference between the two runs. The clarified water
turbidities were similar on this high turbidity feed to those obtained with the raw water quality used
previously, as in Fig. 2 and 3. The residual turbidity was due to unattached floc carry-over in both
cases. Filtration of the clarified water would have given similar results to those obtained in Fig 2 and
3 for filtered water.
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Fig. 4 | Fig. 5
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—&— FRESH AL —f— FRESH AL
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mv‘i&@:

-
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RESIDUAL COLOUR(Pt/Co)
3
1]

RESIDUAL TURBIDITY{NTU}
[n]

~

n
L4

[+ 5 10 15 20 25 30 4] 5 10 15 20 25 30

HOURS ’ HOURS

Conditions:  Stirred tank reactor 60 L/min, contact time: 7.5 min
Coagulant 15-17 mg/L fresh A1+ )
8 mg/L fresh, 8-9 mg/L recycled Al3+
1.1 - 1.2% magnetite

OperatingpH = = 6.0
Regenerating pH = 25
Raw Water Turbidity 110-200 NTU

True Colour 130-152 PCU

Fig 4 and 5. A pilot plant run - clarified water with and without recycle.

Laboratory tests were carried out to investigate methods of enhancing the separation of alum
from the humic substances present in the effluent from magnetite regeneration. Both centrifugation
and membrane separation techniques with molecular weight cut off ranging from 3000 to 30000 were
used. The recovered aluminium and organics were separated and analysed giving the following

results:

Sample _ Al TOC Colour
| @) (mel) (PCU)
Untreated _ 274 335 1152
Centrifuged 264 184 512
Centrifuged + 30000 MW membrane 265 174 494
Centrifuged + 10000 MW membrane 246 167 - 404
Centrifuged + 3000 MW membrane 220 147 255
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Centrifuging, which removed the humic acid fraction removed little aluminium indicating that
there was no binding to this fraction. Membrane filtration (3000 MW cut off) separated 20% of the
fulvic acid but only 10% of the aluminium. Even this 10% of aluminium removed is not necessarily
bound, however as polymeric aluminium species at this pH could be trapped by the membrane. So it
appears that only a small percentage of the alum was actually bound to organics but the efficiency of
the recycled alum appeared to be reduced because it was required to coagulate not only the raw water
organics but also the organics which were returned to the contact stage along with the alum.

CONCLUSION
The advantages of our process over conventional alum treatment are:

- Contact of coagulant with raw water is reduced from approximately 30 minutes to 2-3
minutes.

- The alum dose required is only half of the conventional dose as a result of recycle.
- 50-90% reduction in clarifier size.

- Lower sludge volume.

- Sludge more easily handled.

- Hydraulic loading designed for magnetite properties, not worst water quality.

- Simpler designing with greater flexibility.

The reduction in clarifier size using the magnetite weighted flocs will depend on a number of factors
including raw water characteristics, water temperature and whether floc conditioners are used.

The regeneration stage is an extra cost compared to conventional plants. However for any plant
considering recycle the costs of reclaiming the alum would be similar based on chemical cost but the
case of handling the denser sludge from the magnetite process will be an advantage.

The final quantity of sludge for disposal will be about half that for the conventional process. The
sludge will, in addition, be more acceptable and easy to dispose of as it contains a higher ratio of
organics to alum compared to conventional sludge.

The process is suitable for use with widely varying water quality. In the conventional alum process
where a plant is to be designed for a widely varying water quality the design must accommodate the
slowest reaction rates or hydraulic rates for the water characteristics it may encounter. One of the
benefits of the magnetite based process found during the pilot plant trials was that reaction rates were
equally fast for a wide range of water qualities. Hydraulic properties were dependent primarily on the
magnetite which has predictable and fast settling rates. Magnetic handling properties are also well
known and are used routinely in the coal washing industry.
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TURBIDITY REMOVAL BY UPFLOW PELLETIZATION PROCESS
FOR LOW TURBIDITY WATER

Thongchai Panswad Bundit Chan-Narong
Department of Environmental Engineering Department of Environmental Engineering
Chulalongkorn University Chulalongkorn University
Bangkaok, Thailand Bangkok, Thailand

ABSTRACT: Fluidized-bed pellet reactor was successfully used in removing
turbidity for high-turbidity (2,000 NTU) raw water in China. In this study,
an upflow pelletization process was innovated to remove turbidity present in
low-turbidity (50 NTU) feed water. The process consisted of a rapid-mix
unit and an agitated fluidized-bed pelletizer with an overflow effluent weir.
A high upflow velocity of 30 to 40 cm/min (equivalent to 432-576 m/d) in
the reactor resulted in shorter retention time of only 4 to 5 minutes in the
pelletizer, while still producing a very clear effluent of less than 3 NTU
quality. This detention period is much less than 3 to 4 hours retention time
normally employed in conventional sedimentation tanks and can, therefore,
drastically reduce construction cost of settling tanks. Polyaluminium
chloride {PACI) and anionic polymer were used as coagulant and flocculant,
respectively. The formed pellets were very stable and possessed very high
density.

INTRODUCTION

The history of agglomeration technique has been  known for at
least 50 years (Gaudin 1939). Pelletization process is considered as one of the
agglomeration techniques. However, the definition and the mechanism of the
pelletization process has not been conclusive (Graveland et al 1983, Tambo and
Matsui 1978, Yusa et al 1975 and Yusa and Gaudin 1964).

Yusa and Gaudin (1964) presented the formation of pellet-like flocs of
kaolinite by polymer chains from an aqueous suspension. On the basis of their
experiment, a pelletizing machine consisting of a horizontally mounted drum was
constructed. With the partially hydrolyzed polyacrylamide added to a kaolinite
suspension, the rotating drum could produce the pellet-like flocs that could be
readily wet screened.
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The wet pelletizing engineering offered a basic for the new scientific
branch (Yusa 1975). Compact floc was produced by a third coagulation, named
as pellet flocculation, as distinguished from normal coagulation and flocculation.
In this process, polymer was used as the interparticle bridging agent.
Voluminous flocs formed by flocculation would roll over or collide against a wall
and the water was exuded from flocs by external force distributed unevenly on
surface of the flocs. The results were pellet flocs and separated water.

The concept was applied to water treatment field by Tambo and Matsui
- (1987). The pelletizer or separator as called by them was tested for separation
of high turbidity suspensions, ranging from hundreds to thousands mg/l
suspended solids concentration at very high upflow rate of 30 cm/min or
equivalent to only 5 minutes detention time.

The process was also used in sludge-pelletizing thickener (Watanabe et
al, 1990). With certain inorganic coagulant (to neutralize the surface charge of
sludge particles) and amphoteric polymer (as sludge conditioner), the device
could produce 8 to 20 mm dia strong pellets with only 10 -20 min retention
time.

OBJECTIVE

Turbidity in natural surface water for most regions is not so high as those
tested by Tambo and Matsui (1987). For example, the turbidity in the Chao
Phraya River which is the main water source for Bangkok Metro has been
reported to be in the region of 20-100 NTU. This low turbiditiy water is not
likely to be treatable by the pelletization or fluidized-bed system (Tambo 1990).
It is however the objective of this study to do just that, i.e., to innovate a
technique as well as to explore the possibility and efficiency of the said process
in treating the as low as 50 NTU turbidity water.

METHODOLOGY

Figure 1 illustrates the experimental apparatus used in this study. It
consists mainly of a constant head tank, a rapid-mix plastic unit of 5.4 cm I.D.
and 30.2 cm H and a fluidized-bed pelletization reactor of 5.4 cm I.D. and 2.67
m H, The synthetic water of 50 NTU was pumped to the constant head tank
prior to being discharged to the 100 rpm rapid-mix unit where the polyaluminium
chloride solution (PACI) was fed into and where the destabilization process took
place. The destabilized water was then mixed with a dosage of an anionic
polymer before entering the bottom part and flowing upward through the length
of the fluidized bed reactor, in which an agitator provided a different but
sufficient degree of mixing for a better pelletization process. The treated water
then overflowed the outiet trough to a collecting basin for subsequent hourly
samplings and analysis. The turbidity was determined by using HACH 2100 A
turbidimeter. The induced sludge or excess pellet floc was continuously taken
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Figure 1. Diagram of upflow pelletization process setup.
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out of the reactor at 15% of the inflow from the sludge withdrawal port, 150
cm from the reactor bottom,

Table | shows the scope of the study whereas Tables Il and Il tabulate
the property of the PACI coagulant and the anionic polymer used in this
research. '

Table | Scope of Study

Independent variables

Raw water . Synthetic with kaolinite and tap
o water, 50 NTU, pH = 7 t0 7.5
Coagulant : PACI, at 1, 2, 3 and 4 mg/l dose
Flocculant : anionic polymer, at 0.1, 0.2 and 0.3
mg/l dose

Upflow feed velocity : 30 and 40 cm/min or 1.8 or

‘ 2.4 m/hr
Paddle speed : 5,10 and 15 rpm
pH adjustment i none

Dependent variables
Detention time in RM unit : 41 and 45 seconds
Detention time in pelletizer reactor: 5 and 3.8 min

RESULTS AND DISCUSSION

After the start-up process innovated by the authors and 6 hours of
continuous running, the operation of the test unit approached the steady state.
Figures 2 and 3 show the result of the experiments at those steady state
conditions, with different dosages of PACI and polymer as well as at various
paddle speeds for the 30 and 40 cm/min upflow velocity cases, respectively.

For the first case, it is evident from Fig. 2 that higher PAC| dose gave a
better result and at least 2 mg/| PACI dosage was required to achieve a treated
water of 5 NTU level accepted by Metro Waterworks Authority (MWA) prior to
the filtration process. Higher polymer dose also produced a better quality water.
The effect was, however, not so pronounced with the higher doses; or at 0.2 or
0.3 mg/! of anionic polymer. Lower agitation level at 5 rpm paddle speed
apparently did not work as efficiently as the higher level of 10 and 15 rpm
speed. Again, with higher rotation speed of the paddle, the agitation effect
seemed dwindling. In brief, if one wants to produce a treated water with the
quality of at most 5 NTU turbidity, one may select 2 mg/l PACI in addition to 0.2
mg/l polymer, or 2.5 mg/l PACI with 0.1 mg/l polyelectrolite at any paddle speed
between 5 to 15 rpm.

For the second case or the 40 cm/min upflow velocity condition, similar
conclusion as that just mentioned for the 30 cm/min situation could be drawn,
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Figure 2.  Effluent turbidity for 30 cm/min upflow velocity condition.
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Table Il Property of PACI used in this study

Manufacturer : ;" Takei Chemical

Code o ' : PAC - 250AD
Appearance 1 Hygroscopic powder
Al2013 (%) _ . Min. 30

Fe (%) : Max. 0.03

As (ppm) : Max. 20

Mn (ppm) ¢ Max. 75

Cd (ppm) - : Max. 6

Pb (ppm) : ' : Max. 30

Hg (ppm) o ¢ Max. 0.6

Basicity (%) . 50+ 5

Table Il Property of anionic polymer

Manufacturer - ¢ SNF

Code ‘ »  Floerger An 910 PWG
Type _ - : Anionic polyacrylamide powder
Mesh size (mm) 1.2

Max solubility (g/l) 10

Stability (days) : b

“see Figure 3. On the other hand, probably due to the greater degree of the

uplift of turbid particles by higher upflow velocity, the lower agitation level
evidently worked better for the purpose of the turbidity removal. In other
words, b rpm paddle speed seemed a better choice than its counterpart of 10
and 15 rpm. This resulted in another advantage based on its lower energy
requirement. With the 5 rpm rotation, 2 mg/l PACI plus 0.1 mg/l polymer
combination or 1 mg/t PACI with 0.2 mg/l polymer approach was required for
the 5 NTU produced-water scenario.

During the experiment, samples of the solids drawn from the excess
sludge port were taken for the settling velocity analysis, see Figures 4 and 5 for
the test results for the 30 and 40 cm/min conditions, respectively. The settling
velocity of the pellet flocs, though possessed irregular pattern, was shown to be
very high, or in the range of 40 to 60 cm/min and 45 to 70 cm/min for both
conditions, respectively. This very high settling velocity of the pellet flocs
enabled the pelletizer to function at a very high feeding rate, resulting in
subsequently the very short retention time of onily 3.8 to 5 minutes in the
reactor.

This retention is extremely shorter than that of the conventional clarifier
which needs 2.5 to 4 hours volume capacity. This finding together with the
absence of flocculation unit in this process makes it even more attractive than
the regular sedimentation tanks universally employed. It is noteworthy that the
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results shown here were drawn from the lab-scale experiment with synthetic -
water. More research works are urgently needed before real application can
become reality and the process clearly understood.

CONCLUSION

The pelletizer was shown to be applicable for the low turbidity synthetic
water of 50 NTU. Upto 40 cm/min upflow feed velocity was successful in using
the process, resulting in very low detention time of the reactor of as little as 3.8
minutes. Together with the "no need" of slow-mixing unit, lower requirement
of coagulant and polymer make the process very attractive, both techinally and
economically. To obtain a 5 NTU treated water, as low as 2 mg/l PACI with
0.1 mg/l polymer were required at 5 rpm paddle speed.
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INTRODUCTION :

The limitations in water resources in areas of the developing world and the
limited availability of water supplies to many of the rapidly expanding cities
of Asia with the expanding demands for potable water emphasise the need
to preserve our water resources from pollution. But in the recent years the
water resources of many developing nations are increasingly subjected to
pollution from toxic discharges from factories and from agricultural run off.
.Many synthetic organic chemicals resulting from industrial contamination of
surface water pose potential health risk to consumers.

The intensive use of pesticides in the agricultural areas and domestic
environments have resulted in the contamination of ground and surface
water resources. Many surface water sources were found to have a number
of pesticides such as Ethylene di bromide, and Dibromochloropropane.

In the recent years many ground water sources have been found to contain

measurable guantities of volatile organic chemicals. These volatile organic

chemicals are dangerous and pose a possible health risk because a number
of them are probably or known human carcinogens.

One of the most difficult taske in water supply engineering is to ensure that
the raw water entering the water treatment plant is free from toxic
pollutants. The traditional method used in most water treatment plants are
to have fish monitoring station, to identify toxic chemicals in water.
Although the method is sensitive to toxic pollutants,it has several
drawbacks. It requires sophisticated electronic equipments to monitor the
physiological activities of the fish. Fish monitoring stations are too costly to
install, and to maintain.

This paper presents an alternative method for the detection of pollutants by
monitoring the motility/speed of a unicellular biflagellate phytoplanckton
(algae) Dunaliella, using "Doppler Laser Velocimetry” method,

¢
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THE OBJECTIVES:

This paper discusses a laboratory study with the following objectives.

1. To propose an alternative method to the conventional fish
monitoring stations,to monitor the toxic pollutants in raw
water.

2. To highlight the rapidity of response of the unicellular algae
Dunaliella to toxic pollutants.

3. To formulate a method based on the statistical performance
of large number of organisms rather than that of discrete
samples.

4, To advocate the economy of large scale cultivation and
maintenance of biological organism Dunalielia in comparison
to other methods.

5. To highlight the resemblance in ultrastructure between the
flagellar apparatus of Dunaliella and human bronchile tissues,
so0 that the toxic effect could be compared.

MATERIALS & METHOD

Dunaliella is grown in an aqueous medium fortified with nutrients (Shepard
1970). The medium could be sterilized by autoclaving for 20 minutes at
100 deg C and at 1.5 atmospheric pressure, or by the use of millipore
filtration of 0.22 m size. This algae may be grown in larger transparent
tanks equipped with peddle stirrers at different intervals of its length to
provide constant agitation of the medium. They are photosynthetic organism
and thrive well in our tropical temperatures and under normal daylight
conditions. Dunaliella itself is avoid with an approximate length of 30’¥n. It
is armed with a pair of flagellae at its anterior pole. Dunaliella displaces with
the aid of the flagellae which actually helps in the propulsion of the algae.
These flagellae are approximately 5 in length and biologically resemble
the cilia lining of the bronchial tube in human lungs. (ref 2).

THE EQUIPMENT

The Doppler laser velocimetry method uses a beam of monochromatic light
from a Helium-neon laser,and is directed on to the population of algae. The
laser utilised is the Helium-neon laser of 6mw (= 6328 A). The
schematic diagram shown in figure 1 illustrates the operations of the
Doppler laser velocimetry apparatus. The Helium - neon laser beam is
reflected at the mirror M1 and is seperated into two parts by the sheath L1.
One part of the laser beam is polarised by P,P, and is directed through a
cuvette containing the algal population. The length of the cuvette is limited
to 2mm to minimise the effect of multiple diffusion. At L, the emerging laser
beam from the covette meets the beam which has not passed through the
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cell. In short the beam seperated into two parts by L, meets again and
converges towards a photo-multiplicator. The photo multiplicator compares
the two beams. The frequency of the beam diffused by the algae is analysed
using a spectrum analyser.

As the algae are in continuous motion the re-emitted laser beam has a
frequency which differs from that of the initial incident light. This difference
in frequency which is due to the doppler effect is proportional to the speed
of displacement of the algae, and can be measured using the classical
formulae for the doppler effect. Hence any variations in the motility of
Dunaliella due to the presence of pollutants or toxic elements in aqueous
medium could be quantified instantaneously (Boon J.P & Nossal 1974).

Our data is based on experiments conducted on dunaliella using three
different contaminents.

1. Lindane an organochlorine insecticide used in agricultural and
domestic environments.

2. Copper sulphate a common algicide used in the control of
algal blooms in reservoirs.

3. Acrolein an aldehyde and a potential carcinogen.

EFFECTS OF LINDANE ON MOTILITY OF DUNALIELLA

Lindane is the commercial name for the -isomer Hexachlorocyclohexane, and
having a molecular weight of 290grm. Lindane is one of the most effective
insecticides extensively used in agriculture. It is 20 times more toxic
than DDT on certain insects. The microscopic observation permitted us to
identify the appropriate working concentrations of Lindane,as these
concentrations provoked visible alterations in the movement of the algae.
Observations of the median velocity of the propultion of the algae for
Lindane concentrations of 5,10,15,20 and 30/g/ml were made. These
observations are illustrated in figure 2. The graphs show that during the first
twenty minutes of contact with Lindane the velocity ratios varies with
different concentrations. After twenty minutes the median velocity achieves
a steady state. The graph also shows that within 5 to 10'§/ml of Lindane,
there is an initial acceleration in the velocity of the algae which lasts
approximately five minutes. But at higher concentrations the algae have a
notably marked reduced velocity it is also observed that the decrease in are
proportional to the increase in the concentration of Lindane (ref3, 1985).

EFFECTS OF COPPER SULPHATE ON THE MOTILITY OF DUNALIELLA

The curve shown in figure 3 indicates the effect of copper sulphate on
Dunaliella, a decrease in velocity during the first hour of contact can be
observed. This decrease in velocity is proportional with an increase in the
concentration of copper sulphate from 10 to 100Fg/ml. After three hours
the inhibition is 100% and the velocity almost zero. On observing the algae
microscopically the algae appeared dead. However for copper sulphate
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concentrations of 10,20 and 50"g/m| the algae appear to loose all inhibition
and achieve their original velocities after an exposure period of 24 hours.

EFFECTS OF ACR(':)LEIN ON THE MOTILITY OF DUNALIELLA

Acrolein is an unsaturated aldehyde. It is an industrial pollutant existing in
synthetic textile and in plastic materials. Acrolein causes bronchile irritations
and is known to be a carcinogenic. The experimental results are illustrated
in figure 4. The concentrations of liquid acrolein used in the testing were
1,2,5,10 and Zo’blml. Experiments indicates that during the first twenty
minutes of contact the effects of acrolein is very pronounced. However at
all concentrations there appears to be a transient "exited" stage during the
first two minutes of contact, where by the velocity actually increases. This
phenomena is evident with higher concentrations of acrolein in the range
of 10 to 20My/ml.

- Between 5 to 10 minutes the rate of decrease in velocity appeares to be
proportional to the acrolein concentration. For samples exposed to
concentrations above 20fg/ml, for a period not less than 15 minutes, there
was no visible movements were noticed.

CONCLUSIONS:

The findings of our experimental studies are encouraging. Experiments have
indicated that Dunaliella is sensitive to toxic pollutants in water. The
responses to high concentrations of toxic pollutants could be obtained
within two minutes. However with lower concentrations the results could
be obtained within fifteen minutes to half an hour. It is evident from the
results that for all chemicals tested significant results were obtained within
the first half hour of the treatment.

The Dunaliella could be grown in small scale tanks in tropical climate. The
cost of such cultivation are low. The cost of doppler laser velocimetry
equipment are also relatively low. The remarkable advantage of this method
is that the response to chemical toxins are based on the effects of the
toxins on large number of organisms compared to fish monitoring stations
where one specimen of fish are used to monitor the toxic effects. The
doppler laser velocimetry method is based on the statistical
performances of large number of organisms.

In fish monitoring stations the toxic effect of lower concentrations of toxic
pollutants below the threshold limits cannot be identified. However in
doppler laser velocimetry method mild toxic effects caused by low
concentrations of toxic pollutants could be monitored.

Current research conducted shows that the doppler laser velocimetry
method can be upgraded to capture the different forms of movements of the
algae. Correlations could be established between the types of pollutants and
the peculiarity of the movements of the algae treated with the pollutants.
These techniques also could be employed to screen water for toxic
pollutants.
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Finally to conclude, our findings of the study are conclusive evidence that
doppler laser velocimetry method could be used as an alternative method to
detect toxic pollutants in water.
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ABSTRACT : Color discharged from many sources, such as industries,
forest areas and inert substances, makes serious visual pollution
problem in water resources. Recently a manual operated visibility
limitation of 15 cm is listed in Taiwan’'s water Authority
regulation. A 15 Pt-Co color unit limitation is set for drinking
water criteria of Taiwan, R.0.C, Therefore developing an automatic,
convenient water color measurment technique is gaining more
importance lately. Besides visibility, there are many other color
analysis techniques i.e. Lovibond, Pt-Co and American Dye
Manufacture Institute (ADMI) are applied widely. The Pt-Co method is
very manpower consuming and the ADMI method is complicated in
calculation. In order to simplify the ADMI analysis procedure, a
computer connected with UV system is set up for automatic
measurement. This provides not only a consistent, simple method but
also can be utilized in an on-line monitoring system. Three models
for converting raw measured data sets to ADMI units are taken into
comparison. Many factors: dilution rate, optical path and cell
materials are also be discussed. In some cases, the dilution rate
does not totally follow traditional calculation method (proportional
to the color measured). A semi-~linear model is proposed to describe
the relationship between ADMI and dilution rate.

