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Abstract

Water reclamation, or the direct use of treated sewage effluent to replace a proportion of the fresh water demand, is a non-
conventional approach to water demand management which is gathering momentum internationally. A recent WRC study
showed that the proportion of water reclaimed as a percentage of total wastewater produced in acountry ranges from lessthan 1%
for Japan as awhole, to 84% for Israel. However, the same study showed that in South Africa, total direct reclamation of water
is estimated to be less than 3% of the total flow of treated sewage effluent discharged to surface and marine waters, estimated to
be 1 086 x 10° m3/ain 1996.

This paper argues that increasing demand for water caused by urbanisation and industrialisation should be matched by water
reclamation, which providesan increasing intensity of land-based treatment and recycle depending on the proportion of total water
demand which is satisfied by reclaimed water. Theflow balance approach allowsfor the cal culation of the total water availability
to the urban reticulation network, following the implementation of water reclamation. Water losses from the system through
leakage, evaporation, or use of water for irrigation, must be known. Scenarios for zero effluent discharge to surface waters are

explored. In addition to flow balances, salt balances for certain scenarios are given.

Introduction

South Africais a semi-arid country with limited water resources
and arapidly growing population. With increasing industrial and
urban development, the demand on the country’ s water resources
is nearing the point where conventional supplies will soon be
exceeded. Planning for thewater needs of the country inthe future
is a complex task, and non-conventional areas must now be
addressed to supplement the two major areas of water resource
management and water demand management. \Water reclamation,
or the direct use of treated sewage effluent to replace aproportion
of the fresh-water demand, is such a non-conventional approach.
Internationally, especially in countrieswhich have water shortages
similar to that in South Africa, water reclamation is becoming
increasingly common, as shown in arecent Water Research Com-
mission study (Grobicki and Cohen, 1998). However, the study
showed that less than 3% of available treated sewage effluent is
directly reclaimed in South Africa.

In this paper, “water reclamation” is used as the generic term
for the various practices and applications of reusing or recycling
treated sewage effluent, industrial effluent, or wastewaters, al-
though the words are used interchangeably. The term water
reclamation is preferred for anumber of reasons: itisincreasingly
the accepted term used in the international literature (Crook and
Surampalli, 1996; Maeda et al., 1996; Mills and Asano, 1996); it
carries a positive environmental connotation; and it avoids the
negative social connotations that the terms “ wastewater reuse” or
“reuse of treated sewage effluent” carry for many people.

Potential applications for the direct reuse of reclaimed water
include:

e Construction applications (dust control, soil settling and
compaction, aggregate washing, concrete making)

« Domestic - non-potable applications (fire fighting, car wash-
ing, toilet flushing, garden watering)
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« Industrial applications(coolingtowers, boiler feed, quenching,
washdown)

* Groundwater recharge (recharge of aquifers)

e Agriculturd irrigation

e Provision of potable water (drinking water, either supplied
directly or blended with raw water).

The recent study carried out for the Water Research Commission
focused primarily upon water reclamation for industrial and other
urban applications, rather than on agricultural applicationsor upon
full reclamation to potable water standards. The potential for
agricultural applications of water reclamation in South Africa
deserves a separate study in its own right. Treatment to potable
standard is unnecessarily costly, compared to treatment for direct
reusein non-potableapplications. In conventional water treatment
and reticulation networks, all water istreated to potable standard,
althoughonly asmall fraction of water isactually usedfor drinking.
Rather than bringing treated sewage effluent to supplement South
Africa's raw water supplies through treatment to potable water
standard, this paper arguesthat substantial treatment cost savings,
aswell asraw water savings, can be made by short-circuiting this
treatment |oop and reclaiming water directly for certain uses.

National and international usage of reclaimed
water

No overall figures have been found to exist for volumes of water
currently reclaimed over the whole of South Africa, nor indeed
within individual loca authorities (Grobicki and Cohen, 1998).
Table 1 showsthemajor applicationsin South Africa, whichare(in
order of importance) : direct reusein the paper industry, coolingin
municipal power stations, and aquifer storageandrecharge. Return
to rivers (also termed planned indirect reuse in South Africa) is
excluded fromthese cal culationsof direct reuseandisdealt within
more detail below. Although reclamation for potable purposesis
well known and hasbeen practised in Windhoek, Namibia, for over
30 years (Haarhoff and Van der Merwe (1996)), a pilot project at
Faure in Cape Town found this application to be financialy
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unviable under South African conditions. 1n 1991, the cost of the
fully treated reclaimed water was cal cul ated to befour timesthat of
drinking water (Pieterse and Kfir, 1991). This application is not
currently being practised in South Africa.

Figures for other applications, such as the direct use of re-
claimed water for urban irrigation, and for variousindustrial uses,
arenot currently available on anational basis, although individual
wastewater treatment works may be ableto supply such figuresin
certain places. Based onmoredetailed regional datagathered, total
current reclamation of water nationwideisestimatedto belessthan
30 x 10° m*/a (excluding return to rivers).