ADMI = I » (DIL)®

INTRODUCTION

‘ Color in water, generally speaking, can be classified into two
categories: true color and apparent color. The soluble color
represents the true color of sample. While soluble and insoluble
(suspended) types of color is the apparent color of water. Substances
making color in water are: 1) inert materials: such as: metal ions
and lignin, 2) colloidal substances: starch, resin, soap or dyes.
There are many color measurement techniques widely used as either
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water criteria or scientific purposes. The Pt-Co method is the
traditional analysis unit proposed by Standard Methods¢?’ (or APHA) and
widely applied by many countries. This system takes a sample to
compare with a set of Pt-Co prepared standard solutions. Lovibond
system also utilizes the color comparison technique. The visibility
method isone of the practical field examination methods. Operator
views from top of a tube to the height when he can view the special
cross sign clearly on the bottom of tube. The height (cm) of sample
left in tube is defined as visibility. In Taiwan, visibility of 15cm
is the basic requirement for effluent discharge to the receiving
bodies. The drinking water color limitation is 15 Pt-Co unit. ADMI
itself is a combination of measurement results. It requires to measure
the absorption value of 31 sets of visibile light wavelength from 400

to 700 nm. With some conversion and calculation, one can obtain a .

combination number of ADMI. :

Principles of ADMI

This method applies tristimulus filter technique. It is based
upon Adams Nikerson¢4’(®) chromatic formula for calculating single
color difference, i.e., uniform color differences, for example, if two
colors, A and B, are Jjudged visually no differences from each other,
their ADMI color values will be the same. An intermediate value (DE)
is obtained from calculation¢!’ table by utilizing measured 31 sets
data of spectrophotometer scanning A from 400 to 700 nm with an
interval of 10 nm each. Three types of calculation models proposed by
Standard Methods¢%):

1. AIMI1 = 328.183 x (DE) -8.938 . Eqn(1)

_ DE
2. ADMI2 = Eqn(2)
0.00350 - (DE x 0.000269)
' DE x 1,400 :
3. ADMI3 = . Egn(3)
PATH

Where :
DE : intermediate value, and
PATH : optical length , (cm)

Theoretically, in a single color system, the absorption is
proportional to that of concentration. In a mixed color system, the
absorption represents a summation of different color units. According
to Beer’s law , in a single color system:
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Ai = ai becoi . Eqn (4)
In a mixed color system:

A=73 Ai =b Sai ci Eqn (5)

i=1 f=1"""n

Where,

the absorption of single color system,
the absorption of mixed color system,
the absorption coefficient,

the cell length, cm and

color concentration.

EORTR

METHODS

Traditional ADMI measurement procedure is relatively complicated
among all methods. This study by ultilizing a personnal computer
system (IBM PC/AT compatible system) connected by RS-232 interface
with a scan spectrophotometer and a new developed ADMI calculation
software. One can obtain the light scanning result and transfer
into ADMI simultaneously. The first part of this study is to
verify the accuracy of the ADMI method by comparing results with Pt-Co
standard solutions with the range from 0-100 Pt-Co units. Different
cell material (glass and quartz) and optical path (lcm and 5cm) of
sample are also utilized to compare each other. Three calculation
models (ADMI1, ADMI2, and ADMI3 ), proposed by Standard Method¢%), are
discussed with standard Pt-Co solutions. In order to eliminate the
human visibilty errors of measuring color in water, a set of different
dye solutions are utilized to discuss the dilution ratio with ADMI
data. Normally, the true color is recognized as inverse proportional
to that of dilution rate for brown type of sample (as Pt-Co). 1In this
study, a set of dye solutions of red, brown, green, blue and purple
are diluted of in different ratios to examine the correct calculation
equation.

RESULT AND DISCUSSION

The relationship between ADMI and Pt-Co

The standard 500 Pt-Co unit stock solution is prepared for the

accuracy study of automatic ADMI measurement system. For drinking
water, the upper limitation of color seldom over 100 Pt-Co unit.
Therefore, in this study dilute stock solution and the operating
measurement range between 0 to 100 was used. With wathematical
regression program, the linear index of determination (ID or r®) is
utilized to express the accuracy of ADMI measurement with Pt-Co
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standard solutions. From Fig.l, and Table I of glass cell with an
optical path of 5cm provides best ID with standard Pt-Co solutions.
A 5cm optical path cell obtained higher ID than that of lcm cell. This
is proposed by Standard Method‘®’ also. . Normally, a sample with a
Pt~-Co color unit above 250, and an optical path lcm cell is
recommended. At the low color level of tap water, a 5cm cell is needed
for the color measurement. The best fitted ADMI and Pt-Co relationship
is:

ADMI = (.191375 + 1.02874 (Pt-Co) (ID=0.998) ' Eqn(6)

' Three color calculation models (namely: ADMI1, ADMI2, and ADMI3)
are compared with test results. Table I , shows that the model 2
(ADMI2) and model 3 (ADMI3) both provide better fitted result than
that of model 1 (ADMI1l). For ADMI3, there is a cell optical length
modification term in it, and therefore, it provides better results in
different cell size situations. The ADMI2 model with 5cm optical path
provides as good as ADMI3 regression result in the Pt-Co
unit below 100. For tests with both glass and quartz cell with lcm
optical path, show (Fig.l) that the ADMI1 and ADMI2 models provide
much lower results than that from ADMI3 model. There are two possible
reasons: one is in the low absorption data obtained with low ADMI
sample, the light can not reflect color properly with so low an
absorption result. The second reason is that the ADMI3 model provides
an optical path modification factor (PATH), which can eliminate the
cell size problem easily. In a situation where one can not obtain a
5cm optical path cell, it would still be able to utilize a lcm cell to
obtain the ADMI3 with relatively acceptable level of model calculated
result. Both ADMI2 and ADMI3 models are applied to calculate ADMI
values of Scm optical path cell in the following part of this study.
As for the cell material, and since this work applies spectrophotometer
scanning wavelength located in visible 1light range, glass cell
provides better results than that of quartz cell.

Table ] .The index determination (r) of the
relationship between ADMI vs.
Pt-Co standard solution (for glass)
and cell length (lcm and Scm of cells.)

Glass Quartz

Scm lom 5cm lom

ADMI1 |0.997 [0.939 [0.995 [0.987

ADMI2 [0.998 ]0.993 [0.997 |0.987

ADMI3 [0.998 0.993 [0.997 |0.952
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Fig.l The relationship between ADMI and Pt-Co units,
for different types (glass and quartz), optical
path (lcw and S5cm) and calculation models (ADMI
1,2,3). :
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Should a lower UV wavelength range be used in the study, a quartz
cell then is required to obtain better results.

Dilution Effect

The dilution effect of different dye solutions are examined in
this study. Five major soluble dyes: red , brown ( Pt-Co), green, and
purple solutions are prepared and started with initial ADMI values
below 100. In order to eliminate the cumulative operation errors, all
dilution rates are obtained from stock solution directly.Then a series
dilution processes achieved to examine the proper dilution equation.
From the basic dilution equation, a model can proposed as:¢?)

ADMI = I x (DIL)® . _ Eqn (7)
Where .
ADMI : color unit,
DIL : dilution rate,
B : constant (Slope) and
I : initial color.

In many cases of chemical dilution calculation method proposed
by Standard Methods, one can obtain color unit directly by multiplying
the dilution rate. 1In such case, a B value of 1.0 is required for
calculating result directly. For color measurement, without any
chemical reaction occurring in the sample, simply dilute solutions
with deionized water, both hue and transparency changed at the same
time. Therefore color dilution is slightly different from that of
chemical concentration changes from previous knowledge. This effect
is not revealed visually in the low color sample. By the proposed ADMI
automatic measurment system, a series of dilution effect results can
then be obtained. One can plot dilution rate with ADMI in a log-log
plot, should the slope B equals to 1.0, then, a traditional dilution
calculation equation can be utilized. By plotting different dye
solutions ADMI with dilution (Fig.2 and Fig.3), we can realize that
the slope (B) is different from 1.0 (Tablel ). For ADMI2 model, the
B value changes from 0.963 to 0.991 with index of determination (ID)
from 0.990 to 0.999 (purple and brown). For ADMI3 model, the B valube
located from 0.956 to 0.983 with ID from 0.990 to 0.999 (purple). In
ADMI2 wmodel study, the brown (Pt-Co) color provides a good result as
purple with the highest ID of 0.999. The reason is the ADMI2 model
itself provides an accurate result and Pt-Co is the most reliable
color unit in the study. 1In both studies of purple dye displays the
best fitted ID (0.999) in the dilution rate model tests. The possible
reason might be due to its dark hue, the shade makes a better
comaprison from each dilution rate study under so low a color
situation. This reveals partially the assumption this study made :
the dilution affects both concentration and hue of water samples.
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Fig.2 The dilution effect of different dyes (red, green
“blue, purple, and brown ) with ADMI2 of samples.
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Dilute ve. ADMI3 Dilute vs. ADMI3
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r=0.998 _ r=0.999
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F%§.3 The dilution effect of different dyes (red, green,
blue, purple, and brown) with ADMI3 of samples.
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Table I . The dilution effect for different dyes
(red, brown, green, blue and pruple)
with ADMI2 and ADMI3 results, based upon
proposed dilution model.

Color Red Brown Pt-Co Green
Model ADMI2 ADMI3 ADMI2 ADMI3 ADMI2 ADMI3
I 106.338 | 102.209 100.397 94.53 124.758 119,492
B 0;966 0.959 0.977 0.941 0.991 0.982
I 0.998 0.998 0.999 0.998 0.990 0.990
Color Blue purple ;
Model ADMIZ aADMI3 ADMI2 ADMI3 .E
I 107.418 |103.374 | 112.455 | 108.029 é
B 0.963 0.956 0.979 0.973
ID 0.998 0.998 0.999 0.999
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The change of hue can not be seen easily in a bright dye, while
in a dark dye solution (eg. purple) a relatively sharp change can be
found by this measurement system. In all, the automatic measurement
system provides a better understanding of clolr analysis technique.
A full range plot (0-1000 ADMI) (Fig.4) of dilution rate with high
intial ADMI reveals the similar result as proposed Eqn(7) model.
For Pt-Co standard solution, lem optical path (ADMI3), with a B value
of 0.995, brown water sample of lcm (ADMI3) and 5cm (ADMI1) cells,
with the B values of 0.991 and 0.563. A raw and filtered (both are
ADMI1) textile colored water sample of 5cm cell provides B values of
0.865 and 0.936 respectively. Many cases of B value, while differ from
1.0, representing the conventional dilution rate the calculation model
can not be applied properly. For those solutions with insoluble color,
the proposed model then can be applied.

CONCLUSIONS

1.The automatic ADMI color measurement system provides a convenient
way to obtain the reliable color data, which is very close to the
Pt-Co standards.

2.For the water with ADMI lower than 100, an optical path of 5cm
glass cell is recommended. The ADMI3 model of transfering scanning
absorption results to color unit is recommended. '

3.The color dilution rate is affected by both dye concentration and
hue. For calculating the diluted sample, a proposed dilution model
can reveal the real dilution phenomena. According to the proposed
color dilution model (Eaqn(7)), £for both low and high initial ADMI
water samples, only if slope (B) has an unit value, the traditional
dilution calculation method can be applied.
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NOMUCTATURE

A : the absorption of mixed color system
ADMI : water color unit

ADMI1 : water color unit aclculatied by Eqn(l)
ADMIZ : water color unit aclculatied by Eqn(2)
ADMI3 : water color unit aclculatied by Eqn(3)
Ai : the absorption of single color system

ai : the absorption coefficient

APHA : American Public Health Association

B : constant (slope) of dilution model

b : the cell length , cm |

ci ¢ color concentration

DE : intermediate value

DIL : dilution rate

: initial ADMI value :

i : number of color mixtures

ID (or r*) : index of determination

PATH : the optical length of sample cell, cm
Pt-Co : water color unit
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ABSTRACT: In this research, wvarious methods for residual aluminum
analysis were evaluated, and a suitable one was suggested for the usage
in local water treatment plants. The selected method was also
employed to analyze samples collected from various plants. The results
suggest strong relationship between the major coagulation mechanism and
the dominant Al species and concentration in finished water.

INTRODUCTION

Aluminum(Al) salts are the major coagulants used by public water supply
industry in Taiwan. Aluminum sulfate(alum) and polyaluminum chloride (PAC) are the
most popular. While effective for turbidity removal, the use of Al coagulants may
result in elevated concentrations of Al in finished waters. The occurrence of
high concentration of Al in drinking water is of concern because of potential
adverse health effect. It has been speculated that there is a relationship
between Al and neuropathological disorders, such as Alzheimer's disease (NAS,
1982). In addition, excessive amount of Al in filtered waters may increase
turbidity and impair disinfection efficiency. Postprecipitation of Al in
distribution lines can reduce the carrying capacity of the pipes by deposition
of Al hydrolysis products on pipe walls (Costello, 1984). In order to limit the
amount of Al in finished water, various organizations and agencies have
established regulations and guidelines for Al in drinking water. Except for the
maximum permissible concentration (200 Hg/L) established by the European Economic
Community, all the limits are guidelines and not regqulations. The concentration
values specified are between 50 and 200 mg/L (Letterman, 1988).

Although Al salts are the major coagulants used in Taiwan, informations
about residual Al in treated water are lacking. The purposes of this study are:
first, to evaluate various residual aluminum analytical methods, and then suggest
a suitable one to be empolyed by local water treatment plants; secondly, to
observe the relationship between residual Al and operational parameters in
various water treatment plants.

Several methods are available for determining regidual al. Catalogued by the
instrumentation employed, there are atomic absorption spectrometric method,
spectrophotometric methods, and fluorimetric method. Ranking the methods in the
order of cost demand in instrumenatation, atomic absorption spectrometric method
is the highest, especially when graphite furnace is required to meet the low
detection limit required. The next is the fluorimetric method. While the
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spectrophotometric method is the lowest, spectrophotometers are also generally
available in water treatment plants in Taiwan. Therefore only spectrophotometric
and fluorimetric methods were evaluated in this study. The principle of
spectrophotometric method is: the Al reacts with chromogenic reagents added into
water to form colored complex that exhibits maximum absorption in the wavelength
range of visible light. While that of fluorimetric method is also the reaction
of specific organic with Al to form complex whose fluorescence is measured. After
searching through the literature, two methods of spectrophotometry, one of which
using Eriochrome cyanine R (ECR) as chromogenic reagents(APBHA et al., 1985),
another using Pyrocatechol violet (standing committee of Analysts, 1979), and one
method of fluorimetry using Lumogallion as complexing agent (Hydex & Liss, 1976),
were tested in this research.

EXPERIMENTAL

The experimental works can be divided into two parts. The first part was to
compare the ECR, PCV, and fluorimetric methods for residual Al analysis, and
gelect the most suitable one to be used by local treatment plants. In the second
" part, raw water samples and samples of effluents from various water treatment
units of several plants located in southern Taiwan were collected, and residual
Al concentration analyzed by the method selected. The relationships between
treatment facilities, operational parameters, and the concentration of residual
Al in treated waters were investigated.

Comparison of Residual Alumipum Analytical Methods

In ECR method and PCV method, Eriochrome cyanine R and Pyrocatechol violet
were used to react with Al and form complexes, whose absorbance were measured at
wavelengthes of 535 and 580 nm, respectively by a spectrophotometer (Hitachi Model
U-1100, Tokyo, Japan). The fluorimetric method involved buffering the sample to
a pH of 5.0, adding Lumogallion reagent and alleowing it to react with Al to form
a complex whose fluorescence was measured by a spectrofluorophotometer (Shimadzu
Model RF-540, Kyoto, Japan) at an excitation wavelength of 510 rnm and an emisson
wavelength of 573nm. The details of these analytical procedures can be found
elsewhere (Yeh, 1990).

For comparison between the two colorimetric methods, the wavelengthes of
maximum absorption, absorbance of reagent blank and the molar absorptivity (e)
obtained from calibration curves were compared first. Then the coefficient of
determination y? between Al concentration and absorbance of calibration curves,
and the minimum detection limit obtained from the colorimetric methods were
compared with that from fluorimetric method. The minimum detection limit (MDL)
is defined as:

MDL= t , X O, : (1)
where t, = students t value for one tailed test at the 99%
confidence level with n-1 degrees of freedom.
o, = the standard deviation of ten replicas of blank tests.
Next standard Al solutien with concentrations of 20, 50, and 200 ug/L were
analyzed by ECR, PcvV, and fluorimetric methods, respectively (for fluorimetric
methods 200 ug/L solution was skipped). For a specific concentration, 20 replicas
were analyzed by each method to determine mean value, standard deviation(SD),
relative standard deviation(RSD), relative error, and total error. The definition
of RSD, relative error, and total error are as follows:

sD
RSD = X 100 (2)
Detected mean
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: Datected mean - True value . :
Relative error = X 100 » . (3)
True value ’

(Detected mean - True value) + 2 x SD
Total error = X 100 (4)
True value

T2 value of standard deviation was used to assess the precision of the
analytical methods, while relative error for accuracy.

Furthermore, in order to evaluate the matrix effect on Al analysis,
dechlorinated laboratoery tap water was spiked with varying quantities of Al, then
total Al measured, and the percent recovery calculated. Finally, varying amounts
of Naocl solution were added into standard Al solution. After 30 mins of contact
time, both residual chlorine and Al concentrations were analyzed, in order to
asgesg the effect of residual chlorine on Al analyeis by colorimetric and
fluorimetric methods.

Sampling of Water Treatment Plants

Water samples for Al analysis were collected from three treatment plants:
Feng-San, Tan-Ting, and Wu-San-Tou, all located in southern Taiwan. The Feng-San
plant draws its raw water from Feng-San reservoir, which stores water pumped from
the polluted Tong-Kang river. The output of the plant during sampling period
(between Feburary and April 1990) was about 400,000 m®/day. The plant employs
prechleorination, coagulation, sedimentation, filtration and postchlorination.
Liquid alum (7.5% Al,0,) was added at a dose of about 40 mg/L. Single media of
silica sand were used in the filter.

The raw water of Tan-Ting and Wu-San-Tou treatment plant comes from Wu-San-
Tou reservoir; while the latter draws its raw water directly from the reservoir,
the former is supplied via an open channel. The average output of the plants
during the sampling period was about 170,000 and 280,000 m?/day for Tan-Ting and
Wu-San-Tou, respectively. Both plants employ prechlorination, ceoagulation,
sedimentation, filtration and postchlorination. Although liquid alum, as that
used in Feng-san, was also the coagulant for Tan-Ting and Wu-San-Tou, the dosage
required for the latter two was lower than that for Feng-San, probably because
the raw water quality of Tan-Ting and Wu-San-Tou are much better than that of
Feng-San. Dual media with anthracite and silica sand were used in filters of both
plants.

Grab samples were collected at the treatment plants, and sampling locations
included the raw and finished waters, as well as the effluent from sedimentation
bagins and sand filters. At the same time, the flow rate of the plants,
operational parameters of various treatment units, and chemical dosage were
collected. sSamples were transported to the Department of Environmental
Engineering, National cCheng Kung University in ice-filled chests for further
analysis, including pH, turbidity, alkalinity, fluoride, DOC, residual chlorine
and Al measurement. The Al species measured inecluded total, dissolved, and
particulate Al. To determine total Al, the sample was first kept in 0.1M EHcl
environment for 24 hrs, then analyzed by PCV method. While the sample
pretreatment for dissolved Al determination was filtration through 0.22 um
membrane filter (polycarbonate capillary membrane, Nucleopore) before
acidification and PCV method analysis. Particulate Al was the difference between
total Al and dissolved Al. The analysis of conventional water quality parameters,
such as: turbidity, alkalinity, bpH,...etc. followed those in Standard
Methods (APHA, 1985).
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RESULTS AND DISCUSSION
Comparison of Residual Aluminum Analysisz Methods

First, two spectrophotometric methods, i.e. Pyrocatechol vilot (PCV) method
and Eriochrome cyanine R (ECR) method, were compared as shown on Table I. The PCV
method has higher wavelength of maximum absorption, a desired characteristic
which decreases errors caused by the natural color and turbidity of certain
waters. The PCV method also has advantage over the ECR method, as the former has
lower absorbance value of reagent blank. The PCV methods also has greater
sensitivity, as indicated by the larger molar absorptivity value than that of ECR
method.

»

Table I The characteristicas of ECR and PCV methods

‘Wavelength of Absorbance of MoTlar
Method max.absorption reagent blank absorptivity €
(nm) (10 mm cell) o (L/mole.cm)
BCV 580 0.054 4.45 X 10%
ECR 535 0.085 _ 3.02 X 10¢

Next, the PCV and ECR methods were compared with the fluorimetric method
based on minimum detection limit (MDL) and coefficient of determination 7?2
between Al concentration and response of the inatrument of the calibration curve
for each method. The results are shown in Table II. It can be noticed that the
calibration curve of PCV method has the strongest correlation between Al
concentration and instrument response, next i fluorimetric method, ECR method
is the lowest. As far as the MDL value is concerned, fluorimetric method has the
lowest value, next is Pcv method, ECR metheod has the highest wvalue.

Table II The 52 value of calibration curves and MDL of the three Al
analytical methods

Method >* MDL (ug/L)
PCV 0.9990 13.3
ECR 0.9877 d : 22.6
Fluorimetric Method 0.9967 : 0.9

In order to decide the precision and accuracy of the PcCV, ECR, and
fluorimetric method at various Al concentration, 20 replicas of standard Al
solution at each specific concentration (20, 50 and 200 ug/L for PCV and ECR
method, for fluorimetric method only 20 and 50 ug/L) were analyzed, and the
results are summarized in Table III. The precision of analytical method can be
decided by the relative standard deviation (RSD, %). For the three methods
studied, PCV method has the lowest RSD, and therefore the highest precision; next
is ECR method, and fluorimetric method has the lowest precision. And relative
error can be used to compare the accuracy of wvarious analytical methods, from
Table III fluorimetric method has the lowest relative error, and therefore
highest accuracy; next is Pcv method, and ECR method has the lowest accuracy.
McFarren and coworkers (1970) proposed "total error™ as a criterion for judging
acceptability of analytical methods and suggested that methods be divided into
three categories : excellent (total error 25% or less), acceptable (total error
50% or less), and unacceptable (total error greater than 50%). Based on the
results shown in Table III, except at the concentration level of 20 ug/L ECR
method has a total error of 63.0%, and therefore is unacceptable; in all other
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gsituation, all three methods belong to the excellent category, and PCV method
still has the lowest total error.

Table III Precision and accuracy of the three Al analytical methods

Concentration of standard Al Solution

Parameters Method - 20 pg/L 50 ug/L 200 pg/L
Mean PCV 20.4 45,5 198.8
(Ng/L) ECR 29.2 55.7 223.3

Fluorescence 20.2 53.3 NA*

sD PCV 0.7 0.9 2.6
(ug/L) . ECR 1.7 1.7 10.4
Fluorescence 1.8 2.6 NA

RSD PCV 3.5 1.9 1.3
(%) ECR 5.9 3.0 4.7
Fluorescence 8.9 4.8 NA

Relative PCV 2.0 ~8.9 ~0.6
error ECR 45.9 11.5 11.6
(%) Fluorescence 1.2 6.6 § NA
Total PCV 9.0 12.6 3.2
error ECR 63.0 18.2 22.1
(%) - Fluorescence 19.0 17.0 NA

* Not available

In order to evaluate the matrix effect om Al analysis, dechlorinated
laboratory tap water, with or without dilution with pure water, was spiked with
various amount of Al, then Al concentration analyzed and recovery calculated.
Twenty replicas were performed for each analytical method and concentration
range. The results are shown as in Table IV. At low concentration range ( < 50
ug/L), fluorimetric method has the highest recovery, PCV method is next, while
ECR method is the lowest. For high concentration range (> 50 ug/L), the recovery
values for both PCV and ECR methods are close, however, the former has lower
relative standard deviation than that of the latter.

Finally, in water treatment plants of Taiwan chlorination is always used for
the purpose of disinfection, and prechlorination is also often employed to
oxidize ammonia and other impurities at the beginning of treatment train. As
chlorine is a strong oxidant, and the complexing agents used in those Al
analytical methods are organics, the effect of residual chlorine on those
analytical methods deserved our attention. Therefore standard Al seolutions with
various amount of residual chlorine were analyzed by the PCV, ECR, and
fluorimetric methods, respectively. The results are shown in Fig.l, which
indicates that up to 6 mg/L residual chlorine did not have any significant effect
on Al determination (at béth 30 and 100 ug/L Al concentration level) by PCV and
ECR method. However, only 0.5 mg/L of residual chlorine could reduce the detected
Al concentration by half when the concentration level of standard Al solution was
at about 100 pg/L, and the detected Al concentration approached zero when
residual ¢hlorine was over 1 mg/L. Therefore, the results indicated that PCV and
ECR methods could be used safely to analyze Al for samples come from water

treatment plants involving chlorination process, while fluorimetric method needs
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Table IV Tast for recovery of the three Al analytical.methods

statistical parameters Methods
of recovery test . PCV ECR Fluorescence

Low Al concentration (< 50 ug/L)

Mean' (%) 64.9 47.8 : 92.3

SD(%) - 9.8 13.4 18.0

RSD(%) . 15.1 28.0 19.5
High Al concentration (> 50 ug/L)

Mean” (%) 108.2 109.6 NA""

SD(%) 3.3 13.6 NA

RSD (%) : 3.1 12.4 NA

* n= 20
** Not available

some modification before it can be used for similar application.

Although fluorimetric method has higher accuracy and lower minimum detection
limit than that of spectrophotometric methods at Al concentration below 50 ug/L,
its subject to the interference of residual chlorine makes it unsuitable for
application in water treatment plant. For the two spectrophotometric methods, PCv
method has several advantages over ECR method: (1) higher wavelength of maximum
absorption, (2) lower absorbance value of reagent blank, (3) higher sensitivity,
(4) higher precision and accuracy, and (5) lower minimum detection limit, and
therefore is the method recommended for residual Al determination for samples
from water treatment plants.

Effect of Operational Parameters of Treatmant Processes on Residual Aluminum
Concentration

In this portion, first, the residual Al data collected from the Feng-San,
Tan-Ting, and wWu-San-Tou treatment plants will be presented separately. Then a
general discussion covered the three treatment plants simutaneously will bhe
followed.

Feng-San Treatment Plant

The average Al concentrations of the raw and finished water as well as the
effluents from sedimentation basins and sand filters are shown in Fig.2A. It was
found that total Al of raw water was about 50 ug/L, in which particulate Al
accounted for about 65-80%, higher than that of dissolved Al. During the
coagulation process of Feng-San plant, high dosage of liquid alum was added, this
was reflected by the drastic increasing in total Al of the sedimentation basin
effluent. The total Al was comprised primarily of particulate Al (> 90%),

Al T ™ Y —
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Figure 1. The effect of residual chlorine on Al analysis.
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indicating the Al containing in the added alum transferred mostly to particulate
form, which could be removed in the filtration process. Therefore, total Al of
the filtrate reduced drastically, and camprised primarily of dissolved form. The
Al content of finished water was similar to that of filtrate, and the total Al
(< 50 pg/L) of the finished water was lower than that of the raw water.

Tan Ting Treatment Plant

The variation of average Al content through the treatment train of Tan Ting
plant is shown in Fig.2B. Based on the data collected, the total Al contents of
raw water were 15-34 ug/L, average about 25 ug/L, in which the percentages
occupied by particulate Al were 50-91%. After coagulation by liquid alum and
sedimentation, the average total Al concentration of sedimentation basin effluent
also increased to about 93 ug/L; however, of which 50 to 88% were existed in
dissolved form, which was contrary to that of Feng-San plant. As dissolved form
of Al could not be removed by filtration, the dissolved Al in the filtrate still
occupied the major portion of total aAl. The increase of total Al in the filtrate
compared to that of sedimentation basin effluent may be due to the leaching of
Al from anthracite, as Al is also a constituent of anthracite. The reason to
promote us to make this conjecture is that: the phencmena of total Al increase
in the filtrate did not occurred in the Feng-san plant, which used only silica
sand as filter media; but did occur in both Tan-Ting and Wu-San-Tou plants where
anthracite-sand dual media were employed. Nevertheless, further studies should
be conducted before definite conclusion could be drawn. Finally, the persistance
increase in total Al in finished water can be explained by the fact that the
finished water samples taken from the Tan-Ting were actually the mixture of
finished waters fram two other nearby plants, in addition to the filtrate of Tan-
Ting itself. And the finished waters of those two other plants were found to
contain higher total Al than that of Tan-Ting.

Wu-San-Tou Treatment plant )
Oowing to sampling problems, representive samples of finished water could not

A Feng—San
- Total
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3 B3 pissolved
- 1
= K] particulate
1
50
0 | Ry B |

Rew Sett. Eff Filt. Bff Finished

L] Tan-Ting c Wu-San-Tou

R

Fiqure 2. The variation of Al concentration through water treatment train.
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be obtained in this plant. Therefore, only Al concentration of raw water,
effluents from sedimentation basin and filter are discussed. Figure 2C shows the
average concentration of Al of these waters. Similar to the previous two plants,
the total Al concentration of raw water was also lower than 50 ug/L (about 13-21
ug/L) with the ratico of dissolved to particulate form at about 3 to 2. After
coagulation by liquid alum and sedimentation, the concentration of total Al of
the effluent from sedimentation basin was increased to be higher than 200 ug/L,
which comprised primarily of dissolved Al (about 90%). This indicated that the
residual Al in the effluent were mostly existed in dissolved form, which would
be quite difficult to be removed by the follewing filtration process. This is
indeed supported by the high total and dissolved Al (over 200 ug/L) in the filter
effluent, as shown in Fig.2cC.

The Relationship between Coagulation Mechanisms and Residual Aluminum
Concentration

when al salts are dissolved in water, the metal ion Al*? hydrates;
coordinating six water molecules and forming an aquometal ion Al(HZO);d. Further
hydrolysis leads to the formation of numerous intermediates prior to
precipitation of aluminum hydroxide Al(OH),(s). Those hydrolysis intermediates
includes soluble monomeric, dimeric, and perhaps small polymeric hydroxo-metal
complexes, and the concentration of the various species will be controlled by the
final pH value of the aqueocus solution.

Hayden and Rubin (1974) conducted a thorough study of the hydrolysis and
precipitation of A1(III), and indicated that the principal species in equilibrium
with Al(OH),(s) were al*’, AloH'?, Al (OH),*!, and Al(OH),”, when dissolution of
aluminum concentrations from lewé moles/L to 5%X1072 moles/L at 25°C over
typical ranges of pH. Using the equilibrium equations and the practical
equilibrium constants for these species and the informations collected through
an extensive review of the literature on alum coagulation, Amirtharajah and Mill
(1982) proposed that alum coagulation is a function of only alum dose and pH as
independent variables, and presented a design and operation diagram for alum
coagulation, which shows log[Al] ([Al] in moles per liter, or alum as
Al,(80,),.14.3H,0 in mg/L in logarithmic scale) versus pH of the mixed solution
(Flg 3). And ln the domain of Al(OH), precipitate, it is further subdivided into
sweep coagulation, adsorption destabilization, combination (sweep and
adsorption), and restabilization four zones to designate major destabilization
mechanisms by alum c¢oagulation in a specfic combination of alum dosage and pH
value of mixed solution.

The alum (7.5% Al 0,) dosage and the corresponding log[Al] ([Al] in mole/L)
value of the coagulatlon process for the Feng-San, Tan-Ting and Wu-San-Tou
treatment plants, the pH value, dissclved and particulate Al of the sedimentation
basin effluent are summarized in Table V. Based on alum dosage and pH values of
these three plants, their corresponding location on the coagulation mechanism
domain diagram for alum were also marked on Fig.3. It can be revealed that sweep
coagulation was the dominant destabilization mechaniam in the coagulation process
of Feng-san. This is also supported by the data collected which showed that the
total Al of the sedimentation basin effluent of Feng-San plant was comprised
primarily of particulate Al (> 90%), and therefore could be removed by sand
filtration, resulting in lower reaidual Al in finished water. However, for both
Tan-Ting and Wu-San-Tou plants the pH values of the settled water were higher
(over 8.0 compared to around 7.0 for Feng-San), and alum dosages lower (less than
8 mg/L compared to 40 mg/L for Feng-San), compared to those of Feng-San.
Therefore, the corresponding points for those two plants on Fig.3 were located
outside the domain of Al(OH),(s) precipitate, indicating that the residual Al
were mostly existed in dlssolved form. This is also coincident with the data
reported in Table V. As dissolved form of Al could neot be removed by filtration,
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Figure 3. The coagulation mechanism domain diagram under various alum dosage and
pH values (modified from Amirtharajah (1982)).

the residual Al in the filtrate and finished waters for these two plants were
high.
Several strategies may be effective for reducing residual Al in finished
water for Tan-Ting and Wu-San-Tou plants. These include: shifting the
destabilization mechamism to sweep coagulation by either increasing alum dosage
or adjusting the pH value of the mixed solution to promote the formation of
precipitable Al(OH),(s). However, attention should also be paid to the stability
of the finished water concerning correcsion or deposition tendency at the same
time. Recirculating same of the settled sludge to the rapid mixing tank to serve
as nuclei for floc formation may also be ancther feasible alternative. A pilot-
plant scale study is now undertaken inside the Wu-San-Tou plant to try to find
out the most effective and economical strategy for residual Al reduction.

Table V Alum coagulation mechanism and pH value, residwal Al of sedimentation
basin effluent

Treatment Alum®  log[Al] Dissolved Particulate Coagulation

plant dosage {mole/L) pHE Al al Mechanism
(mg/L) (ug/L) (Hg/L)

Feng-San 40 -4.23 6.8~7,2 13.1~16.3 I54~272 Sweep

Tan-Ting 3.2~6 -5.05~-5.33 B.1~8.5 16.4~165 15.5~39.1 ' Dissolved

Wu-San-Tou 8 -4.93 8.0~8.2 205~221 25~35 Dissolved

* Liquid alum (7.5% Al,0,)
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SUMMARY AND CONCLUSIONS

In this research, various methods for residual Al analysis were first
evaluated, and the colorimetriec technique with pyrocatechol vieolet (PCV) as
complexing agent is the method recommended for residual Al analysis in local
water treatment plants. Then the PCV method was used to determine Al
concentration of water samples taken from three water treatment plants in
gouthern Taiwan. The results indicated that although several factors could affect
the residual Al concentration in finished waters, coagulant dosage and pH value
during the coagulation process, and therefore the major destabilization mechanism
employed may be the most important factors. When the major mechanism was sweep
coagulation, veluminous aluminoum hydroxide was formed, which existed as
particulate Al, and could be earsily removed by sedimentation and filtration, the
finished water were low in residual Aal.
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LEVELS OF SERVICE FOR WATER SUPPLY SOURCES AND
ASSOCIATED HYDROLOGICAL PERFORMANCE INDICES

Frank M. Law
Institute of Hydrology
Oxfordshire, Great Britain

ABSTRACT: A feature of utility privatisation has been the setting of service standards which
must be met as a condition of the supply concession. Achieving and maintaining each stated
level-of-service can only be met by a consistent programme of capital and running cost
expenditure. This paper examines the development of UK hydrological performance indices; it
then looks at the relevance of new indices in the expectation that they are just as useful in newly
industrialised countries. Although monitoring past performance has some value, it is concluded
that simulation of future achievements produces better results. However to produce any stability
in the meaning of indices is difficult, particularly in the absence of generalised source operation
rules.

INTRODUCTION

The Levels of Service to be achieved by an effective water supply are necessarily wide-ranging,
Those now demanded in England and Wales include:

Indicator : Coverage

DGl Raw Water Availability - expressed as the number of customers whose water
resource availability is below a reference standard

DG2 Pressurc of Mains Water - the number of customers' properties that are
subject to inadequate mains pressure

DG3 : Water Supply Interruptions - the number of properties experiencing a loss of
supply for longer than a reference standard without notice

DG4 Water Usage Restrictions - the number of customers notified of restrictions

on hosepipe use
(For convenience further details are given in Appendix 1)

Immediately prior to privatisation the UK regional water authorities had been publishing at
government request a series of twenty nine indicators. Table 1 presents the final year figures for
each of the ten authorities on those indicators covering water supply topics. Clearly they were
limited to simple statistics and were dominated by financial issues given that mains water coverage
was etfcctively complete well before that year. No proper comparisons can be made from Table 1
without making allowance for the presence of other supply-only companies in their regions.
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TABLE I English and Welsh Water Authority Performance 1987/88

Water supply : Anglian

Expenditure per head of _ £
equivalent population:-

Operating and management 8.54
expenses .

Current cost depreciation 491

Current cost operating profit - 3.34

Percentage of water put into ' %%
supply from:-

Ground sources 52.5

Surface sources o 47.5

Percentage of supplies which %
are:-

Metered potable 29.6

Metered non-potable ) 2.7

Unmetered : 67.7

Percentage of normal 98.7

population on supply

Manpower numbers per thousand
equivalent population:-

Water supply (inc. approp. 0.23
part of water resources)

Capital expenditure per head - £
of equivalent population:-
Water supply 7.43

North
West

9.37

N/S
N/S

9.1
90.9

25.6
4.0

70.5

99.1

0.27

6.90

Northum-
‘brian

5.72

2.44
1.98

2.8
97.2

22.6
37.0
40.4
99.1

0.14

Severn
Trent

8.76

3.92
3.01

374
62.6

277

72.3
99.5

0.25

6.38

South
West

842

4.00
4.18

11.4
88.6

23.9

76.1
95.0

0.26

8.57

South-
em

8.70

3.19
3.78

69.9
301

26.6

0.6
72.8
99.7

0.25

6.32

Thames
Water

10.66

29
2.85

26.0
74.0

16.3

83.7
99.9

0.28

5.80

Welsh
Water

843

3.25
2.76

43
95.7

20.0
11.5
68.5
97.5

0.29

3.42

Wessex

Water

9.11

4.82
3.17

78.9
21.1

3].6

1.7
66.7
97.4

1245

York-

shire

10.41

5.21
3.85

254
74.6

25.8

74.2
99.0

0.31

10.70



TABLE II National Rivers Authority (England and Wales) Actual 1989/90 Key Indicators

WATER RESOURCES

Number of rivers with low flows improved

% abstraction/impounding licences formally determined within
statutory period

Number of licence inspections (at site)

POLLUTION CONTROL

Number of effluent discharges monitored
Number of water quality analyses (millions)
Length (km) of Class 4 (Bad Quality) River
CONSERVATION

Length (km) of aquatic habitats surveyed

Number of improvement projects
% in collaboration with others

TABLE III Additional NRA Water Resowrces Performance Measures

Actual
1989/90
RESOURCE PLANNING
~ Number of supply zones where resource/demands ' 18
balance audited
LOW FLOWS
Number of low-flow studies completed 0
LICENSING
Number of licences in force ' | 47745
Number of new licences determined within statutory period 429
ENFORCEMENT |
Number of 'highly critical’ licence inspections 240
Number of 'more critical' licence inspections 2463
Number of 'less critical’ licence inspections 1120
Number of 'non-critical' licence inspections 770
Average attainment of target inspections - 28%
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4593

11481
3.45
617

2650
45
65

Forecast
1990/91

74

23

48700
690

800
3000
1400
1000
27%



The National Rivers Authority (NRA) was set up in 1989 as a consequence of the privatisation
process, being staffed largely by former water authority personnel responsible for river management
in England and Wales. One of its core function arcas is water resources management; and closely
related ones cover pollution control and conservation. Its Corporate Plan (NRA 1991) summarises
2l key output and performance measures; Table II sets out a sub- set of its 1989/90 values but the
complete original takes a planning view of how these are to develop each year up till 1994/95. Table
IT] gives that Authority's supplementary water resources targets.

In Scotland preparation for privatising the water industry has only just begun and different
legislation applies. The Secretary of State for Scotland has announced an intention to legislate for
the creation of a Scottish Environment Protection Agency which will incorporate the existing regional
River Purification Boards and certain other pollution inspection agencies. A working group
established 28 levels of service of which five cover water resources; its approach was to establish
a target or base number and make the indicator, once determined, a fraction of that target. Table IV
illustrates that for one Board. :

TYPES OF PERFORMANCE INDICATOR
In the author's view these diverse indicators fall into five groups:

*  Straightforward statistics, events or costs that are sometimes expressed ‘per head' or in some
other dimensionless form

*  Percentage (or fraction) statistics (eg types of source used by water utility)
*  Progress-against-target indices which show accumulated achievement

*  Progress-against-target indices which show failure shortfall at the worst time(s) within the year
(cg by population or properties affected)

* Trend statements by comparison with the previous year, expressed qualitatively (eg from
‘Significant Deterioration’ to ‘Significant Improvement’).

Those indicators which operate by reference to a target are dramatically affected by how tough
or easy the target is in the first place. It can be expected to be tougher when set by an external
regulator then by the organisation's own choice (or even by an industry-consensus working party).
Typically indicators are best shown as current year values preceded by the equivalent figures for each
of the four previous years. This safeguards against some of the easy criticism of simple indices that
are affectcd by, say, temporary droughts or intermittent capital investment.

Most performance indicators, when taken alone, seem naive. Nevertheless they do permit busy
decision makers to spot whether an organisation is improving.

The Office of Water Services (OFWAT) approach, as UK water industry regulator, is to insist on
independent certification of each utility's performance report by consultants familiar with the water
industry. Where the utility and certifier differ that fact is also published. A further move has been
for OFWAT to introduce definitions of Data Reliability Bands, Accuracy Bands and Confidence
Grades to apply equally to each of the DG1 to DG8 Reference levels of Service. This restrains claims
of good service where data of appropriate rigour do not exist to back up those claims.

The most contentious Level of Service Indicator for an hydrologist is that which measures events

3B1-4



which are meant to occur once a decade or more rarely. Performance before a source is fully utilised
will be more secure than can ever occur thereafter (assuming the normal scenarios of stable or rising
demand). Furthermore, runs of weiter or drier years than normal can disturb thc messages generated
by Levels-of-Service indicators; so can the unhappy chance that drought comes just before, and not
just after, a new source reservoir is brought into operation.

ACCEPTABLE LEVELS OF SERVICE

Both in the UK and Malaysia the normal level-of-service for yield when planning a system
exienston has been expressed as the water supply maintainable through a drought of specified severity
(once in fifty years) while just emptying the reservoir(s) concerned. However in actual operation it
is necessary o make allowance for a current drought being worse than that for which it is designed.
As a consequence water supply is cut back to ensure no complete failure occurs. Those restrictions
may be ad hoc or proceed along seasonally defined operating criteria (Twort et al, 1985). Either way
the outcome is a supply duration curve that can become unacceptable if too many individual years fall
below target. Fig. 1 suggests a level that should prove a satisfactory compromise between service and
COst.

1 46 Using dally data over 10+ years

at steady demand equal to design
i i fd
130 4 * Available yield (without foresight of drought
severity)
for

% 120 conjunctive use
=S
c 110 - time full demand not met
2 -
B 100 ool 3 [~ Long average
E Worst —% </ lower
O 90 - : ‘ yearin 10 acceptable limit
2 -
% 80 | Average Supply Volume deficiency .-~ 2
- = 1% of Annual Demand
5 70 i
o
& 60

50 - :

40 | . s ; | T T T !

0 10 20 30 40 50 60 70 80 80 100
% time stated supply is equalled or exceeded
Fig. I Suggested target supply duration curve
HYDROLOGICAL INFLUENCES ON LEVELS OF SERVICE
With groundwater sources the effect of a drought can take many months to develop and may

persist intermittently for some years. Such a drought is currently affecting the chalk limestone sources
of eastern England, having originated in the dry winter of 1988/89. The conscquence has been a
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series of hose pipe bans with statutory backing. A growing section of the public has complained about
these with increasing acrimony as time has passed. Whatever the cause(s) may be (a very rare event;
higher demand; a desire for more supply security now water charges have risen; under-investment
prior to privatisation), it is clear that English levels-of-service from aquifer sources are too low.
Indeed the West Kent Water Company decided this unilaterally and opted early in 1992 for a crash
programme of new works (Robbins, 1992).

The traditional response in the past has been to deepen bores and lower pumps as well as to drill
new sites, ‘Thus a true crisis has rarely occurred in major wellfield supply systems. Consequently the
focus is better placed in such cases on the frequency of hosepipe bans and kindred measures rather
than on standpipes or rota cuts.

With surface sources a drought is felt much more swiftly and the critical event of a dam reservoir
emptying or of a stream drying up is more obvious to all concemed. Conventionally the residual river
flow has been raided’ first to protect the public supply but this harm to river ecology and amenity,
if frequent, is totally inappropriate to the 'sustainable development' era. In-between measures such as
hosepipe bans may not slow down demand quickly enough to be relevant for more than a few weeks
and in the fastest response systems it may well be best, once demand management by publicity has
reached its limits, to move to radical supply cuts, albeit as late as possible. ~

THE CASE FOR A FOUR TIMES IMPROVEMENT IN SUPPLY SECURITY

Both Malaysia and Britain have passed through drought periods in the last fitteen years fairly
successfully due to prior construction of sufficient storage to meet the drought only likely to be
exceeded once in 50 years. However as legitimate water demands rise and more sources are
developed any one utility (or government) has more supply headworks that may 'fail. Consequently
the frequency of something going wrong somewhere in any given year 1s likely to be rising in an
unwelcome way.

A once-in-50-year design drought could be thought of as being either:-

~ about the worst drought in a typical long historic flow record post World War II; or
~ once in an adult lifetime; or

~ a 50 to 100% chance event in a typical professional career; or

~ a 10% chance during five years in the chief executive's role!

However, the economic and political impact in urban society of a faltering water supply is such
that higher reliability is now warranted. Perflding formal economic studies of the direct and indirect
costs of less than 100% successful water supply, a philosophic change is suggested to a once-in-200
year design drought. This recognises that dams, just like rivers, are permanent landscape features and
that five emptyings in 1000 years will better match the rare flood regime against which they are
designed.

Pension schemes recognise a 40 year working life. If the chance of resource failure in that time
is to be reduced to even 20% then design for a 1 in 200 year drought is warranted; at present it is too
close to 100%.