TasLE 1
RecLAIMED WATER USAGE IN SOUTH AFRICA
(From GRoBicki AND COHEN, 1998)

Application md/a

Aquifer storage and recharge (Atlantis) 2x 108
Industrial water (paper industry) 9.6 x 10°
Industrial water (other) Data not available
Cooling in municipal power stations 4.2 x 108
Irrigation in urban areas Data not available

Again, no data are currently available of the total production of
treated sewage effluent (TSE) in South Africa. Major point
discharges are estimated to be approximately 321x10° m¥/ato the
oceans, while 715 x10® m¥/aisreturned intoinlandriversand dams.
Theestimated flow from major point sourcesthereforetotals1 036
x10¢ m¥a (DWAF, 1997), but this estimate excludes return flows
from small effluent treatment works.

For purposes of comparison, the total production of treated
sewage effluent (TSE) in South Africamay be estimated by using
aratio of return of TSE to water demand of 0.5. Thisratio isthe
average of the typical return ratios from alarge city (0.65) and a
small town (0.35) (Grobicki and Cohen, 1998). Tota annual
domestic and urban water demand in South Africawas2 171 x 10°
m¥a in 1996 (DWAF, 1997). Hence TSE production in South
Africa may be conservatively estimated at 1 086 x 10° m®/a, or
2 975 M¢/d. Using a higher return ratio would clearly result in a
higher figurefor available TSE. Factorswhich affect the average
return ratio for the country as awhole include:

e Use of septic tanks and soakaways

¢ Leakagein both water pipes and sewerage lines

e Infiltration into sewerage lines

¢ Regiona and seasonal variationsin the amount of water used
e Thenature of industrial users.

Comparing the calculated fig-

TABLE 2

RecLAIMED WATER UsAGE IN VARIOUs COUNTRIES (FROM GRoBIicki AND CoHEN, 1998)

ure of 1 086 x 10° m¥afor total
TSE production with the esti-
mated flow from major point

sources in the DWAF study

Place Year Wastewater Reclaimed | Application given above, it may be seen that
produced | water used thisfigureisprobably conserva-

(x10°m%a) | (x10°m?a) tive, but of the correct order.
o S Usingthefigureof 1086x 10°
Cdlifornia 1970¢ Not reported 216 Primarily irrigation m?¥/afor total production of TSE
1987 Not reported 329 Primarily irrigation in South Africa, the reclaimed
1993 Not reported 407 Primarily irrigation water usage of under 30 x 10°
. . m?/a therefore represents less
Florida (St Petersburg) 1995 16.5 16.5 Industrial than 3% of the total wastewater
. . o flow generated in the country.
Australia 1994 1519 18 Industrial and irrigation Although the international fig-
2020° 2300 64 ures available are still rather
) scanty, it is helpful to gain a
Israel 1990/1 260 188 Agriculture sense of perspectivein situating
1994* 232 194 South Africaincomparisonwith
) the countries where some data
Japan® 19947 10 900 85 Various (see above) are available. From Table 2. it
] ) may be seen that the proportion
Tokyo city 1995* 1767 134 Various of water reclaimed asapercent-

#  Millsand Asano (1996)

reclamation taking place
z  Maedaet a (1996)
" Shelef and Azov (1996)

reclaimed water.
*  Nakazato and Kawamura (1997)
Tselentis and Alexopoul ou (1996)

$  Projections based on current trends: Thomas et al. (1997); however, implementation of the
water reform schemesbeing advocatedin Australiaareexpected toresultinmuchmorewater

# It isnoted that the amount of water reused in 1995 for Tokyo is greater than that reused in
the whole of Japan for the previous year. The Tokyo figure includes 102 x10° m¥athat is
reused in the wastewater treatment plants themselves for general cleaning, equipment
cleaning and gas scrubbing. This application is not included in the list of national uses of

ageof total wastewater produced
ranges from less than 1% for
Japan as a whole, to 84% for
Israel, to 100% for asmall city,
namely St Petersburg, Florida,
USA.

We may conclude, there-
fore, that South Africa, like Ja-
pan, isstill at avery early stage
of development in terms of its
water reclamation efforts. Not
surprisingly, Israel isinthefore-
front of national effortsat water
reclamation, having imple-
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mented such projects for many years. It isimportant to note that
while Australia, like South Africa, is currently reclaiming only a
tiny fraction of its wastewater, policy proposals are being made
through the Council of Australian Governments National Water
Reform Task Force which are designed to boost efforts at water
reclamation (Thomas et al., 1997).

Water quality considerations

Theappropriatenessof areclaimed water supply for reuse depends
on three factors:

e Thequality to which the water is treated

e The consistency of treatment quality (i.e. can the reclaimed
water user be guaranteed of aregular quality of water?)

e The cost implications of reuse.