An alternative approach draws on the observation by a water engineer of an earlier generation that
the higher the price for water the more reliable (and pure) the consumer expects it to be. So it might
be possible to take the real value movement in water prices since a base year of, say, 1970 and
multiply up the once in 50 year drought rarity by the price ratio to the present day. Whether such a
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mechanistic method would be acceptable is very debatable; and yet the alternative of each major
drought stimulating a desire for total water security is hardly ideal.

HOSEPIPE BAN FREQUENCY - CAN IT BE SIMULATED?

The announcement of a hosepipe ban is a clear cut event, as is its removal. But if one utility has
two eight month bans separated by only four months in-between is that any different from a single
sixteen month ban that another utility may impose almost concurrently? Rather than count events, it
must be better in terms of customer service for each supply zone to total up hose pipe ban days per
year (a variant of DG4 in Appendix 1). Once published for a group of utilities there emerges an
implied ranking. A five year running mean of hoseban-days/year facilitates comparison with a level-
of-service threshold of, say, 15 days/year. Once such a level is exceeded the regulator would then
insist on additional resource investment without any associated charging rise. Only if the drought(s)
concerned could be shown to be beyond the 1 in 200 year drought rarity would the new investment
not be required. ('Drought’ is visuvalised here as being the rare low natural streamflow volume, or
aquifer recharge, over the critical drawdown duration for the source system under study).

Lead times for bringing a major new water resource on-stream can be 5 to 10 or more years from
the manager's recognition of the likely need. The date of that requirement has typically been set by
the expected demand growth curve crossing the system planning yield value. However if a level-of-
service criteria exists for hosepipe supply availability this may bring forward the date for a new source
to be commissioned.

That date can only be located by a water resource simulation with the following features

- initial storages set at current contents on the day of simulation :

- run forward 20 years with a synthetic but realistic time series of streamflows and recharge
events

- allow for rising demand over those 20 years

- allow for any necessary maintenance outages

- use currrent real operating rules with any appropriate annual adjustment to match changing
demand

- count, from the appropriate rule, the days when hosepipe bans would obtain

- repeat the 20 year sequence sufficient times with alternative flow/recharge time series data so
that a graph can be drawn up of the expected 5 year-running mean of hoseban days.

Modern computer power makes feasible such system simulations in a brief enough space of time.
Difficulties remain with generating synthetic ‘daily flow series with sufficient implied storage need but
this should not be allowed to deter the industry from making a distinct step forward in proving that
a chosen level-of-service can be achieved. Research on dependent environmental variables is currently
making major strides (Reed and Anderson, 1992) and can be expected to solve remaining issues
shortly.

SUMMARY

This paper brings together some background issues of hydrological level-of-service in privatised
water utilities and recommends '

- amove from 1 in 50 year drought planning to the 1 in 200 year drought

- system simulation to forward predict the development of a rising number of hoseban days/year
until the next source is introduced.
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TABLE IV Example of Scottish River Purification Board Hydrology Indicators 1989/90 (Forth RPB
return given in brackets)

Description
Flow Measurement

Design and Construction
of Gauging Stations

Daily Flow
Recordings

Rainfall Measurement

Water Resources and
Irrigation Abstraction

Base Number

Area agreed for primary
gauging network

(3332 km?)

Agreed target number

(7

Total number of daily
flow statistics required
from continuous gauges

(N/S)

Number of raingauges
operated by RPB

(N/S)

Area Board considers
adversely affected

(N/S)

Footnote: N/S means 'not stated'
*  As published; 17 x 365 = 6205 daily flows; the reported number is higher because the Board has

Indicator

Actual area within
primary gauging network
(3332 km?)

Total number of gauges
established to date

7

Number of mean daily
flows accepted for
National Archive (Inst.
of Hydrology)
(16060)*

Number of raingauge
records submitted to
Meteorological Office
(49)

Area covered by

Spray Irrigation (control)
Orders

(23 km?®)

over 40 gauging stations in total.
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APPENDIX 1
LEVELS OF SERVICE INDICATORS IN ENGLAND AND WALES

The text that follows is the author's condensed version of the fuller official text (OFWAT 1991)
to which the reader is referred for an authoritative explanation.

DG1 RAW WATER AVAILABILITY

A reasonable reference level for raw water availability would be:

(@) A hosepipe ban on average not more than oncc in every 10 years.

(b) A need for a major publicity campaign requesting voluntary savings of water on average not
more than once in 20 years.

(¢) A risk of rota cuts or use of standpipes on average less than once in 100 years.

The company must state whether it has adopted this reference level or state its reference level if
different,

For reporting purposes the indicator uses a reliability factor to show where the reference level
cannot be maintained without undue risk. As an example the reliability factor would be the minimum
value indicated by:

(a) the yield of sources at time of peak demand in a drought year divided by peak demand; or

(b) the reliable yield in a drought year divided by average demand.

Factors below unity indicate areas of deficiency.

An appropriate measure of the yield of sources would be the reliable plant capability at the source
in a ycar when drought measures have been introduced.

DG2 PRESSURE OF MAINS WATER

The reference level of service defined as 10 m head of pressure at the boundary stop tap at a flow
of 9 litres/minute for a single property on the customer's side of any meter.

An incident of pressure lower than the reference level of service will be excluded from the
reported total if:

(a) the incident occurs for not more than one continuous hour due to-exceptional local peaks in
demand;

(b) when daily demand exceeds 115% of the three year rolling daily demand for that supply zone,
provided the zone does not suffer significant seasonal demand peaks;

(c) the low pressure can be shown to be associated with a burst;

(d) during essential maintenance work provided reasonable notice has been gwen to customers;

(e) where incidents are causcd by third parties.

DG3 INTERRUPTIONS TO SUPPLY

The indicator shows the number of properties experiencing an interruption to their watcr supply
greater than the reference level of service.

The reference level of service is defined as when no water is available at the first cold water tap
in the property for 12 hours or more. Incidents caused by failure or undersizing of the utility's

3B1-9



infrastructure, source failure (whether operated by the utility or another company), service reservoir
depletion or bursts are to be included in the indicator.

An interruption to supply will be excluded from the reported total for DG3 in the following
circumstances:

(a) when notice is given to customers in advance of essential repairs, pre-planned maintenance
or new works.

(b) when caused by third party damage to the company's apparatus

(c) when caused by third party operation of the company's apparatus (eg closure of boundary stop
tap).

(d) when the electricity supply fails at source, treatment works or pumping/booster stations.

DG4 WATER USAGE RESTRICTIONS
The indicator now comprises the fdllowing:
(1) Voluntary Reductions
(2) Hosepipc Restrictions
(3) Drought Orders
(4) Stand Pipes

For all four measures there is no reference level of service. The population reported is that connected
to the water distribution system in the area(s) where the restrictions are in place.

Voluntary Reductions shall include all area(s) where the population have been specifically
requested (o make reductions following a publicity campaign.

Hosepipe Restrictions shall include all area(s) where legal notification of hosepipe restrictions has
been published.

The population affected by Drought Orders hall include all areas where Drought Orders have been
approved by the Secretary of State.

The population affected by the use of Stand Pipes shall not include areas where the use of
standpipes is for reasons other than a resource shortage.

The total connected population affected in the above categories must be reported and this
population is also expressed as a percentage of the total connected population.

Note: To recognise the duration that any restriction is in force the following factors shall be included
in the commentaries:

(1) the average duration of restrictions, and
(2) the aggregated total of; (Population affected) x (Duration of restriction)
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STORAGE DEVELOPMENT AND MANAGEMENT FOR
WATER RESOURCES UTILISATION IN MALAYSIA

Ir. Dr. Hiew Kim Loi .
Department of lrrigation and Drainage .
Kuala Lumpur, Malaysia

ABSTRACT

Malaysia experiences water stresses in the more densely populated and
developed parts of the country due to the uneven temporal and spatial
distribution of rainfall and water resources. Storage development is
therefore necessary in order to increase the effective yield of water
from rivers. There are %6 dams in the country with a total storage
capacity of about 25,000 MCM incurring a capital investment of about §
3 billion. The National Water Resources Study completed in 1982 has
identified a water resources development masterplan costing about § 40
billion (at 1980 price) of which about $§ 6 billion are required for
gource development works. The high capital cost necessitates innovative
approaches in the financing of future source development works. There
are favourable factors in support of privatisation of such projects but
some legal, administrative and financing issues must be resolved to
generate private sector interest.

Begides new storage development, the cperation, maintenance, management
and safety surveillance of existing storage facilities should also be
given appropriate attention. Some of the major deficiencies in existing
dams are discussed based on the experience of the Department of
Irrigation and Drainage prior to the implementation of the dam safety
programme in 1986 and a recently-held Workshop on Reservoir Operation
and Control by Malaysian Water Asgociation in February 1992. The
findings are clearly supportive of the need for more vigorous effort in
the operation and safety management of existing dams, particularly the
older ones. Positive steps have been initiated by the Malaysian
Government towards this objective through development of guidelines and
standards, establishment of dam safety monitoring units in major dam-
owning agencies, training courses, workshops and the promotion of
inter-department cooperation in research and development.
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INTRODUCTION

Located in the humic tropics, Malaysia is endowed with an abundance of
water resources. The annual surface runoff is estimated at 566 billion
cubic meters, which is large when compared to the current annual water
congumption of about 11.6 billion cubic meters in 1990. However, water
stregses do occur in the more densely populated and economically
developed parts of the country. This is due to the uneven distribution
of rainfall both in time and in space which has resulted in river flows
fluctuating over a wide range. The effective yield of water from a
typical unrequlated river is therefore relatively low.

In the past two decades, the country has witnessed an accelerated
socio- economic development, resulting in an ever-increasing demand for
water to cope with the needs of the expanding population, agricultural
and industrial development, hydropower generation and water quality

- management. The water demand has increased from 8.7 billion cubic

meters in 1980 to 11.6 billion cubic meters in 1990 and is expected to
reach 15.2 billion cubic meters by the year 2000.

To achieve the goal of making Malaysia a developed nation by the year
2020, water resources development constitutes an important component of
the infrastructural development needs. While there is as yet no
official estimate of the water demand for the year 2020, a reasonable
first line estimate would be in the order of 20 billion cubic meters
(Shahrizajila, 1991). To meet this demand, it is necessary to implement
new storage schemes and to practise sound operation and management on
existing storage facilities.

HISTORY OF DAM CONSTRUCTION

The construction of atorage schemes to regulate the fluctuating flows
in rivers has long been practised to support agricultural, water
supply, flood mitigation and hydropower development. The Air Keroh Dam
(7 meters in height), the oldest dam in the country was constructed in
1890 for water supply to Melaka. In 1906, the Bukit Merah Dam with a
storage capacity of about 93 MCM was completed to supply water to the
Krian Irrigation Scheme. In the 1920-1930, 3 small dams were built in
Johor to supply water to Singapore. The Cenderoh Hydropower Scheme (27
MW) in Perak was completed in 1930. The Cameron Highland Hydropower
Scheme involving three dams (Sultan Abu Bakar Dam, Jor Dam and Mahang
Dam) was completed in 1963. For irrigation supply to the Muda
Irrigation Scheme (96,000 ha), the Muda and Pedu Dams with a combined
storage capacity of about 1200 MCM were completed in 1969. At the end
of 1980, the country witnessed the completion of the Temengor Dam (6050
MCM) in Sg. Perak for hydropower and flood mitigation purposes. The
largest dam, the Kenyir Dam in Sg, Terengganu with a height of 155
meters and a storage capacity of 13,600 MCM was completed in 1984 for
hydropower (400 MW) and flood mitigation purposes. To date, the country
has a total of 56 dams with a total storage capacity of about 25,000
MCM. Figures 1 & 2 show the location of the existing dams. These dams
serve a variety of useg as summarised below :-
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Single Purpose

Hydropower ' : v ' 7
Water supply : 27
Irrigation _ ’ 3
Silt retention 3

Multipurpose

Hydropower + water supply 1
Hydropower + flood control 2
wWater supply + flood control 5
Water supply + Irrigation 6
Water supply + irrigation + flood control . 2

Figure 3 shows the historical progress of dam construction in Malaysia.
Some of the relevant facts and observations regarding dam construction
in Malaysia are :~

(a) None of the dams constructed prior to 1960 exceeds 32 meters in
height and the majority of these dams are below 12 meters .

(b) The total storage capacity of the dams constructed prior to 1960
are less than 340 million cubic meters (12 dams) as compared to
the present total of about 25 billion cubic meters (56 dams).

{c) Dams completed in the last 10 years have accounted for over 90 %
of the above increase,

(4) There is a trend towards larger- scale multipurpose sgtorage
development for the more recent projects.

THE NATIONAL WATER RESOURCES STUDY

Recognizing the importance of systematic development of water resources
to meet future needs, the Government of Malaysia embarked on a
comprehensive study in 1979 under the Japanese Technical Assistance
Programme to develop a national masterplan for water resources
development to meet future water demand up to the year 2000. The
National Water Resources Study (NWRS) recommended various strategies
and measures to develop water resources to meet future needs in the
areas of irrigation, water supply, hydropower generation, flood
mitigation and water quality management. The implementation of the
proposals under the proposed masterplan is estimated to cost some $ 40
billion (at 1980 price). This programme comprises source development of
41 storage dams, 18 hydropower projecte, construction of 31 sewerage
projects and flood mitigation worka (EPU, 1982).

The implementation of source development works comprising storage
reservoirs and diversion facilities, as proposed under the NWRS
requires an estimated investment of about § 6 billion (1980 price).
Under the recently finalised Sixth Malaysia Plan, financial allocations
for water resources development, inclusive of irrigation, drainage and
flood mitigation works have increased to § 4.78 billion out of the
total plan allocation of about § 56 billion. Domestic and industrial
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water supply projects form the largest share of § 2.9 billion while §
1.7 billion are earmarked for source development works.

With hardly eight years left before reaching the target planning year

-of 2000, the country should step up its current effort for water

regources development. The primary constraints are not technical but
financial in nature. Hence there is a need to develop innovative
approaches for funding of future water resources development projects.

FINANCING OF FUTURE SOURCE DEVELOPMENT PROJECTS

The high capital investment required for future water resources
developrent necessitates innovative funding approaches and much can be
learnt from the success of privatisation of other major infrastructural
development projects such as telecommunication, electricity generation,
transportation and port operation, etc. In fact, the policies of the
Government under the Sixth Malaysia Plan and the Second Outline
Perspective Plan (1991 to 2000) are fully supportive of privatisation
approach to infrastructural development (Gan, Chan, 1992).

To date, there are a few privatisation ventures (Built, Operate and
Transfer or BOT Schemes) in municipal water supply development, typical
examples are the Labuan Water Supply Project (1987), Greater Ipoh Water
Supply, Stage II Project (1989), Krian, Larut, Matang Water Supply,
Stage 1I Project (1990). Many of these privatised projects involve
construction and operation of single purpose storage dams. However, the
greatest future challenge is in the area of source development works
involving large multi-purpose dams catering for multi-users and
invdlving high capital outlay and long cost recovery period. Some of
the conaiderations in support of privatised approach for future source
development projects are :-

{(a) The project package of about § 6 billion (or higher to account
for inflation and the extended planning time horizon) is sizeable
to attract the interest of privatisers.

(b) The upward demand for water and energy in the years to come
assures a ready market.

(c) Multipurpose development makes it possible to maximise yield
through integrated planning and operation of large storage
facilitiesa and cost saving by the principle of economy of scalae.
It also enables many users to subscribe to the use of common
storage facilities at prices that are reasonable and affordable.

(4) The cost recovery mechanism is defined, in existence and can be
easily implemented. The major subscribers/ customers comprise
municipal water supply operators (privatised or government
operated), electricity supply companies and government agencies/
municipalities responsible for flood mitigation and water guality
management.,
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(e)k By treating water as an economic good, it helps to resolve some
of the economic and legal issues of federal-state juriediction of
water and inter-state water resources development.

(£) It will generate and promote greater privatised involvement in
the related downstream industries of water supply, energy
distribution and servicing by removing the source development
component which is associated with high capital outlay, risk and
expertise requirement.

Some of the issues that must be resolved to pave the way for greater
private sector involvement in source development works are :-

(a) The commitment and support of the federal and state governments
and the conceptual acceptance of water as an economic good.

{b) Creating favourable conditions to make such projects financially
attractive including the firm commitment of the Government for
positive and effective catchment management measures to ensure
the sustained. yield of water from the guantitative and
qualitative aspects.

(c) Creating a one- stop agency to repregent the government and the
public interest in the planning, licensing, regulatory, pricing
and enforcement aspects of water resources utilisation,
development and management.

In view of the urgency and importance of water rescurces development to
maeet future water demand and to realise the vision of a developed
nation by the year 2020, any further delay or inadequate attention in
addreassing this subject is likely to result in serious constraints to
the other parallel development efforts with far reaching consequences.
Hence, there is a need for a greater national commitment, in terms of
human and financial resources to ensure that the proposals of the NWRS
are fully implemented in the near future.

MANAGEMENT OF EXISTING DAMS

While there are considerable scope for future storage development,
equal emphasis must also be given to the operation and management of
existing dams which represent an accumulative investment of no less
than § 3 billion. It is alarming to learn that many existing dams are
not operated, maintained and managed to the desired technical standards
leading to sub-optimal performance, safety concern, costly remedial
works and shortfall or failure to meet design yield of water and
energy.

The above problem has come into being because some dam owning agencies
do not give sufficient attention to the operation, maintenance and
safety surveillance of completed dams. To some extent, this is caused
by the attitude of some engineers or managers who do not accord
importance to the operation and maintenance of existing works resulting
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in under-provision of staff and budget for this activity. In other
cases, poor operation is caused by the lack of clear guidelines or
operation rules. Such neglect has resulted in embarrassing outcomes
guch as the recent water crisis in Melaka due to the drying up of the
Durian Tunggal Dam in January 1991, resulting in extensive losses and
hardship to the people of Melaka over an extended period.

Reservoir Operation and Control

The operating rules of a storage scheme are pre~set instructions
advising the operator on the various courses of action in response to
the time-varying inflow, demand and reservoir storage level. To achieve
the design yield of water, energy or flood mitigation benefit, it is
imperative that these rules must be implemented with care and real-time
adjustment. Rules developed during the planning and design stage are
usually based on historical flow sequence which is only one realization
of the infinitely large number of possible inflow scenarios to the
regervoir. To attain optimal results, the operator should therefore
make full use of real-time information of inflow, demand and reservoir
water level to support decision making.

The recent Melaka water crisis clearly points to the neglect or non-
compliance of pre-set rules., To address and to create a greater
awareneas on this important subject, the Malaysian Water Association in
conjunction with the Malaysian Inter-Departmental Committee on Dam
Safety organised a workshop on Reservoir Operation and Control in
February 1992. This Workshop, conducted by a British expert, Mr. Allan
Lambert was attended by a total of 52 engineers from the various dam-
owning agencies. Some of the pertinent findings and recommendations of
this Workshop are :-

(a) Many of the older dams do not have any form of operating rules.

(b) Operating rules of some of the dams (the older dams in
particular) are unclear and cbsolete. They should be reviewed and
updated in the light of more recent hydrological data, stage-
storage relationship and accumulated experience in the operation
of the dam to improve yield, generate other desirable benefits
and for better operational safety.

(c) There is a general lack of accurate low flow data and measurement
facilities. Practically all the inflow measurement stations are
natural river sections which are more suited for high flow
measurement.

(d) Improved operation results can be achieved if real time
information are utilised. Modern technology such ag telemetric
rainfall system, electronic data collection and transmission,
computer model for runoff forecast (from rainfall), etc, could be
utilised to arrive at better operating decisions, thereby
maximising the potential benefit from the storage scheme.

(e) There is scope for greater cooperation and consultation in the
operation of multipurpose storage facilities. In some single-
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5.2

purprose storage schemes, it may be possible to improve the
performance or benefit of existing systems through conjunctive
use, for example, water supply and flood mitigation.

(f) Operation rules should be clearly documented and in a language
that is comprehensible to the operators. The rules should be
clearly displayed in the operation room on site.

(g) There is a potential to increase firm yield and other benefits
from the integrated operation of a system of inter-connected
reservoirs.

(h) There is a need to address the problems of reservoir catchment
development, sedimentation and water quality. Effective catchment
management and control measures are required to sustain water
yield, reduce sediment inflow to the reservoir and to preserve
water quality.

(1) A crash programme may be required to assist many reservoir owners
to review and update existing operation rules since there is a
general lack of technical expertise and experience in most dam-
owning agencies.

The above Workshop has created a general concern and awarenessg amongst
the operators of dams on the importance of sound operation rules for
reservoir and the dynamic nature of reservoir operation and control.
However, much more effort and commitment are required of all parties to
address the current deficiencies and issues for more effective
utilisation and management of the existing storage facilities.

Safety Surveillance Of Dams

The failure and loss of a large dam can result in major distress and
hardship, both in terms of the loss of lives, capital investment as
well as the subsequent impact on the population, industries and
agricultural development that are dependent on the reservoir as the
source of water supply. Despite the fact that only a small number of
dams in the world has failed, dam safety has received considerable
attention from dam owners and professionals worldwide. Fortunately, in
Malaysia, there was no incidence of failure of large dam (tailing or
mining dam excluded).

To create a greater awareness and to promote safety surveillance
practices amongst dam owners, the Inter-Departmental Committee on Dam
Safety (MIDC) was established in May 1986. The membership of MIDC
comprigses all the dam owning agencies in the country. To date, all the
major dam owning agencies, namely Public Works Department (PWD),
Department of Irrigation and Drainage (DID) and Tenaga Nasional Berhad
(TNB) have established in-house dam safety units to undertake dam
safety surveillance and monitoring activities.

The DID dam safety monitoring unit was established in late 1987 and to

date, it has established a comprehensive instrumentation and monitoring
network and attained a reasonable level of expertise in dam safety
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gsurveillance and safety inspection activities. Based on an inventory/
condition survey on DID dams in 1986, some of the maintenance and
safety related deficiencies are : -

(a)

(b)

(c)

(d)

Inadequate freeboard or spillway capacity to accommodate the
Probable Maximum Flood (PMF). This could be due to various
reasons as follows :-

- PMF was not used as the design criteria while it is now
congidered desirable by current design standards or
practices or necessitated by the high value of development
downstream of the dam.

- PMF value was wrong because of incorrect methodology, wrong
assumption, lack of hydrological/ meteorological data,
incomplete analysis, arithmetic error, etc.

- Routed PMF outflows were incorrect because of error in the
stage storage or stage discharge relationship.

Inadequate or total lack of instrumentation system to monitor
pore pressure, settlement and seepage. For the older dams, there
was usually no provision for monitoring system. In some of the
newer dams provided with such systems, there are problems of :-

- Mal-functioning of measuring devices, for example, clogged
piezometers or relief wells

- Readings taken irregularly or not at all.

- Measurements taken but not analysed or used.

- Monitoring devices have been tampered with or disturbed
(eg. settlement marker).

- Incomplete data, making it difficult to carry out

meaningful analyeis. For example, piezometer readings
without corresponding reservoir 1levels or rainfall
information.

- Poor gquality control of instrumentation readings, for

example, erroneous readings, large data gaps, poor and
dishonest reporting, etc.

Unsatisfactory conditione in embankment due to poor vegetation
cover, local depressions, minor slips, seepage exits at toe of
dam, localised settlement, hindrance of surface drainage, etc.

Scouring problem in outlet channel. Most often, this is due to
inadequate provision for the protection of the outlet channel
downstream of the stilling basin. In a number of cases, the
problem is traced back to design deficiencies in stilling basin,
resulting in the non~containment of the hydraulic jump.
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(e) Seepage problems, some of which have resulted in slope
instability. These could be due to:

- Dasign deficiencies for seepage control.

- Poor or non-functioning of drainage system due to clogging
or lack of maintenance.

(f) Defectg in concrete such as structural cracks and material
deterioration. Operation and maintenance staff have no knowledge
or knowhow on repair of cracks and restoration of concrete
surfaces,

(g) Deterioration and non-operation of mechanical and electrical
facilities and equipment. Some examples are non-functioning of
gates, hoisting devices, standby generator, alarm system,
excessive leakages in gate seals, rusting of steel frames, etc.

(h) Lack of or unclear reservoir operation rules. In some cases, the
operation rules are available but not enforced because of
downstream floodipng complaint.

(i) Lack of emergency action plan. This means that the operator has
no idea of the consequences of large releases (such as failure of
gates or the dam) in terms of downstream flooding severity and
timing. There is also no defined mechanism for relief operation
in the event of dam mishap.

The above are some of the problems found in DID dama, prior to the
implementation of the dam safety programme. These problems are being
addressed and resolved in stages. There is, however, every reason to
believe that many of the deficiencies of DID dams are also true of dams
owned by the other agencies who could benefit from the DID experience
in the identification and solution of these problems.

The Malaysian Inter-Departmental Committee on Dam Safety (MIDC) has
contributed greatly to the promotion of sound engineering practice for
operation, maintenance and safety surveillance of dams. In late 1989,
MIDC released a manual entitled "Guidelines for Operation, Maintenance
and Safety Surveillance of Dams - 1989 " for the reference and use of
all the dam owning agencies. The Committee is currently looking at
other issues such as legislative measures for dam safety, flood release
warning mechanism, emergency preparedness plan, recreation use of
reservoir and other concerns related to the safe and proper operation
of dams.

In line with its objective of promoting technological development and
technology transfer, the Committee also organised a one-month training
course on ‘Dam Safety: Operation, Maintenance and Surveillance’ in
November 1989 for 55 engineers involved in the operation and safety
surveiliance of dams from the various dam-owning agencies in the
country. The training course was conducted by experts from the United
States Bureau of Reclamation (USBR).
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CONCLUSIONS

Considerable past investments have been incurred in the construction of
more than 50 dams to meet the water demand of the country for domestic
water supply, industrial and irrigation development, flood mitigation,
hydropower generation and water gquality management. To meet the
projected future water demand up to the year 2000, another 41 dams’
complete with ancillary diversion facilities costing about $ 6 billion
would have to be constructed. Government funding for source development
works is limited and hence there is a need to encourage and facilitate
private sector involvement in this type of infrastructural development
works. While there are many favourable factors in support of privatised
source development projects, there are also a number of legal,
administrative and financial issues which must be resolved to make such
projects viable and attractive to the private sector.

In addition to the pressing need for the construction of additional
dams, appropriate attention must also be given to the proper operation,
maintenance and safety surveillance of existing dams. Reservoir
operators should be aware and convinced of the critical importance of
compliance with pre-set operating rules. The incorporation of real-time
information, inflow forecast, conjunctive use and integrated operation
of a network of reservoirs can enhance the collective performance of
many existing facilities. To ensure that a dam does not pose a safety
hazard to downstream inhabitants and properties, a comprehensive
programme of dam safety surveillance and monitoring should be
implemented. There are a number of issues and deficiencies in the
safety management of existing dams but these are addressed through the
current efforts at establishing standards and guidelines, institutional
development and strengthening, technological and human resources
development, legislative measures and inter-agency cooperation.
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ABSTRACT

A case study is presented using a microcomputer model to evaluate alternatives to
alleviate the severe water shortages experienced annually in a capital city. Methods
of upgrading the existing system and recommendations for the construction of a new
reservoir were evaluated. A microcomputer simulation model was developed to
evaluate the relative merits of five potential reservoir sites. The model synthesized o
the many raw water sources which include reservoirs, wells, and run-of-river intakes;
and illustrated the synergistic behavior of certain combinations. By simulating the

overall system with each alternative, a reservoir was selected based on its
contributions when integrated into the overall system, which resulted in a cost-

effective solution that has been implemented, using roller-compacted concrete
technology.

ANTECEDENTS

Camp Dresser & McKee International, Inc. (CDM) completed an engineering study to
provide recommendations for quickly expanding the raw water supply in Tegucigalpa,
the capital city of Honduras in Central America. The existing water supply system
was unable to meet the city’s water nceds during the seven-month dry season, and more
severe shortages were anticipated due to the continually increasing water demands of a
rapidly increasing population. The present population of 572,000 is increasing at a rate
of six percent annually. The city is at an elevation of approximately 926 m above sea
level, and was founded in 1578 by the Spaniards on the site of an ancient Indian mining
town.

The water supply system is operated by Servicio Autonomo Nacional de Acueductos y
Alcantarillados (SANAA) and provides most residential areas in Tegucigalpa with

various degrees of service. Due to the inability to serve residences at elevations above

1,100 m, approximately 20,000 people have no access to public water facilities, and
approximately 60,000 pcople have only limited access to public taps. SANAA is

committed to developing additional, more reliable sources of potable water so that all

residential areas below clevation 1,150 m will receive water from the SANAA water

supply network. People living above elevation 1,150 m will continue to be served by
independent water systems not connected to the main system.

The deficiencies in the present water supply system are exacerbated by the climate in
Honduras. During the wet season, it rains nearly every day, and water supply is
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limited by treatment capacity. During the seven-month dry season, the system is
crippled by reduced streamflow and limited storage. The Los Laureles reservoir is the
only raw water storage facility in the system, and cannot sustain the demands
throughout the dry season.

The raw water sources currently used by SANAA are several run-of-river intakes,
wells, and the Los Laureles reservoir and some minor expansions to the system are under
construction by SANAA to help alleviate the water shortage. CDM considered the
feasibility of a major expansion to the system through the construction of an additional
reservoir. Tegucigalpa’s water supply is generally operated as isolated water sources,
rather than as components of one water supply network. In addition to creating another
raw water source, SANAA has identified the need to modify the manner in which the
various sources are operated to take full advantage of the potential yield from some of
the sources.

The CDM scope of work included the review of the operational characteristics and
geotechnical feasibility of five potential reservoir sites, and recommended
modifications and additions to the existing Los Laureles reservoir and treatment plant.
These potential sites are located south of Tegucigalpa as shown in Figure 1. With the
aid of a computer simulation model of the entire water supply network, CDM
recommended the most cost-effective expansion to meet Tegucigalpa’s demand through
the year 2000.

COMPUTER SIMULATION MODEL

In order to assess the merit of the proposed modifications and additions to the SANAA
water supply system, CDM developed a microcomputer-based model specifically for
this project to simulate the operation of the system with any combination of existing or
potential water supply sources. The system model allows each modification or addition
to be evaluated in the context of its contribution to the yield of the system as a whole.

Measured rainfall and steamflow data were augmented to span a period of 73 years
(from 1913 to 1985) which were used to simulate the response of the alternative system
configurations to seasonal changes and long-term climatic trends. Graphical displays
of the water levels in the reservoirs and of achieved production over long periods of
time proved to be very useful in determining the time required for a system to recover
from a drought, and its ability to avoid serious water shortages.

One of the most valuable features of the computer model was the ability to synthesize
the opcration of the many components of the water supply system. The performance of
a water supply system containing more than one source of raw water can vary
considerably depending on whether the sources are operated independently or
conjunctively. A coordinated system provides more water on average, and can be
expected to be less vulnerable to seasonal rainfall variations, than a system in which
the raw water sources are operated independently.

When operated alone, a single water source is unable to compensate for its limitations
and the system may not take full advantage of some of its features. For example, a
reservoir with large storage capacity but limited inflow will have unused storage
capacity. Similarly, a reservoir which receives inflow from a large drainage basin
may be forced to spill water if it has little available storage capacity or attached
treatment capacity. If it is possible to coordinate the operation of the two reservoirs,
then the yield from the combined system will generally be higher than the sum of the
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yields from the separate systems.

The water supply network simulated by the model includes existing and potential _
sources of water. Any combination of those sources canbe selected for simulation. The
reservoir sources are identified in the system diagram presented in Figure 2, and are as

follows:

Reservoir : u iption
R1 Potential Guacerique 1I Reservoir
R2 Existing Los Laureles Reservoir
R3 Potential Concepcion Reservoir
R4 Potential Yaguacicre Reservoir
R5 Existing run-of-river intake at Sabacuante and potentlal reservoir
Ré Planned run-of-river intake at Tatumbla and potential reservoir

Additional raw water sources are included in the model such as the Loarque run-of-
river intake and Northern Sources, including the Picacho run-of-river intakes, the El
Chimbo run-of-river intakes and a well field. The hydrologic system contains eight
drainage basins, identified in Figure 2 as B1 through B8. Stream segments carrying
runoff from the drainage basins and spillage from the reservoirs are identified as Q1
through Q22.

The system model contains two data bases: one external in a multiple file structure, and
the other internal within the program coding. The external data base consists of eight
monthly streamflow records for the basins B1 to B8, and four monthly rainfall records.
The streamflow records provide upstrcam flows Q1 to Q8 in the model, while the
rainfall records provide direct rainfall to each reservoir. The internal data base for
the system model contains stage versus area and volume curves for each reservoir,
monthly evaporation rates for cach reservoir, and minimum strecamflow requirements
for each of the 22 strecam segments.

ERATT

The system model routes flow through streams, reservoirs, and river intake stations by
computing basic mass balances of water at key points in the distribution network. The
components of the mass balance cvaluated for each reservoir are shown schematically
in Figure 3, and are: upstream flow, rainfall, evaporation, reservoir loss and spillage,
and downstream flow requirements and water supply abstraction. The manner in which
these components are evaluated is summarized below.

e Stream Flow. The monthly runoff rates for each of eight drainage basins are
contained in data files, and are used to assign flows Q1 to Q8 in the model. The
streamflow immediatcly downstream from an operating reservoir is equal to the
water relcased or spilled from the reservoir. If a reservoir is not operated duringa
simulation run, the flow immediately below it is equal to the inflow to the
reservoir (i.e., no routing occurs). When two streams meet, the flows are simply
added.

* Rainfall. A mont'hly rainfall valye is read from augmented 73-year long rainfall
data files. The monthly rainfall rate is multiplied by the reservoir surface area,
and the resulting rainfall volume is added to the reservoir volume.
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* Evaporation. Monthly evaporation rates associated with each reservoir are
multiplied by the current reservoir surface area, and the resulting evaporation
volume is subtracted from the reservoir volume.

* Reservoir Losses. A loss rate is associated with each reservoir to account for
leakage from the reservoir, or other unrecoverable water losses.  This volume of
water is subtracted from the reservoir volume each month. The loss rate for each
reservoir is specified by the user.

¢ Downstream Flows. Low flow requirements can be specified for stream reaches, but
these do not take priority over meeting water supply demands. At all stations, the
need to withdraw water for water supply outweighs any downstream flow
requirements.

* Water Supply Abstraction. The total demand for the city is distributed among
various sources in the system by an allocation routine (presented in a later section).
If the allocated volume of water to be extracted exceeds the capacity of the
pumps/trcatment facilities associated with a source, or if it exceeds the amount of
water available, as much water as possible is taken, and the unmet demand is
imposed on other sources in the system.

TER D ND

The manner in which the model distributes the water demand among the various
sources is a key feature and onc that is a very valuable tool in evaluating a multi-source
system such as the Tegucigalpa system. The goal of the allocation process is to abstract
water from the various sourcesso that not only is the immediate demand satisfied, but
the long-term reliability of the system is maximized. The general policy is to meet as
much of the total water demand as possible from the noncontrollable sources or sources
that lack storage capacity, such as run-of-river intakes. Any remaining demand is
balanced among the reservoirs, drawing them down in a uniform manner, minimizing
unnecessary spills, and maximizing the number of days of available water remaining in
the system.

The system is operated to enhance the yicld from the overall system, not necessarily to
maximize the yield from a particular source. A generalized description of the demand-
allocation routine in the model is as follows:

¢ A water demand, including allowance for system losscs, is imposed on the system as
a whole.

¢ The Northern Sources provide a significant amount of run-of-the river inflows.
Since none of them can provide storage capacity for the system, demand is satisfied
from the Northern Sources initially to the extent possible. Abstraction is limited
by the transmission capacity from Picacho and Chimbo to the City.

* The unmet demand following abstraction from the Northern Sources is next imposed
on the river intakes south of the city. Each month, the strcamflows are calculated,
and as much water as possible is withdrawn from each river until:

- no additional water can be withdrawn from the stream, or

- the demand has been satisfied, or
-the withdrawal is limited by the capacity of the pumps, transmission mains, or
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water treatment plants associated with each of the intakes.

e Any water demand that is still unmet following abstraction from the southern
river intakes is then imposed on the reservoirs, and allocated as follows:

- Monthly rainfall, runoff, evaporation, reservoir leakage, and upstream flow are
evaluated for each reservoir. Any water in the reservoir above a minimum
elevation (reserved for scdimentation) is considered to be available for
withdrawal,

- A maximum water abstraction rate is associated with each reservoir and is
usually the rate at which the associated water treatment plant can operate.
The available storage volume in the reservoir divided by this rate, is the length
of time that the particular reservoir can supply water at its maximum treatment
(or transmission) rate.

- The ratio of the number of months of available water in one reservoir to the total
number of months of water in all reservoirs is the basis for the distribution of the
demand. The unmet demand is multiplied by this ratio to determine the initial
water demand allocation to the reservoir.

It is to be noted that the actual achievable withdrawal from a reservoir in any month

may be less than the allocated withdrawal if the withdrawal is limited by the
treatment plant capacity, or by the amount of water in a reservoir. The actual
withdrawal from a reservoir may be more than originally requested if a reservoir is
used to provide extra water to compensate for another reservoir’s failure to meet its
allocated withdrawal. The model iterates, matching demands to sources, until either
the demand is met or all sources arc fully utilized. If the latter occurs and some demand
is still unmet, then a “supply failure” is noted. If the demand is not met because of
insufficient treatment/transmission capacity, that is noted as well. The duration and
extent of the failure are also computed. This information is very useful in
characterizing the relative strengths and weaknesses of alternative system
configurations.

A AL IV

The evaluation of alternative expansions to the system involved in assessment of each
reservoir alone for its potential yield at several dam heights, followed by an
evaluation of the contribution of the reservoir to the yield of the overall water supply
system. Two key advantages to using the comprehensive system model are the ability
to simulate the response of the entire system to seasonal changes, and the ability to
define the interaction between individual components of a system. For example, the
system model can define how run-of-rivers should be operated to maximize reliability
in the system, when demand should be placed on reservoirs, and how demand should be
allocated among reservoirs. The system model was also used to assess the impact that
a new project might have on an existing downstream facility.

The operation of the water supply system, under both present and figure demands, was
evaluated by using the system model to simulate its performance under various
hydrologic conditions. The system was “stressed” by applying predicted demands
through the year 2005, and the system was operated for a 73-year period using monthly
rainfall and streamflow data. The impact of various operating rules on the components
in the system were assessed, and any failures to meet demand were quantified. Thus, it
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was not only possible to examine the size of a failure ( by how much did the system fail
to meet demand, and for how long), but also to identify which component(s) in the
system led to the failure. For example, was a failure caused by a shortage of raw water
supply, or by limited treatment plant capacity? This assessment was particularly
important in the case of the Tegucigalpa system, since it operates quite differently
during the wet and dry seasons. Evaluation objectives of particular importance to
Tegucigalpa were to maximize reliable source from the system with a minimum
expansion of the facilities, and to avoid severe supply failures. For example, the more
frequent occurrence of “small” failures (say at 5 percent of the total demand) is
preferred to rare but severe (say 50 percent) failures to meet demand.

Evaluating each reservoir alone, as a component in the whole system led to dramatic
new findings, such as the following results:

Reservoir Yield-  Reservoir Yield-
When Evaluated When Evaluated

- Dam Height Alone As Part of System
Reservoir (m) (cum/s) - {aum/s)
Guacerique II 47 09 09

57 14 14
| Concepcion 52 ' 07 12
72 09 15

The Conception reservoir became a much more attractive alternative when it was
incorporated in the overall water supply system, as the reliable yield nearly doubled.
The Guacerique II reservoir, which was favored in earlier studies, displayed no such
behavior when it was incorporated in the overall system. The system model showed
that a relatively small reservoir at Concepcion would double the water supply to
Tegucigalpa and cnable it to meet water demands until the year 2000.

Another observation from the simulation results was that the Concepcion reservoir
makes more cffective use of its storage capacity than does the Guacerique II reservoir.
In Figure 4, it can be scen that the water levels in the Concepcion reservoir cycle over a
range of only 15 to 20 meters each year and is able to recover quickly from a drought
when equipped with a 52-m high spillway. On only a few occasions during the 73-year
period is it noted that the reservoir does not refill on an annual basis. Figure 5
illustrates that a much higher dam of 87-m at Concepcion does not make effective use
of its storage capacity. The Rio Grande basin is not large enough to support a reservoir
of this size. The reservoir has extreme difficulty in recovering from a drought.

The effect of multiple reservoirs in a single river basin (such as was previously
proposed for the Rio Guacerique basin) on the reliability of yield of the overall basin
was also investigated. The performance of the Guacerique II reservoir with high,
medium and low spillway elevations were simulated together with the existing Los
Laureles reservoir (located downstream of the Guacerique II site). The system model
illustrated the interaction between the two reservoirs in a manner that cannot be
achieved with traditional methods of analysis. The observations indicate that the
existing safe yield of Los Laureles reservoir would decrease significantly if a moderate
or high dam were built upstream. Essentially, this basin cannot provide enough runoff
to support both reservoirs. The adverse impact of Guacerique II on Los Laureles is
illustrated in Figure 6.
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BECOMMENDATIONS

The key conclusion of the system analysis was that a 52-m high dam at Concepcion in
the Rio Grande basin (adjacent to the Guacerique basin serving the Los Laureles
reservoir) can cffectively double the reliable yield of the system. A second reservoir in
the Guacerique basin was not recommended because while it is hydrologically
effective, and capable of providing a great deal of storage capacity, a second reservoir
in this basin would significantly interfere with the yield from the existing Los
Laureles reservoir. The considerable benefits of constructing a reservoir at Concepcion
were not realized in previous studies for several rcasons. One reason is that it was
evaluated as an isolated raw water source and the model revealed the synergistic
behavior of the reservoirs and the run-of-river intake stations during the wetand dry
seasons.

It is desirable from a hydrologic point of view to distribute reservoirs so as to capture
runoff from the largest possible drainage arca. Development of the Concepeion
reservoir together with the existing Los Laurcles reservoir will capture flows from both
the Rio Guacerique and Rio Grande basins, and will maximize the production from the
overall system during dry seasons and drought years.

Previous engineering studies performed for SANAA by others concluded that a 67-m
high dam would be required at Concepcion in order to meet total demand to the year
1992 at a construction cost of U.S. $107 million (1987 dollars). Following CDM’s
evaluation with the model, it was determined that a 52-m high dam would provide
enough additional yicld to meet the demand until the year 2000 at a cost of U.S. $34
million (1987 dollars). The Concepcion dam could be extended from 52-m high to 72-m
in height at a future date by using roller compacted concrete (RCC) construction
techniques at an additional cost of US $24 million which will provide an additional
500 Ips to the yicld of the system.

The application of a well-defined demand allocation strategy is critical to maximizing
the overall performance of the system, and in optimizing benefits from the various
sources in the system. The computer simulation model proved to be an invaluable tool in
synthesizing the many components of the SANAA system, and in identifying the
synergistic effects of the reservoirs and run-of-river intakes. The computer model,
along with a graphics package for displaying the simulation results, was provided to
SANAA with training so that they can continue to study the operational
characteristics of their water supply system, and to develop optimal operating
policies. The project was awarded an Engincering Excellence Award by the American
Consulting Engincers Council in 1988.

PR IMPL A

Computer simulations of the water supply system in Tegucigalpa were performed to
evaluate the yield of various expansion options using a computer model developed for
this study. The modecl simulated the performance of the existing water supply system
including the five potential reservoir sites to provide a cost cffective alternative that
was implemented by SANAA.

Geologic and geotechnical feasibility studics were carried out at the five dam sites

considered (in association with Woodward-Clyde Consultants). Detailed studies were
conducted at the Concepcion site; the other sites were investigated in lesser detail.
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Preliminary dam alignments and cross sections were developed for earth-rockfill or
roller compacted concrete (RCC) dams at two sites.

These studies were completed in 1987 and based on financial decisions, a turnkey
construction project was developed with funding from European (French and Italian)
sources. The proposed dam was constructed at the higher elevation of 72m (elevation
of 1,160 m) which provides additional storage immediately. This decision was made
due to the availability of sufficient funding to the Government of Honduras and to take
advantage of the importation of the equipment necessary for construction using RCC
technology. A new water treatment plant was constructed for the larger facility (1,500
Ips) to treat the full yield of the basin. In addition, the turnkey project includes a
transmission system and primary distribution system which was not included in the
original estimate. The total project cost was approximately US $100 million, and all
work was completed in early 1992.
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RESERVOIR WATER QUALITY CONTROL
AND MANAGEMENT

Water Quality Control in Hong Kong Reservoirs

The Impact of Mixing Proportions on Water Quality in Multiply-Reservoir
Single-Treatment Plant Systems

The Development for Sightseeing and Eutrophication of the
Ogouchi Reservoir



WATER QUALITY CONTROL IN HONG KONG FiESERVOIRS

W.M. Chow
Water Supplies Department
Hong Kong

ntenance nf a regular

ARSTRACT: Hong Kon is dependent on adequate water storage for the

r gupplyv. The water regources in Hong Kkong are
erived mainly from natural catchments and water supplv from Ching,
Ahout one third of Hong Kong territory hag been develoned iuto

=

waterwvorks catchment areas which convey surface waters from adjacent
valleys into  the regervoirs., The source of water supply from China g
abgtracted from surface water, Part of China water ig <cupplied to
treatment works directly for treatment and part of it ig stored in Hong
Kong reserveirs, One of our majer reservoire 1is the Plover Cove
Regervoir which wag formed by damming and draining the sea water of an
inlet of Tolo Harbour to Dbhecome 2 “regerveir in the gea". TFish
gtorked in this regerveir asg a means of biological contrel of
guality., In order to safeguard the gstored water from pollution, pre

water q(quality mwanagement has to he employed th

X ough regular chemical
hinlogical, limmological and gillnet surve
o

o S

gtationg of the ragervoir and at  dif
e, gampling me
+

-~

the The paner wil

¢
d nogsible  canges  which

T
in different monitoring

1

degcribe  sampling profid hodg an
y 1 to eutrophication, The operational experionce, wavy of water
quality monitoring and contreol measurse to prevent eutrephication in
Plover Cove Regervoir are pregented,
INTRODUCTION
Much of Hong Kong (H.K.) land area of 105000 hectares is gpread
over 236 iglandg and iglets (Fig, 1). 3e Hong Kong indugtrialized and
srezpered,  the ghortage problem of water supply became acute. Hong Xong is
the firet place to making the ingenious idea of converting the gea inleteg
into fregh-water regervoirs by damming the inlet, pumping out the gea water
and  replacing it with fregh water to becowe a 'reservoir in the gea'. The
‘regervoir in the gea' wag given the name Plaver Cove (P.(.) Reservoir, fromw
which the water was first introduced intce supp 13 in Oct 1967, The
construction involved the conversion of the P.C, inlet into an impounding
reserveir by buildinge a main dam, 2 subsidiary dams, and a gpilliway., At
present, P,.C. Regerveir has a capacity of about 230 million cublic metres
{(Tahle I} and is about 40% of the total capacity of all Hong Kong
ragervoirs.

In P.C. Regervoir, a samall guantity of sea water and associated
figh species rewmained bhefore filling in fresgh water. Besides, the reservoeir
botfom 1g covered with a1 goft grev marine clay containing shellg, There



are 3 pumping stations (i.,e, TMT 'A' P/S, T™T 'B' P/S5 and Harhour Island
P/S) installed at the reservoir with draw-offs at various water levels.

Intensive chemical, limnological and gillnet analyses of raw water
in P.C. Regerveir have been performed. With these data, the water quality
and the ecoleogical balance in the reservoir can be evalunated to allow
appropriate precautionary/remedial acticns to be taken in time in order to
ensure the supply of good guality drinking water to the general public. The
water quality monitoring serves to agcertain the most favorable raw water
intake depth, to —characterize the state of the reservoir and to get
limnological background information for eutrophication control measures.

From Oct - Dec 1988, algal outbursts occurred at P.C. Reservoir.
The algal proliferation in the Reservoir had arcused concern as it showed
that the ecological balance 1in the reservoir had been disturbed and might
affect the treatability of the abstracted water at water treatment works.
An intensive investigation was launched subsequently. Detail investigation
results and contrel measures taken to control eutrophication will be
described in thig paper.

Table I Some phvsical characteristics of Plover Cove Reservoir

Reservoir gross capacity _ 233539000 me
Regervoir useful capacity 229729000 m3
Reserveir area 1215 ha
Reserveoir maximum length | 5% km
Maximum height above sea bed of main dam 28.3 m

WATER SAMPLINGS

The main sampling peoint is located at station 19 which is in the
middle of the reservoir (Fig. 2). As water quality in a reserveir may vary
horizontally and vertically due to flow characteristics and stratification,
in order to have a complete picture of the state of the water in the
regservoir, water samplings have alsc been performed at various sampling
locations and at different depths of the reservoir. Major sampling points
are marked with buovs which are attached to the bottom of the reservoir.
Water samplings are also performed at the 2 main inflows into the reservoir,
i.e. Portals AJ & BC.

GILLNET SURVEY
This is vperformed by spreading nets of 1-5" mesh size for 1 hr

inte selected stations in the reservoir. Figh caught were identified,
enumerated and their size recorded.

ALGAL COUNT
This 1s performed regularly at station 19 at 3 levels, i.e.
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surface, 1.% m, and hottom, and at the 2 main inflove (i.e. Portals 3J &
BCY. The algal counte are recorded and species are identified in the

lahoratory using a microszscope.

INCIDENCES OF ALGAL BLOOMS

On 4.10.88, nphytoplankton bleooms ware ohgerved near the THMT '3
P/8& and 'B' P/E, the main dam aud station 12, The curface watergs in the
vicinity of both P/S and station 12 appeared greenis“ in celeunr, A gample
subgeguently taken nea 5 tation 19 vevealed  high
chlorophylil-a content 15ue Were mogtly ceep
near the main dam ag hlown he eagt

From th also he geen that, for the gample
taken on 4.10.719 _ NeJus contems were alse high near Porta)l
AT Ag  compared i he  chlorophvll-a content for station 19 ip April
1988, the chlorer i her 1948 had increaged, although thisg
wag a4  gample f ater ¢olumnp and repregented a wind
indyeed accumul at recervoir figure, The gpecieg nf
nhvtoplanktong  co : ‘ diatome like Cvelotella, Melonmira,
Volvexy and Chlo ta  and  hlne ‘wen algae  like  Anabaenz  and Anacvgtic
{Tahleg 117 & IV),

Thege ph@nnmena highlighted that Plover Cove Reserveir had rchanged
gradually from an glightly nmutrient-rich, and unle

remedial  actrions  wer
may  he upget, The

fa
the ecological halance of the regervol
r ;e ication are many., However, th
ferte  are ¢ the increaged algal biomags may lead to
omplication dn warer treatment works and the bhalance of ecological systems
ha affected,

mngt  nndesirahle  eff

in the regervoir mav

Froecent  Inowloedge indicateg that  the mogt important fercilising
i ials  regpongihle  for eutrophication are ortho-phogphate and 4wmon1ah11
gitvregen,  with  the tormer heing the growth-limiting element in me cases
{Hamper, 1986}, However, the sgurface inflowg to Plover Cove Regervoir,

low nutrient contents
of the regervoir, Ag
coveraed by mavine mued, the cause of algal

namelv, China water and nearhv catchwatere, huve vel
and  should cometirute little problew in the fertilir

the hottem of tha regervoir

puthuret  in  Plover (ove Roservoir ig believed to be due to the overturn of
fthe regervolr bringing nutriente releaged from the bottom mud thereby

K

aceelerating  algal  growth, The effect was intensgified by the relativelvw
lawer  water capacity  in ‘egervoir inp 1988  whepn compared with the
nreviaous  vear (7,10.1987, 203,71 v 108 m®  vercug 7.10,1988, 909 ,9R «x
106 3

gty the wav  af  determining the 13

;
jestion by Forgherg and Ryding (1980). They uged 2 mass
rat

t ved Nlo-PNiooaf bl oor o degg to denote { and g
ratin  nof gregter tn denote F limitation, A mags 10 hetweon H-12
indicated either (or bhoth) nutrient could he limiting. TFrom Table V, it cap
he geen that, dn Plover (ove Regervoir, either (or hoth) nutrient could he
Timiting the nerviod 1987-1490,

At thie taime of  the vear, autumnal circulation had occurred as
1

A IR S

avidoncerd 11¢ and chemically between the
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surface and bottom waters (Tahle VI), The autumnal turnover brought
nutrient from bottom mud of the reservoir to the surface to accelerate the
algal proliferation.

Due to the huge dilution effect from other gources of low nutrient
and chlorophvll-a ccontents, the chlorophyll-a level of raw water coming to
water treatment works, although increased in loading, remained to be rather
low as recorded on 17.10.88 (Table VII). Also, no apparent and significant
changes in filter runs and no taste and odour problems had so far bheen
envisaged in the water treatment works (T/¥W's). Besides, trihalomethane
(THM) levels of the final waters of treatment works utilizing P.C. raw water -
remained low. However, follow-up action must be taken to minimize the
future possible consequences of algal outburst to T/W's and to maintain
favourable ecological balance in the Plover Cover Reservoir.

Pxtal AT

TMT
AL'3 PIS

ayn dam e
s
Harboyr Isiang — S5, /[
P s ;

N

Fig. 2. Sketch of Plover Cove Reservoir showing various survey stations :
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Table ITI Chlorophvll - a levels (ug/L) in various stations of Plover Cove
Regervoir

Date Station 12 Surface{Station 19 Surface {Portal AJ|Portal BC
08.04.88 - 7.46 2.91 < 0.01
08.06.88 - | - 28.60 0.12
05.07.88 | - 14.84 9.85 2.32
03.08.88 - : , 32.583 3.25% 4.49
07.09.88 - C21,1% 2.90 2.90
04.10.88 - 49.89 - 43.63 3.07
07.10.88 37.16 39.87 - -

Having established the cause of the incidence, several site
inspections to P.C. Reservoir were made to investigate possible follow-up
actions that could be taken to alleviate the situation. Possible remedial
actiong were delineated as follows :-

(1) Removal of algae by skimming

This does not seem to be feasible as it is lahour intensive,
Besides, the leocation of occurrence of algae is not fixed and depend very
much on wind direction.

(2) Chemical control by copper sulphate addition

Although being labour intensive and costly, this ig feasible in
practice, However, the algicide may peison fishes and may have adverse
ecclogical implications to the reservoir.

(3) Artificial destratification by mechanical pumping

Employing submersible pumps to pump colder water from hottom and
discharge it at the surface sgerves te add dissolved oxygen to the lower
stratum and lower the temperature of the upper stratum of the reservoir.
Thig will help by destratifying the reservoir., However, in view of the
wind-~induced natural circulation together with the autumnal overturn at that
time of the yvear, artificial mixing seems to be superfluous.

(4) Artificial destratification by deep-water diffused aeration
Laving perforated tubing on the bottom to convey and diffuse
compressed air helpe to avoid thermal stratification which may encourage
algal bleooms. However, in view of the thermal destratification which has

occurred in the reservoir, this action mav not help alleviate the situation.

(5) DPredging and/or dilution-flughing
The financial implication of this is too huge due to the large
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Tahle TTT Phytonlankton renort of Plover Ceove Regervelr on 5.7.88

Stn. 19 Ttn, 14 Stn. 19 Portal Portal
GENUE Surface 1.5 m Bottonm AJd Be

Melosira ++ 4 +4 ! +4 +
Cyclotella + + +4+ +4+ +
- .-—_— 1. * e ]
Nayienla - - + - i +
Fragillaria - - - - +

S
Chiamvdomonag - - - - -
Fudorina - - - - -
Anahaena - - + + -
Anacvatis + + I + + +
Stauragtrum + + + + +
Valvey + - + + -
Pedizestrum - + + + -

' {"t}(\'l 1ot ~um - - + - -

Y

t, + ocragional, ++ freguent

area of P.C, Regervoir. Dredging will alge inevitahly remove figh and
distert ecosvstem, and increage the turhidity of the water in the reserveir.

(6) Nutrient inactivation bhv addition of chemicals

The application of aluminium or iron galts directly to a reservoir
will inactivate or immobilize phogphate. Drawhacke are posgsible toxic
effects of the added chemicalg on agquatic organisme and effects on eccosysten
and the tempcrary nature of the treatment.

(N Biological control hy intreduction of fry

About 20 vearg 4age, gilver carp, mud carp, dfish,

highead and common rcarp were iﬁtl@ﬁUC@o ag gtock figh 1ntu V]ﬂ\el Cove

]

D !
Regervoir (Government of H.K., 970), Silver carp can help checking the
grovth of algae on the water surfacw. Mud carp and edihle geldfish feed on
algae in the hottom mud, common carp take the role of hottom gravenger for
animalg or animal debrig while Dbighead feed on zooplanktonsg, algée, and
debria. With the exception of edible goldfigh and common carn, these
introduced gpecies are not expected to reproduce in the regervolr as thev
are river fisheg and reguire high flows of water 1in §
domi

i nring to induce
gpawning hehaviour, The gillnet reenlts showed that the dominant gpecies in
1988 in Plover Cove Regervoir were tilapia, edible goldfiszh, osteochilug and
hemiculter, of which onlv the former twe species feed on algae, With the
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Tahle IV Dhytonlankton renort of Plover Cove Regerveir on €.10.88

Cyelotella +4

Navicula , +

Cymbellan +

Diatoma +

PR

Chiamydomonag -

Lwlorina -

Anabaena +4

Apacvetis ++

| Chlorella +

| - e o —

| Chlorococoum +

} Stauragstrum +

e et 1 e e e v 8 PRt 21 it e A 1 8. AR i, i

; Svnedra +

kemarke : - zbhgent, + nccagional, ++ frequent i

Tahle V 3verage of gtratified mean of Dlaver Cove Regervoir

A e
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* include ammoniacal, nitrite and nitrate nitrogensg

Aecreasing proportion  of gtock figh {due to natural mortality, inability to
ceproduce  in the regervoir, and ncachirg activity) and the absence of silver
carp caught in gillnet gurvey, the -ecclogical bhalance may favour algal
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Table VI Analveis of gurface and bottom watersg of Station 19, Plover Cove
Reservoir on 4,.10.88 (Chewical unite in wma/L unlese otherwise grated)

r Stn. 19 l
Parameters Surface Bottom

Do 8.78 6.53

i
nH : 7.6 7.5
Turbidity (NTU) 6.3 4,4
Conductivity at 20°C (u§/om) ' 175 174 o

| Tomperature (°0) 28.2 26.6

,~
w
o]
-
[ ]
bt
Lo

Ammoniacal nitrogen 0.04
Albumineid nitrogen (as XN) \ | * 0.2¢ 0,10
Chloride (as C1) 37 38
Ortho-phogphate (ag P04) 0.02 0.02
0&AH Phosphates (as PO4) ; 0.07 0.06

Iron {ay Fe) 0,07 0.07

A T

Managanese {ag Mn) 0.02 0,05

Tahle VIT Chlorophvll-g levels of gome selected sources

! ate ‘ Chloronhyll-a
Sourceg Sampled fug/L)

Sai Kung T/W raw water 17.10.88

o
3]
wn

China water : Muk Wug ‘A P/5 17
Muk Wua 'B' P/S 17.

[
[l ]
0
Lo

[y

L]

Chatin T/W raw water

e et e ey e eten

[

bt
[
o
oo
w
-
Lad

4B1-9




he  regervoir.  Table VIII shows that the propertion of
ea

1y vaar It ig hf\r\ed that

1

H vear, RS nat
Y
¥

1 the regerveir will help

1"tvodu01ng gilver «carn and higheasd  ag
checking algal proliferation in the long ru

[a)
he  regervoir decrease
v
-4

FISH FRY ADDITION

4" in length) and 45000
in two lote on 12.7.89 and
¢arp to bighead was about
eqporﬂwvt_\?\’ More gilver
and is morve effective in
on zooplankton ag well
the water gqualitv. As
e eaten by predators
t was decided to use

Fish frv of 80000
highead carp (about 4" in len
24,7.89 into P.C. Regervelr e
with stocking dencities of 66
were added ag the former fee
ing n10a1 cuthurst, The

.4
£ -
T D
ey oty

e D
Fe
> k- (3
T

"2
-~
T ofw
o
o]
foe
-t

=2 g
wWouwY o b

bte :n

w
=
o oy

b

h b ore
-
]

e

B4
3
ad [
[ = |

et

ey
e
o

Ry
i

i

r
Y
e
in

11

[ ]

o]
= h
p]

s 2 D

q
3

S (a
Pt
oo

i ~—t

P F b

[ -

e 52

——
-

v

[

o

—

¥

w

-

I}
e
4]

2
P+
*
e

o

-

T b
—

el

o

42}

o
o]
b o
ot
fumE M

-
=
-
42]
o
jo
T
A
-
48]
-+
b
3
pl
o]
jon]
T
[
o =
In

f

5
o
[
]
jp
o
=

I

4]

<

After figh
tlogely. From a
frequency of occur
onwvards, (Tablee TX- XI
i)
i

4]

o

h

w

a

::‘

o

[T

4]

~ in
AV

o

0]

=

fo9

w

I

Su

o~

2 =)
standlng the lower water
1

Plover Cover Reger compared with 1989 (Table

€,
it appeayrg that th nt cneclies are diatoms,

o

[}
i3
jouul
]
o+
g

v shows that after figh
LLLLL N and ¢o- P04
vher a very 1ow Ta
gurvey ghowe that th
nd bighead caught inore
3 .
e

—~
v
g

the average
articular

~~
4
o7
=

b

L
&
-
b
b
D
o
T
1z
o
=
D.-
J’J
D
g
<
T
foN
w w
ja¥
s
o ke
fu
0w

(eI
et
B

"
z
R~

p
t
)
=
i
-
pE
w
"
L (B

-

r—4 .’D T =t

[
=
t"D
D b = Eeh

ool
[ P |

joN
%
3 W

i
h including
h g to be
e

':r" -
[
Fde e pde py b D

o
[»]
3
2
= (D

addltlon g
gilver rp
o\nmﬁtaﬂ a

oxert their intl

3
¥ ot

®
o ow
fa
= 1o

@w
-
T
w0

[¢5]
[{+ 3]

+
o

T 2D

-
4]
48}
{2
"5
-

-t

[ )
(o
b i e (D
o
vo
£
=

bed bt

1)
—
=
—~ o
-

nd

Ara

in indicategs  th

st
-
e e
e T
bt D
n
[
~ 3
Tt~ O

o]
=
s
4
.

nce on the water guali

ix) and bhighead
eg of herbivorous
ophagic while the
er, we aleo found

Y Carp (Hypopthalm

Y are native of Chi

5). The fovmﬂr ig

LLLLLLL nlan 1,

and detrJ+1 as pvﬂm'nent ““m“ﬂIEPTS 1n th? gut
vt

e of highead.
appears that when ph

[a)

B!

a

p ;hedd heln to

on algae. But when alﬁa rn to feed on

1kt and detritus I ea t]

olegical cvgtem ig main
Oh

.
¢ to check algal g¢v

» .-——l o]
=5
T
r—‘
-t
2
13
]
=)
=
".
;
L1
st
.
[
o]
=
o
o
"~
B
,_."‘

"“ L i E ]

,.
]
jou]
4]
jo
E
P
.
g
=2
jors
o
et
[
=
oy
ot
Y LJ
~
2
=

=
s
T

-+
[
-t
(R
]
o]
Q.
O
=
u3
n
-t

mtrol  of algal growth in reseprveirsg/lakes is usgually by chemical
or phyesical means. However, there are known drawbacks of thege methods as
mentioned nreviously, To  bring  about reserveir rejuvenatien in  this
particular case, bhiclogical contrel by figh fry introduction results in
preventing the P,.C. Recervoir from ageing and significant decrease in algal
aotivity., Binlogical contreol of eutrrophication by adding a combination of
silver carp and bighead carp in a ratio of aboeunt 2:1 has found to be
cost-effective, relativeiv economical and aheve all, will not pollute the




Tahle VITI Gillnet survev ghowing “ecreaéing trend 1in the proportion cf
stock fighee in Plover Cove Reservoir [figsh frv were introduced
ip Julv 1984)
Period Stock Natural Tilapia
% % %
iwdanuary 86 ~ Decemher 86 i6.h 11.8 B 1.7
% January 87 - Decemher 87 24,6 14.8 1.6
January 88 - December 88 22.43 18.2 29.1
January 89 ~ December 89 16.0 46.5 R
- 20.8 1.9 31,3

January

Tahle TX MAlgae reports of Station 19 of Plover Cove Regerveoir during
April 88 - March 49

Genug
Month/Year Melosgira Cyclotella Anabaena Anacystig [Straurastrunm
dpril 88 +4 + + +4 -
May 88 + + + + -
June 88 + - - - -
July 48 +4 + - - +
Auqust 88 + + - - -
Sept 88 + + - - +
Oc¢t, 88 ++ + 4 _ +
Nov, 88 +4 + +4 - +
Dec, 88 + - - + +
Jdan. 89 +4 + - ++ +
Feh. 89 +4 + - ++ -
Maproh 89 + * ++ + +
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Table ¥ Algaze report of Station 19 of P.C. Regervoir during

April 89 - May

Ay h
Gonug {
Month/Year | Melogira | Cyclotella | Apabaepa | Anacystis {Straurastrum u
April 29 ++ + i et _
May 89 + + 4 + +
June 89 + + ++ + +
July 8% + + - 4+4 +
Anyguet 89 + + + - +4+
Sept 84 - + +4+ + 4+
Qct 89 + + + + +4
Nov 89 ++ + +4 +4 ++
Dec #9 -+ + ++ ++ ++
Jan 90 ++ + + +4 +
Fob 90 ++ + - ++ -
March 90 ++ + + e+ +
RPemarks : - ahsgent, + occagional, ++ freguent
Table XI Algae report of Station 19 of Plover Cove Reservoir during
April 80 - Marech O
Cenug '

Month/Year Melogsira Cvelotella Anabaena Anacystig |[Strauragstrum

April 90 + + + + +
May 90 + - - + +
June 90 + - - + +
iuly 90 + - - + +
Avgugt 90 4 - - - +
Sept 90 - - + + _
Qct 90 + + + + -
Nov 90 : +4 + + + +

e . - - . — ;
Deg 90 ++ : : + - +
Jan 21 ++ + + - +
Febh 91 + + - - +
March 91 + + + + +
Remarks : - abhgent, + occasional, ++ freguent
The views expregged are thoge of the author and not necessarily thoge of
the ¥Water Supplies Depnartment of YHong Keng.
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Table XIT Averaqge Storage Capacitv of Plover Cover

Regervoir from

1988 to 1990

Year Capacity

1988 . 82.3 x 106m3
1989 117.9 x 106 p3

1990 81.6 x 106 m®
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THE IMPACT OF MIXING PROPORTIONS ON WATER QUALITY
IN MULTIPLE-RESERVOIR SINGLE-TREATMENT PLANT SYSTEMS

Adhityan Appan

School of Civil and Structural Engineering
Nanyang Technological University
Singapore

ABSTRACT: TIn Multiple-Reservoir Single-Treatment Plant (MRSTP)
systems, raw water from different sources is mixed in a ceollection
chamber following which it is sent to a common water treatment plant,
As the mix proportions will wvary, so will the resultant raw water
quality of the blended mix. In a case study, water from three
sources was mixed in various proportions and subjected to jar tests.
The main objectives were to appraise the impact of simulated mixing,
study the effect of the use of different coagulant aids and to relate
the optimal chemical costs to the varying blends of mixes.

The major treatability parameters considered were turbidity, colour,
pH, total alkalinity and TOC. Not less than 72 sets of standard jar
tests were carried out using Alum as the primary coagulant and Lime
for pH adjustment. Activated Silica and two different types of
cationic polyelectrolytes were used as coagulant aids.

The concentrations obtained by simulated mixing in the lab proved to
be identical to the field blends and also the computed values. The
jar tests confirmed that the use of Activated Silica resulted in the
highest treatment chemical costs but when the polyelectrolytes were
substituted a saving of 12.3% to 55.2% could be effected in terms of
individual sources and 35.8% to 53.5% when the waters were blended.

INTRODUCTION

The utilization of more than one impounding reservoir as a raw water
source is not unusual in water supply practice. In most instances, when
hydrological conditions impose constraints on the abstractable quantity
from individual reservoirs, there arises the need for inter-basin transfer
which is primarily controlled by quantitative requirements (Jamieson 1986,
Caulfield Jr 1986). However, when more than one source of raw water has
to be treated in a strategically located water treatment plant, both the
quantity and quality of the contributing raw waters and the resulting
blended mix play a crucial part in the cost of treatment chemicals :
involved. Such Multiple-Reservoir Single-Treatment Plant (MRSTP) systems }
have been modelled to appraise the optimum pumping modes from each of the 4
sources (Appan 1990). The main objectives of this paper are:

L]
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(a) to study the impact of mixing in various proportions of raw waters
in a hypothetical catchment having varying qualities,

(b) to appraise the treatability of three sources of water individually
and in combination using the standard jar tests with Aluminium
Sulphate (hereafter referred to as ‘Alum’) as the primary coagulant,
Lime for pH adjustment and three types of coagulant aids,

(c) to determine the unit costs of treatment chemicals for each of the
three individual sources and blended mixtures and

(d) to analyse the results and draw conclusions.

HYPOTHETICAL MODEL OF MIXING IN MRSTP SYSTEMS

In Figure 1 is shown a hypothetical model of an MRSTP system (Appan i
& Swann, 1986) where waters from different sources are transferred to a :

single water treatment plant before onward transmission of the treated

water,

Treatment
Plant

NOTE out’ out
2N~ raw water sources
ql, q2, . qn - individual maximum outputs
.. - i r4
my, m,, m fractions \,1.
cl, €y . Cn - individual output concentrations
Q ., C - output flow and concentrations
out out
Figure 1

Multiple-Reservoir Single-Treatment Plant (MRSTP) System
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Let g7, g9, «oovviivn q, be the maximum pumping or gravity flow
rates from each of the n impounding reservoirs.

Let €1 Cp, €3, .....n... Ch be the corresponding values of the
respective qualitative parameters of interest.

Let my, my, my, ............. m, be the proportions of the maximum

output from each of the impounding reservoirs, each value being < 1.

If Q,,+ 1s the required raw water output quantity in the water
treatment plant, then by simple law of conservation of mass,

QOU.t - mlql + m2q2 R . ...... + mnqn or
n
Qout El md Eqn (1)

The load of the resulting mix can be computed by continuity and
equating the loads. If COut is the quality of the blended mix then,

Qout X Cout = c¢1mqy + CogQomy + ... .. + cnm,4qy,
n . |
or Qut Cout = 2 Comq Eqn (2)
k=1 .
n n
Therefore G, = Z cmq/ ¥ maq e Eqn (3)
k=1 k=1

The above concentration will be a function of both the quality and
quantity from each of the individual sources. It 1is assumed that the
mixing is instantaneous and complete.

CASE STUDY
Location

In this case study there were three sources (hereafter referred to
as S1, S2 and S3) which are impounding reservoirs situated at about 8 km
to 10 km from a common water treatment plant. Raw water from these
impounding reservoirs was being pumped to an Inlet Works which was
adjacent to the water treatment plant.: Water samples from each of the
sources and also blended water were collected in the Inlet Works over a
seven month period in 1986 and tests carried out in the Environmental
Engineering laboratory of the Nanyang Technological University,
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Inlet Works

The inlet structure is rectangular in shape and has a volume of 400
m3. Raw waters from three sources gain entry through pipes in three faces
of the structure. The outgoing blended water is gravitated through two
outlet pipes in the fourth side. There are a series of baffles within the
chamber not only to act as buffers for the incoming flow but also to
accentuate the process of mixing of the different sources. The capacity
of the water treatment plant ranges from 5 to 80 million gallons per day
(mgd) .

Raw Water Quality

In this study, only a few parameters were selected to represent the
salient characteristics with respect to treatment. From Table I, it can
be seen that there is not much variation in quality in the individual
sources over the four year period of 1982 to 1986. The main parameters
to be reduced are the colour and, to a lower extent, the turbidity of the
blended mix. The source S1 has the highest value in both these
parameters.

Table I: Raw Water Quality

Sources Blended*
--------------------------------------- Raw
Year Parameter sl S2 53 Water
m g m a [ a U o
1982 pH 6.9 0.2 7.2 0.2 4.2 0.4 6.6 0.1
Turbidity 4.9 1.6 6.8 1.9 1.9 0.5 4.7 1.3
Colour (Hazen) 74.8 13.5 25.6 8.3 3.8 1.2 54.6 20.2
TOC 9.6 1.6 7.6 1.5 4.3 1.3 10.7 3.7
Total Alk 34.4 4.6 33.9 3.0 25.3 6.8 30.8 §.1
1986 pH 6.5 0.2 7.4 0.3 9.6 0.6 7.4 0.8
Turbidity 1.8 0.9 3.6 1.4 3.0 2.1 3.3 2.8
Colour (Hazen) 61.2 27.2 31.8 13.5 27.7 19.8 45.1 32.0
TOC 7.3 1.8 3.2 0.7 3.0 1.1 7.3 1.7
Total Alk 35.4 4.4 36.4 2.5 27.7 7.9 32.4 6.6

Note: * Represents different mixes

JAR TESTS
Procedure

The tests were conducted in a commercially available unit which
consists of six stirrers connected to a variable speed drive mechanism

(100 to 200 rpm). After adding the appropriate volumes of chemicals, the
following mixing and settling times were adopted:
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Rapid Mixing 3 minutes at 100 rpm
Slow Mixing 17 minutes at 65 rpm
Settling , 30 minutes

Chemicals Used

The primary coagulant used was Aluminium Sulphate (A12(SOa)3.18H20).
The coagulant-aid being used in the water treatment plant was Activated
Silica (hereafter referred to as 'Act Sil') which was being prepared as
per accepted practice (Standard Methods 1989). The additional coagulants
selected for the trial runs were two types of cationic polyelectrolytes
having characteristics as shown in Table II. These types were chosen as
they fall within the internationally approved list (EPA, 1979), are quite
easy to handle and were readily available.

Table II: Characteristics of Polyelectrolytes

---------------------------------------------------------------

Description Polyelectrolyte A Polyelectrolyte B
Form Liquid : Liquid

Charge (solution) Cationic Cationic

Density 1.16 gm/cm’ 1.37-1.41 gm/cm’
Colour : pale amber straw

pH 3.0 - 3.5 5.0 - 7.0

Shelf life one year 6 months

---------------------------------------------------------------

Stipulated Standards

The water treatment plant had standards of treatment to be effected
in the jar tests (see Table III). These standards were based mainly on
the turbidity and colour removal efficiencies. TOC was being closely
monitored to appraise the Trihalomethane potential (Lykins Jr & Clark
1987, Lykins Jr et al 1988).

Table III: Jar Tests - Settled Water Quality

-----------------------------------

Turbidicy 1 NTU
Colour 5 Hazen Units
pH 6 to 6.3
TOC 2 to 2.5

...................................
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VERIFICATION TESTS

Mixing Efficiency

The water samples collected from individual sources and blended in
the laboratory should have the same characteristics as the water in the
Inlet Chamber. Investigations revealed that at the existing ambient
temperatures, the Velocity Gradient (G) in Inlet Chamber varied from 44
per second (for 5 mgd) to 177 per second (for 80 mgd). The corresponding
g detention times were 1.6 to 25.3 minutes. Using these G values as a
guideline, waters to be blended in the laboratory can be subjected to
mixing in a homogenizer having a sufficiently wide range of rotational
speeds. A nomogram has been prepared (see Figure 2) wherein the
relationships amongst the flow, velocity gradient and speed of mixing (in
rpm) are shown.

,Qinmgd RPM (Thou*:-;ands)11

NOTE
8ol Ho.9 —
Q is flow in million gallons/day
RPM is revolutions per minute
6o 0.7 G is Velocity Gradient
40} 0.6

4

20t ////' {03
/{WQan —+ G va RPM

L 1 1 1 1 1 1 A 01
20 40 B0 B0 100 120 140 180 180 200

G per sec

Figgre 23 Relétionship amongst flow; velocity giadient and RPM

Predicted Mix vs Measured Values

For verifying the quality of the blended water, the computed
concentrations (based on Eqn (3)), were compared with both the actual
blended value in the Inlet Works and that prepared in the laboratory.
Both these types of blended samples vere plotted against the
calculated values for all five parameters. The results are shown in
Figures 3 (a), (b), (e¢),(d) and (e).

The variations can be observed to be very minimal and the
calculated values considered to be truly representative,
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LABORATORY TESTING AND COSTING

Basis of Experimentation

The approach adopted is to initially establish the base costs for
treatment of the three individual sources of water independently wusing

Alum, Lime and each one of the three coagulant aids. Tests were also
carried out varying the blending ratios each ratio having a predominance
of any one of the sources. The objective was to determine the costs of

chemicals in each case with a view to establishing the savings in cost
effected in the blended mixture according to the different coagulant-aids
being used.

Optimum Dosages and Costs

sing jar tests, chemical dosages have been determined and cost per
1000 m” calculated based on the prevailing market prices of 1986.

Individual Sources: A total of 36 sets of jar tests was conducted and the
results are presented in Table IV.

Table IV: Single Source - Optimum Chemical Dosages & Costs

________________________________________________________

Raw water Alum Lime Act, A B Chemical cgst
from Silica per 1000 m

75.0 18.3 2.0 - - $ 32,30

s1 32.5 2.4 - 1.0 - $ 27.20

42.5 3.3 - - 1.0 $ 17.90

57.5 2.9 2.0 - . $ 23.10

52 42.5 0.0 - 1.0 - $ 17.20

47.5 0.0 - - 1.0 $ 18.90

80.0 3.7 2.0 - - $ 31.00

s3 72.5 0.0 - 1.0 - $ 27.20

77.5 0.0 - - 1.0 $ 29.10
Combination of Sources: The waters from three sources are blended in the
most frequently occurring combinations and a series of 36 jar tests were
carried out. The resulting chemical dosages and corresponding costs are

shown in Table V.

DISCUSSION ANDvCCNCLUSIONS

Hypothetical model and lab experimentation

The computed value of concentration as determined by the derived
value using Eqn (3) can be considered to be sufficiently representative in
terms of both the lab simulated and actual blended values. Such computed
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Table V: Chemical dosages for three source combination

-----------------------------------------------------------------------

 Actual Dosage of chemicals in mg/1l
Dominant  Proportion ------eseeiomoiiae oo Cost in
Source (K:P:T) Alum Lime Act. Pl P2 $/1000m

Silica

51 7.7:1:1.8 90 10 2 - - $35.50
40 2 - 1 - $16.50
50 4 - - 1 $19.90
52 1.1:1.8:1 65 7 2 - - $25.70
40 1 - $16.50
45 1 - 1 $18.40
53 1.3:1:8.6 90 6 2 - - $34.70
60 1 - 1 - $23.20
65 1 - - 1 $24.,90

-----------------------------------------------------------------------

values will be very useful when a large number of concentrations of
hypothetical combinations of different sources have to be predetermined
for optimizing MRSTP systems (Appan 1990),

From the lab experiments, it has been shown that water samples can
be sufficiently well prepared to truly represent the blended quality in
the field.

Individual Sources

The dosages of Alum (57.5 to 80.0 mg/l) and Lime (2.9 to 18.3 mg/1)
are highest when Act Sil is used in all three sources. But by using 1
mg/l of either one of the polyelectrolytes, there is considerable lowering
of Alum dosages in Sl and S2. In S2 and 83, pH adjustment using Lime is
not necessary when any polyelectrolyte is used.

The highest treatment costs of $27.10 to $32.30 are incurred when
Act S5il is used. However §2 has the lowest treatment costs amongst all
the sources, In all cases, the lowest costs are incurred when
polyelectrolytes are used with reductions varying from 12.3% to 55.2%.

Combination of Sources

In all blends, the highest dosages of Alum (65.0 to 90.0 mg/l) and
Lime (6.0 to 10.0 mg/l) are necessary when Act Silica is used. The lowest
dosage of Alum (40 to 60 mg/l) is encountered when polyelectrolyte A of 1
mg/l is used.

Treatment costs are highest ($27.70 to $35.50) whenever Act Sil is
used whereas the lowest cost ($16.50 to $23.50) is incurred when Poly-
electrolyte A is used in S1 and S$S2 dominated sources. This corresponds to
a savings of 35.8% to 53.5%.
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THE DEVELOPMENT FOR SIGHT SEEING AND
EUTROPHICATION OF THE OGOUCHI RESERVOIR

K. Koseki , M. Ichinohe
Bureau of Waterworks ' ‘ : Bureau of Waterworks
Tokyo Metropolitan Government Tokyo Metropolitan Government
Tokyo, Japan S ; Tokyo, Japan

ABSTRACT . It was forecasted that the implementation of many

resort development plans around the QOgouchi Reservoir and in
its basin, the most important source of water supply for
Tokyo Metropolis, would exert serious influence upon the
water quality management of the Reservoir. In consequence, we
have taken some precautions in order to minimize the impacts
of those development. As a source of water supply, we thought
that the nutrient concentration of the Reservoir should be
conserved in good condition in which the occurrence of an
odor problem caused by eutrophication could be avoided. On
the basis of this concept, we have established a permissible
level of the nutrient load into the Reservoir.

We are now making efforts to prevent eutrophication of
the Reservoir with some means that of control the current
inflow of phosphorus into the Reservoir.

1. INTRODUCTION

The Ogouchi Reservoir, the largest one exclusively for the

water supply in Japan, with a capacity of 185.4 million cubic
meters, and was completed in 1957. The water quality of the
Reservoir has been in relatively good, except for some
filtration problems caused by phytoplankton outbreaks at the
Sakai and Yodobashi purification plants, which are lower
reaches of the Reservoir,

Such good water quality may be due to the reason that the
Reservoir is situated among the mountains with a steep slope,
and its basin is riverhead forest managed by the Bureau, the
cultivated acreage is small, and the population in the basin is
quite few.

On the other hand, since the time of completing of the
Reservoir, we have forecasted the development of sightseeing
facilities around the Reservoir, but the size of the visitors,
about 700 thousand every year, has undergone a slow change
until 1969. However, with the advancement of motorization and
an increase of desire for nature by city dwellers, the number
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"of the visitors have begun to increase from 1970 and reached
one million people in 1971.

Moreover, the Okutama Excursion Road, opened to traffic at
April 1973, has accelerated the tendency of increasing. It was
forecasted that the development of sightseeing facilities
around the Reservoir, and its basin would make a serious
influence on the water quality of the Reservoir. Therefore, we
had to take measures to minimize the effect of those
immediately.

[ i Ty A Frul, \)
Qguuchi Husitvon — i
R |
b

“Laniguwa Hiver ) Y
o
Youeiatd tiat, § L ohre ety

“-Usiroyamagawa River N N
f'/.
Minedanigawa River {?';, mm"thi"“

Tabayama Vi,
' Qkulama_Town

Tabayamagawa River
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Fig. 1 Location of Ogouchi Reservoir

2. THE EFFECT OF EUTROPHICATION OF THE RESERVOIR
ON THE WATER SUPPLY SERVICE

By 1976, it has already become an issue on Lake Suwa, Nikko-
yunoko, Hakone-ashinoko that the sewage from sightseeing
facilities around the lakes accelerated the eutrophicaticn of
lakes, decline in the transparency and discoloration of water
have occurred, and such fine lake views has been injured. In
addition, the eutrophication of the lakes have been regarded as
the cause of the odor problems, occurred in Lake Biwa,
Kasumigaura, Inbanuma and Sengari Reservoir, all which were the
sources of water supply for other cities in Japan.

At the Ogouchi Reservoir as well, the increase in load from
resort facilities, accelerated the eutrophication. It was
forecasted that not only the scenic problems, but also the
following problems on water treatment would be injured.

(1) Inflow of organic pollutants would consume oxygen at the
hypolimnion, and result in elution of some undesirable
substances such as iron, manganese and ammonium from the bottom
of the reservoir. This will lead to increased dosage of

4B3-2



prechlorination.

(2) Productivity of phytoplankton in the Reservoir would be
increased by the addition of nitrogen and phosphorus as
nutrients loaded not only from domestic effluent directly but
also by libration during decomposition of organic matters in
the reduced, oxygen-deficient environment of hypolimnetic
layer. This will lead to increased dosage of copper sulfate in
reservoirs situated at the lower reaches, and prechlorination
and coagulant at the purification plants.

(3) Increasing the productivity of phytoplankton in the
reservoir, the flora of the Reservoir would be changed, and
blue-green algae related to the odor problems would become
dominant. This will raise the need for activated carbon and
ozone treatment to remove the odor problems.

3. PURPOSE OF WATER QUALITY PRESERVATION
AND THE GOAL OF WATER QULITY MANAGEMENT

Once an odor problem happens, the purification treatment
requires a vast cost. S0, the water quality of the Reservoir
should be conserved in good condition which will barely permit
water bloom. According to Sawyer(l1966), the concentrations of
inorganic nitrogen and phosphorus in this level at the surface
water in the early stratification season, are 0.3 mg/l and
0.015 mg/l, respectively.

On the other hand, by 1975, the concentration of inorganic
nitrogen and phosphorus in the surface water of the Reservoir
were 0.22 mg/l and 0.003 mg/l, respectively, that is to say,
the phosphorus concentration was very small. Taking account of
Liebig's minimum law, phosphorus concentration in water would
be a limiting factor of eutrophication in the Reservoir.

In addition, we observed the relations between the values
of Algal Growth Potential (AGP) and nitrogen, and values of AGP
and phosphorus. The result of AGP test has showed that nitrogen
was satisfactory contained as the value of AGP against various
nitrogen concentration did not fluctuate. On the other hand,
the value of AGP raised in proportion to the concentration of
phosphorus under the condition of low range. For those reasons,
it was considered that the limiting factor in algal growth was
phosphorus in the Reservoir.

Consequently, in order to prevent the problems of eutrophi-
cation, it is important to regulate not only organic matters
indicated by Biological Oxygen Demand (BOD), but also the
inflow of phosphorus in the sewage from the increasing visitors
in the future.

Thus, we investigated the actual water quality condition in
1980 and 1981, and arranged the existing date since 1958, then
we made a flow-diffusion model estimated the permissible load
level of the total phosphorus into the Reservoir to hinder the
progress in occurring the water bloom at the Reservoir and
filtration problems in the lower reaches.
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4. EVENTS IN THE 1970’'S AND THE OGOUCHIVRESERVOIR

The Ogouchi Reservoir has the catchment area of 262.88 km2,
95% of which is forest, Moreover, 62% of the forest was
managed as a riverhead forest. The population in the basin was
4,246 individuals and 1,089 households in 1970. But the
population has been declining gradually and it became 2,898 of
individuals in 1992.

It was presumed that 66% of total load originated from the
forest and 30% from sewage of inhabitants and visitors. And,
that 80% of these were brought into the Reservoir by into the
rivers flowing.

In 1975, the average concentration of inorganic and total
phosphorus in the main four rivers flowing into the Reservoir
was about 0.01 mg/l and 0.02 mg/l, respectively. Those
concentration have not increased for several years. But in
1970, water bloom caused by dinoflagellates was observed at the
inflow site of the Kosugegawa River. Since 1975, water blooms
by phytoplankton, mostly flagellated green algae and

~dinoflagellates, have occurred almost in every years at the
inflow sites of rivers.

In addition to the load from rivers, “gray water” (domestic
effluents other than night soil) from inhabitants and visitors
around the Reservoir, had to taken into consideration.
Because, in this area, night soil was removed to outer area
while gray water directly discharge into the Reservoir. At the
time of completion of the Reservoir, the load from visitors was
less than those from inhabitants. But since 1972, the former
exceeds the latter.

5. PERMISSIBLE LOAD OF PHOSPHORUS CONCENTRATION

As described above, we noted a water quality level which
would not show the outbreak of phytoplankton (bloom), was
thought to be 0.015 mg/l1 for inorganic phosphorus. But we
concluded the level to be 18.4 ug/l for total phosphorus on the
basis of our investigation into the actual condition on the
occurrence of the water bloom. And we also concluded the level
of total phosphorus which would make filtration problems at
purification plants in the lower reaches, to be 15.5 ug/l on
the basis of literatures and the result of our investigation.

The Tabagawa, Kosugegawa, Ushiroyamagawa and Minedanigawa
Rivers are the four main rivers flowing into the Reservoir.
More than 50% of total load of phosphorus was provided by the
Kosugegawa River. The River was considered to be most important
in preventing the occurrence of water bloom. The outflow of the
Reservoir has usually been discharged from intake facilities
for a power station, installed at 73.5 m depth under the full
water level.

Then, artificial load was calculated on the basis of the
present state such as a number of inhabitants and visitors,
unit of load and run-off ratio of pollutant, and finally the
existing state of load to the Reservoir was estimated by
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adding the natural load to the artificial one.Comparison of the
estimated load to the Reservoir and the observed actual load
measured in 1975 through 1979, showed a good correspondence in
both value and tendency.

The simulation model of water quality was applied using a
one-dimensional polylayer flow and diffusion model. The
diffusion model was a modification o©f Miyanaga and others
(1979). In this model, the Reservoir was horizontally divided
into 8 parts based on the fixed observation points, and
vertically into 6 parts taking account of seasonal changes of
nutrient supply. _

In this model, we have put the base point of estimation
- for the occurrence of water bloom at Kouchi point, a central

point of the Reservoir, and for the filtration problem at a
fixed point in front of dam.

6. INVESTIGATION FOR MEASURES TO PREVENT EUTROPHICATION

We have supposed the construction of a sewage treatment
plant and withdrawal of sludge from fish culture farms, as
measures to prevent eutrophication at the Ogouchi Reservoir.

The level of sewage treatment was assumed to be secondary
and tertiary treatments, and the level of removal rate of
phosphorus for those to be 30% and 93%, respectively, from
literatures and the measured value. Also we presumed that
withdrawal of sludge from fish culture farms would cut down
46.7% of phosphorus load from fish culture farms and it would
be put into operation in 1987.

Then, we made the forecast toward future by cases as
follow, as well as the permigssible load level of phosphorus.

(Case 1) leaving as it is, night soil may be removed, gray

water may discharge into the Reservoir directly

(Case 2) arranging the secondary treatment of sewerage

(Case 3) arranging the tertiary treatment of sewerage

Total Phosphorus (tlon/year) Case 1 - Case 2 cases o s
s
6 L eeeeeamegrser e T T T
5r O s
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3
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0 L . ] . ‘ |

et 1985 1990 _ 1995 2000

Fig. 2 Load level of total phosphorus at Ogouchi Reservoir
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(Case 4) adding the measures against fish culture farms to

case 3 ' _

As a result, it was forecasted that the water bloom would
occur in 1988 in case 1 and in 1987 in case 2. We thought that
these cases would make the Reservoir unsuitable for source of
water supply in near future. Water bloom would occur in 2002
and in 2039 in case 3 and case 4, respectively. Those result
indicated that the use of the tertiary treatment of sewage and
the measures against fish culture farm effluent in the same
time was very effective. Ag for the filtration problems caused
by phytoplankton, it would occur after 2028 and never by 2000
in all cases.

The permissible load 1levels of phosphorus for the
occurrence of water bloom and filtration problems were presumed
to be 5.7 tons per year and 7.2 tons per year, respectively.

7. MEASURES TO PREVENT WATER POLLUTION
AND EUTROPHICATION OF THE OGQUCHI RESERVOIR

In 1973, the Bureau of Waterworks decided on a policy on
the preservation of water quality of the Ogouchi Reservoir. The
Bureau, as a manager of waterworks, strongly demanded that new
sightseeing facilities and hotels in the basin should take some
measures, in addition to regulations established by
environmental laws, for the reduction of BOD (below 5 mg/l) and
total phosphorus from the wastewater treatment effluents to
" exclude the sources of water pollution in the Reservoir. The
Bureau also requested the co-operation to the authorities
concerned, which had the right for the permission for
construction of new buildings.

To achieve the objectives relating to the management policy
concerned with conservation of water quality at the Reservoir,
application of advanced wastewater treatment processes were
required which could satisfy the severe discharge standards
shown above. However, the steep slope of the basin and
dispersed communities and sightseeing facilities made effective
wastewater treatment difficult.

Therefore, we gave attention to the natural purification
mechanism of forest soil, namely physico-chemical functions
such as filtration, absorption and ion exchange, and bioclogical
functions such as decomposition by microorganisms in soil and
uptake by plants. Then we made a research and experiments on
these factors, especially on the removal efficiency of
phosphorus because phosphorus was regarded as a limiting factor
at the Reservoir. The removal rate for phosphorus subsequently
obtained was 98%.

Based on these results, the Bureau exchanged memoranda on

prevention of water pollution at the Reservoir and wastewater
treatment with Toshiba Health Association in January 1974 and
with Okutama town (the administrator of Okutama Local History
Museum) in March 1978. These memoranda sanctioned the
discharging wastewater effluents from both sources.
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Moreover, the reduction of load levels from upstream areas

was indispensable to preserve the water quality of the
Reservoir into the future. As a result, the Tokyo Metropolitan
Government conferred several times with Yamanashi Prefecture,
and Kosuge and Tabayama villages about measures to be taken
against effluents from sightseeing facilities, 1local
inhabitants and fish culture farms. The Bureau then made the
agreements with Kosuge and Tabayama villages on the prevention
of water pollution at the Reservoir in April 1982.

Okutama Local History Museum Sewage treatment system in Fish culture farms
Tabayama and Kosuge Villages :
gray water night soit raw sewage influent
4 i3 . 4 4
sedimentation septic tank sedimentation tank fish cutture farms
separation tank 4 i
> v screen sedimentation tank
pump cistern ’ 4 '4 u
4 oxidation ditch supernatant water sludge
primary circulating contact i} i 1A
aeration tank coagulation sedimentation tank effluent sludge
N d treatment plant
secondary circulating contact sand filter ' _ ' i
aeration tank : 4 disposal
i disinfection tank
diversion tank d
4 . final effluent
land filtration

Fig. 3 Sewage treatment flow chart

Conseguently, Tabayama and Kosuge villages partially
started their sewerage works from October 1987 and April 1988,

respectively. Phosphorus was trapped by coagulant added to the
final settlement basin of the treatment process. The
concentration of phosphorus in the effluent was kept below 0.5

mg/l.

Moreover, the sedimentation tank has been arranging against
fish culture farms.

Recently, the Bureau made a similar agreement with the
recreation facilities of the Metropolitan Bureau of

Construction, in 1984. These recreation facilities were opened
partially in November 1990.

8. CONCLUSION

The Ogouchi Reservoir is a precious water source for the

Tokyo Metropolitan people. Its water quality must be maintained
in a good condition. Because this Reservoir has a relatively
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big capacity in contrast with its catchment area and a long

detention period of about 200 days,

recovery of water quality is very difficult.
important to pay continuous attention to the prevention of

water pollution.

when once polluted,
Therefore it is

Table I  Water quality of Ogouchi Reservoir (surface water)

(unit: mgA)
1970 1975 1990

ave max min ave max min ave max min

Water Temperatwre ("C) 15.8 26,3 6.7 | 15.8 26.3 6.5 | 16.5 26.5 7.9
Turbidity 3.0 7.4 1.5 | 3.5 18.8 0.8 | 1,0 4.5 0.2
pH 7.7 g.6 6.9 7.6 8.8 6.8 7.6 8.8 7.0

Electric Conductivity (nS/cm) 62 67 58 64 71 60 63 ¢ 69 58
Polassium Permanganate Consumed | 1.9 9.7 1.2 2,0 3.2 1.2 1.7 2.6 1.2
Total Nitrogen® 0.221 0.306 0.101]0.222 0.305 0.150]0.374 0.472 0,303
Ammaonia Nitrogen 0.00 0.00 0.00 0.00 0.01 0.00 [0.01 0.05 0.00
Total Phosphorus 0.008 0.013 0.006}0.011 0.01S 0.004(0.006 0,010 0,003

* Sum of inorganic nitrogen in 1970, 1975

As part of the measures for water quality conservation, in
addition -to the effluent regulation against recreation
facilities on the edge of the Reservoir, sewerage system around
the Reservoir has been planning. Based on these measures, the
water quality of the Reservoir has been conserved in good

condition.
Recently,

~surface of the Reservoir,
Reservoir undergoing a big change.
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Moreover, the reduction of load levels from upstream areas
was indispensable to preserve the water gquality of the
Reservoir into the future. As a result, the Tokyo Metropolitan
Government conferred several times with Yamanashi Prefecture,
and Kosuge and Tabayama villages about measures to be taken
against effluents from sightseeing facilities, local
inhabitants and fish culture farms. The Bureau then made the
agreements with Kosuge and Tabayama villages on the prevention
of water pollution at the Reservoir in April 1982.

Okutama Local History Museum Sewage treatment system in Fish culture farms
Tabayama and Kosuge Villages
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pump cistern 4 e N
i oxidation ditch supernatant water sludge
primary circulating contact 4 i 1
aeration tank coagulation sedimentation tank effluent sludge
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Fig. 3 Sewage treatment flow chan
Consequently, Tabayama and Kosuge villages partially

started their sewerage works from October 1987 and April 1988,

respectively. Phosphorus was trapped by coagulant added to the
final settlement basin of the treatment process. The
concentration of phosphorus in the effluent was kept below 0.5

mg/l.
Moreover, the sedimentation tank has been arranging against

fish culture farms.
Recently, the Bureau made a similar agreement with the
recreation facilities of the Metropolitan Bureau of

Construction, in 1984. These recreation facilities were opened
partially in November 1990.

8. CONCLUSION

The Ogouchi Reservoir is a precious water source for the

Tokyo Metropolitan people. Its water quality must be maintained
in a good condition. Because this Reservoir has a relatively

4B3-7




big capacity in contrast with its catchment area and a long
detention period of about 200 days, when once polluted,
recovery of water quality is very difficult. Therefore it is
important to pay continuous attention to the prevention of
water pollution.

Table T Water quality of Ogouchi Reservoir (surface water)

: (unit: mgf)
1970 1975 1990

ave max min ave max min ave max min

Water Temperature {"C) 15.8 26,3 6.7 }15.8 26.3 6.5 |16.5 26.5 7.9
Turbidity 3.0 - 7.4 1.5 3.5 18.8 0.8 1.0 4.5 0.2
pH : : 7.7 9.6 6.9 7.6 8.9 6.8 7.6 8.8 7.0

Electric Conduclivity (uS/cm) 62 67 58 64 71 60 63 69 59
Potassium Parmanganate Consumed | 1,9 9,7 1.2 2.0 3.2 1.2 1.7 2.6 1.2
Total Nitrogen® 0.221 0.306 0.101)0.222 0,305 0.150]0.374 0.472 0.303
Ammonia Nitrogen 0.00 0,00 0.00 |0.00 0.01 0.00 ]0.0t 0.05 0.00
Total Phosphorus 0.008 0,013 0.006,0,011 0.019 0.004|0,006 0.010 0.003

* Sum of inorganic nitrogen in 1970, 1975

As part of the measures for water gquality conservation, in
addition to the effluent regulation against recreation
facilities on the edge of the Reservoir, sewerage system around
the Reservoir has been planning. Based on these measures, the
water quality of the Reservoir has been conserved in good
condition. '

Recently, there has been some requests for public use of
surface, of the Reservoir, with the situation concerning the
Reservoir undergoing a big change. Therefore, water quality
management of the Reservoir becomes much more important for
future conservation of the Reservoir.
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Table I Water quality of Ogouchi Reservoir (surface water)

(unit: mgA)
1970 19756 1990
ave max min ave max min ave max min
Water Temperature (*C) 15.8 26.3 6.7 | 15.8 26.3 6.5 |16.5 26.5 7.9
Turbidity 3.0 7.4 1.5 3.5 18.8 0.8 1.0 4.5 0.2
pH 7.7 9.6 69 |76 89 68| 76 88 7.0 _
Electric Conductivity (uS/cm) 62 67 58 | 64 7 60 | 63 68 59 G
Potassium Permanganate Consumed | 1.9 9,7 1.2 2.0 3.2 1.2 1.7 2.6 1.2 o E
Total Nitrogen* 0.221 0.306 0,101]0,222 0.305 0,150 [0.374 0,472 0,303 :
Ammonia Nitrogen 0.00 0.00 0.00 0,00 0.01 0.00 |0.01 0.05 0.00
Total Phosphorus 0,008 0.013 0.006]0,011 0,018 0,004 0,006 0,010 0,003

* Sum of inorganic nitrogen in 1970, 1975
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REGRESSION ANALYSIS OF PER CAPITA WATER DEMANDS

John Darmody Russell Beatty ' ' Peter Baudish

New South Wales, Australia N.S.W., Australia New South Wales, Australia
SYNOPSIS

Due to the high cost of providing water supply infrastructure, it
is important that projections of future demand are as accurate as
possible., Demand projection methods used to determine the timing of water
supply augmentations have until recently been mainly based on the
extrapolation of simple graphical plots of historic per capita demand.

This paper describes the use of multiple variable regression
analysis to model historical per capita water demands for the cities of
Sydney and Canberra, Australia.

The analysis shows that per capita water demands can be modelled
accurately using climatic data such as rainfall and temperature. Such a
model can be further refined by the introduction of living standard
related and/or demographic variables to take into account factors other
than climate.

Modelling of urban water supply demands using this method can be
carried out using readily available spreadsheet computer software.

INTRODUCTION

The provision of urban water supply requires engineering
intervention in the natural hydrologic cycle. Dams are built on rivers to
provide reservoirs that smooth out the fluctuations of natural streamflows
and increase the reliability of supply. Water supply authorities face
continuing decisions on the volume of storage to provide in the light of
the changing (usually increasing) demands that it observes and forecasts.

The engineering work required to provide an increment in supply
capability takes many years to plan, design and construct, so decisions
must be made based on forecasts of demand well into the future. Demand
projection for use in determining the timing of water supply augmentation
is extremely important due to the large amount of money and resources
invested in water supply infrastructure.. Infrastructure provided too
early increases the cost to the consumer and results in unnecessary
disturbance of the environment. Infrastructure provided too late will
lead to the frequent imposition of water restrictions or water shortages.

The use of multiple regression analysis for the explanation of
past fluctuations in demand and the projection of future demands is not a
new concept. Regression analysis can be used to gauge the effect of
climatic, demographic and economic factors on water demand and hence a
model can be developed for the projection of future demands. -

This paper focuses on the creation of two such models for the
cities of Sydney and Canberra. The approach used is unique in that it
uses long consumption records and a minimal number of independent
variables for the formulation of the model.

5B1-1




Work on Sydney’s water demand was carried out by Sinclair Knight
& Partners Pty Ltd in conjunction with the Snowy Mountains. Engineering
Corporation Ltd for the Water Board - Sydney, Illawarra, Blue Mountains,

HISTORICAL FORECASTING APPROACH

Jntil recently, the most cormmonly used forecasting method by most
Australian and overseas water supply authorities was to regard the demand
for water as a "requirement"™. The usual approach has been to take all of
the factors effecting the consumption of water as given or unchanging, or
even if it was recognised that they were changing, not to investigate the
nature or impact of these changes specifically. Total water use was
observed over a number of years and the total population (or number of
connections) using this water was taken from census data for each of these
years. From these observations a plot of per capita or per connection
demand was constructed which could be extrapolated into the future. A
forecast of water use at a particular time in the future could be obtained
by multiplying the extrapolated per capita (or per connection) demand by
the forecast future population or number of connections. The
extrapolation of the past record in this manner assumes those factors
leading to a trend in demand will continue this trend in the future.

This approach has severe limitations and cannot be used as a
forecasting tool in some situations. If major changes occur in some of
the factors affectlng demand, or if some factors are changed deliberately
(for example the price or the rating structure) the per capita approach
will not be able to determine the impact of the change or separate it from
the natural variation in other factors.

The potential inaccuracy in the use of the trend line approach
can be illustrated by examining the trends in Sydney’s per capita water
consumption since 1945.

Historically, Sydney’s future per caplta water demand has been
predlcted by the extrapolation of past demand in the form of a trend line,.
This simple method has proven quite effective when growth has been
characterised by increasing industrialisation, living standards and per
capita water demand. However since 1983 there has been a marked decrease
in Sydney’s per capita demand. This downturn has cast serious doubt over
the use of a trend line to estimate future demands. This is illustrated
in Fig. 1 below.
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Fig. 1 - Trends in Per Capita Water Use, Sydney

Fig. 1 shows Sydney’s per capita water demand over the period
1945 to 1989. Also plotted are two trends lines. The first trend line is
based on demand over the period 1945 to 1981 and the second on demand over
the period 1945 to 1989 which includes the recent downturn in demand over
the period 1982 to 1989.

_ The difference in future projections caused by the inclusion of
the last 8 years of data is clear. The per capita consumption estimate is
reduced by 7% in the year 1990 and 10% in the year 2010. Such a
difference can have a significant effect on timing of water supply
augmentation. While this case illustrates a situation in which
augmentation dates are potentially delayed by the inclusion of data, the
reverse case could also occur where augmentation could be accelerated by a
revised estimate of per capita consumption. For this reason, the simple
trend line approach may be inappropriate for the planning of large scale
water supply schemes.

DEVELOPMENT OF A DEMAND MODEL

There are many factors which affect water usage. Such factors as
climate, standard of living, and water tariff all have an effect on the
community-wide consumption of water. If a relationship between these
factors and water use can be established, this relationship can be used
for the projection of future water demand.
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The approach adopted in this paper was to establish a demand
model using multiple linear regression analysis of per capita water demand
over financial years ending June using approximately 30 years of water
demand records,

In the analysis a number of statistical tests were used to
determine whether or not particular factors (or variables) had an effect
on per capita water demand. These tests included:

. Regression co=-efficient (R2) which indicates the proportion of
the variation in actual demand that is explained by the fitted
model.

. F test which is a measure of the success of the model in
reproducing recorded demand.

. o T test (95% level) to indicate whether a particular variable had
a significant effect on per capita demand.

Regression analysis was carried out using the Lotus 123
spreadsheet computer software, set up to incorporate the F and T tests.

With regression models correlation is often strong but due to the
large pumber of independent variables used, the significance of the model
as a whole is weak., For regression analysis of per capita water demand a
gimple model is required with high significance over a long period of
record with the number of independent variables kept to a minimum,

In the development of regression models for water demand climatic
factors are often included in the form of either annual rainfall or annual
average temperature. The need for independence of variables negates the
use of the two together., The use of an overly simplistic approach to
weather factors such as using annual rainfall or temperature can lead to
poor model correlation. Factors of little real significance could well
gain a false significance if weather/climatic factors are not sufficiently
accounted for.

The approach used in this case is different due to the fact that
climate variables are examined over different segments of the year to
gauge their significance. In the Sydney model for instance, it was found
that both the number of raindays in July to December and the average
maximum dally temperature from January to March were highly significant.
This more rlgorous approach to the effect of climate was found to be very
successful in the modelling of past consumption.

The cities of Sydney and Canberra have contrasting climates and
demographies. Sydney, the capital city of the state of New South Wales,
is situated on the coastline. It’s climate is sub-tropical, with high
annual rainfall and a low temperature range. With a population of
approximately 4 million in 1990, it has a mixture of low and high density
housing and a large industrial base.

Canberra, some 300 km south west of Sydney, is the Federal
capital of Australia. It is an inland city above 1 000 metres in
elevation. It’s climate is characterised by a lower annual rainfall than
Sydney, cold winters (by Australian standards) and hot, dry summers. With
a population of approximately 280 000 in 1990, the city has a relatively
small industrial base with a large public sectOr Housing is
predominantly low density and there are large areas of irrigated public
open space. '
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The results of the regression analysis of the effect of climatic
factors on per capita water consumption is shown for of Sydney and
Canberra in Figs 2 and 3 below. Results are summarised in Table XI. The
number of months in the year that water restrictions were in force was
used as an independent variable to take account of the effect of
restrictions on consumption in any year,

1 1
aﬁﬂﬂb 1908 1070 1978 1980 1908 1900

‘Financlal Year Ending June

= Bulk Metered Demand * Predicted Demand

Fig. 2 - Regression Analysis, Sydney - Climate Factors on Per Capita Water
Demand
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Per Capita Demand (LPCD)

1 1 L. 1 1

i

1986

1970 1975 1680
Financlal Year Ending June

1985

- Matsted Demand = Fredicted Dernand

Water Demand

Fig. 3 - Regression Analysis, Canberra - Climate Factors on Per Capita

Table I ~ Regression Analysis Results, Sydney and Canberra - Climatic
Factors on Per Capita Water Demand

Regression Climate T Climate T Model Model Standard Error
Model Variable 1 Varisble 2 Rr? r LPCD %
Sydney av. no, of 6,55 av. max 2.96 0.78 30,1 19.0 4.1

raindays daily
per month temp. Jan-
Jul-Dec Mar
Canberra av. no, of 2,78 av., max. 7.35 0.78 30.1 40,0 6.3
ralndays daily
per month temp, Dec-
Aug-Nov Jun

The above results show that models with high correlation and
significance can be created with the consideration of climate factors

alone.

using the appropriate climatic variables.
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In an attempt to improve the Sydney model, a number of non-
climatic variables were included in the model in an attempt to model the
other "living standard"” related factors. These included:

. year (general non specific change over time)
. % of population sewered

. number of persons per connection

. real average weekly earnings (NSW)

A summary of the results of the testing of other variables is
shown in Table II.

Table II - Regression Analysis Results, Sydney - Living Standard Factors
on Per Capita Water Demand

REGSYD 07 .91 12,

.91 1z,

46.
46,

.40 .13 4,34 E 0.54 2.81

Tile Name No of Model Results Independent Variable T Test Rasults
Verisbles nt etd r Raindays Temp Raatriction Year % Pop. Persons psr Rarnings Environ.
Error of Supply Sawaraed Conneotion Avaranass
LPCD
REGSYD 01 3 0.78 1%9.0 30,1 6.55 2.96 ~3.99
REGSYD 02 4 0.a5 15,9 35,2 7.16 3.01 -3.82 3.47
REGSYD 03 4 0.88 4.4 44,2 7.47 2.8 -3.95 4.48
REGSYD 04 4 0.65 15.9 35.3 7.10 2.74 ~3.95 ‘ +~3.49
REGSYD 05 4 0.91 12.6 0.0 7.57 3.26 -4.49 5.85
REGSYD 17 L} Q.91 12.7 46.86 7.48 3.21 -4.35 0.51 3.84
REGSYD 19 L] 0.91 12.14 46.2 7.37 3.20 ~4.32 5.64
REGSYD 06 4 .78 19.2 22.3 §.53 2.92 ~3,76
] ] [} 7 ki 3
3 [} 7 9 i 3

REGSYD D8 .50 .14 -4.,39 ~0.62 3.85

Runs 02 to 05 indicated that while many variables provided
satisfactory correlation according to the T test, by far the most
successful of these was Real Average Weekly Earnings for NSW.

It is important also to look at the climatic variables in tliese
models, While T values vary slightly, for the two climate and
restrictions variables, they are consistently high, regardless of the
other variables they are tested with. This quality, known as variable
stability, tends to confirm the variables chosen to account for climatic
effects and the impact of water restrictions.

There was some thought that the recent downturn in consumption
was due to a new "environmental awareness" which resulted in a general

reduction in water consumption. This hypothesis was tested by including a

dummy variable of value 1 for the years 1984 to 1989 (Model REGSYD 06).

The results show absolutely no support for this idea. The low T value and

the fact that the x-coefficient is positive (which would indicate an
unexplained increase since 1983) indicate that other factors are most
probably contributing to this downturn,
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To test the stability of Real Average weekly earnings as a
suitable living standard variable, it was combined in the model with each
of the other living standard factors in turn (Models 07, 08, 17 and 19).
The results confirm the stability of the real earnings variable while
showing the instability of the other living standard variables hence
justifying their exclusion from the final model.

A plot of actual bulk metered demand versus calculated demand as
predicted by the regression model is shown in Pig. 4.

Per Capita Demand (LPCD)
g

31%.0 1988 1970 1078 1080 1688 1690
Financial Year Ending June

~*-Bulk Metered Demand ¥ Predicted Demand

Fig. 4 -~ Regression Analysis, Sydney - Climate and Living Standard Factors
on Per Capita Water Demand

DEVELOPMENT OF FORECASTS

Having developed a model which fitted historical demand,
projections of Sydney’s future per capita water demand can be made, based
on the above. By combining per capita demand estimates for average
weather conditions and growth in real average weekly earnings with
estimates of population growth, total demand can be estimated,

Per Capita Demand Estimates

Estimates of per capita demand are obtained by 1nputt1ng
estimates of future climate and real average weekly earnings data into the
model.
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Future Climate Conditions : :

Average weather conditions over the period of record have been
used as a basis for future projection although climate conditions for
particular drought events could also be used to gauge the effect of past
drought conditions on future demand.

Economic Factors and Standard of Living

Regression analysis indicated that an all encompassing index
(real wages in NSW) was far more significant for modelling demands than
individual indicators of living standard (per cent sewered, household
occupancy, etc). Hence, the projection of real income represents the best
means of forecasting future average demands (climatic effects excluded).

Projection of what will happen in a country’s economy,
particularly over projection period, is practically impossible. Three
scenarios have been developed for low growth, medium or average and
optimistic long term economic growth rates in Australia on which to base
estimates of future per capita consumption., These economic scenarios
relate to an annual growth of real wages in NSW of zero, +1.0% and +1.5%
per annum respectively. Impact on projected average annual demands is
shown on Figure 5.

I
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%e0 1070 1980 1000 2000 2010 2080 2080
Finanolal Year Ending June

- Bulk Metered Demand — Zero Inooms Growth
-=1.0% Income Growth - -1.5% Inooms Growth

Fig. 5 - Impact of Income Scenarios on Per Capita Water Demands for
Average Weather Conditions
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