A number of countries have set standards for acceptable qualities
of reclaimed water in various reuse applications. Although the
acceptability for reuse depends on the physical, chemical and
microbiological quality of the water, the main concern regarding
reuse of water in all applications is generally the microbiological
quality of thewater. Factorswhich affect the quality of reclaimed
water include source water quality, wastewater treatment proc-
esses and treatment effectiveness, treatment reliability, and distri-
bution system design and operation. An investigation into the
standards applied for treatment of reclaimed water showed that
standards for treatment vary from country to country, and depend
on the proposed water reuse (Grobicki and Cohen, 1998). Certain
standards also specify the required treatment technologies to be
used in wastewater treatment, such asthe World Health Organisa-
tion recommended microbiologica quality guidelines for waste-
water usein agriculture (Hespanhol and Prost, 1994), and the EPA
guidelinesfor water reuse, publishedin1998 (Crook and Surampalli,
1996).

To summarise, the standards required for each category of
applications include the following:

e Inirrigation, which is one of the most widespread uses for
reclaimed water, required qualitiesdepend on how irrigationis
to be carried out (drip, subsurface or spray irrigation), and
whether crops are to be consumed raw or cooked. Irrigation
guidelinesshould, but do not always, takeinto account alsothe
protection of farm workersand their families. I rrigation stand-
ards are generally set for faecal coliform concentrations
(<200fc/100 me for fibre, fodder and seed crops, for instance,
inthe USEPA Guidelines) and, in somecases, for parasitesand
viruses.

e Fordirect and indirect potable, and domestic non-potable use,
standardsaremoreevenstringent. Heretotal coliforms, viruses
and parasites all need to be closely monitored. A number of
additional physical and chemical water quality specifications
also need to be met to ensure protection of users.

* Nostandardsfor reusein industrial applications are generally
set as the water quality required by industrial users will vary
depending on the application for which the water is required.
Some form of tertiary treatment may be necessary in order to
meet the water quality requirements of the particular applica-
tion.
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The flow balance approach to water reclamation

If we examine the hydrological cycle, and the human water
management loop, there are many points at which intervention
could make more water available for use, without building new
dams. Examples of such interventionswhich are being supported
by the Water Research Commission include rainfall enhancement
technology, and the eradication of alien speciesfrom catchments.
Water demand management, water conservation and water saving
devices dso fal into this category of intervention.

However, increasing demand for water caused by urbanisation
andindustrialisationmust also ultimatel y bematched by increasing
intensity of land-based treatment and recycle, or in other words,
water reclamation. Thismay make availablefor useatotal amount
of water which is many times the supply of raw water available,
depending on the extent of losses from the water system, and the
number of times water is recycled through the system.

There are many factors causing losses in the water loop,
through leakage, evaporation, or use of water for irrigation, for
instance. Only afraction of the total urban and industrial water
demand istypically produced as treated sewage effluent in South
African cities and towns (between 35% and 65% (Grobicki and
Cohen, 1998)). This fraction is termed the return ratio, which
increasesasthelossesfromthewater system decrease. A principal
aim of water demand management is to reduce such losses.

However, acomplementary strategy for conserving water isto
aim towards a“ zero effluent” scenario whereby all of the treated
sewage effluent iskept within the human water management [oop,
rather than being discharged to the surrounding environment. The
city of St Petersburg in Florida, USA, has aready achieved this
objective, and provides auseful case study of what is possible for
other municipalities [Internet 1]. This means reclaiming and
reusing all treated sewage effluent produced. Lookingat it another
way, this intensifies the recycle, since water will continue to
recycleuntil it islost from the loop by leakage or irrigation. Such
a scenario utilises the minimum of freshwater resources: essen-
tially, raw water is only required to make up for the water losses
from the loop.

Flow balance for a coastal town or city

Examining in more detail the arithmetic of the “zero effluent”
scenarioillustratesjust how much morewater ismadeavailablefor
urban and industria use through full water reclamation. Figure 1
is a simple flow diagram representing a coastal town or city
discharging its wastewater to sea, where the flows are shown as
being fresh water (F), reclaimed water (R), losses from the system
(L) and the discharge to sea (S).

The entire human water management system, i.e. the urban
reticulation network, isablack box withinthisflow diagram, which
takeswater in, and then dischargesit to the environment in various
ways. All the lossesfrom the system of various kinds are lumped
together asthe parameter L, including |leakages, evaporation, and
theuseof water for irrigation, which effectively removesthat water
from the reticulation network. The residual discharge Sis water
which is treated and discharged into the environment from
wastewater treatment plants. The zero effluent scenario under
discussion isonein which the discharge S=0. Thusall the water
which would otherwise be discharged from the reticulation net-
work is reclaimed and put back into the system in various ways,
through the flow shown as R.
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Urban
A »| reticulation >
F F+R network S
lL
Figure 1

Flow balance around the urban reticulation network where

F = Fresh water

R = Reclaimed water (reused sewage and
industrial effluent)

Q = F+ R = Total water demand

L = Losses from the system (leakage, irrigation,
and evaporation)

S = Discharge of effluent to surface water (sea)

Theinflowsto such asystem must be equal to the outflows, hence
awater balance over the entire system gives:

F=S+L @

A water balance over the “black box” itself, which takes into
account the flow of reclaimed water, gives:

Q=F+R=S+R+L 2

which is equivalent to the water balance shown in (1) above.

However, thisformulationisuseful becauseit showsthetotal flow

of water that is available to satisfy water demand in the system.
Now, introducing the return ratio r as a fraction, we have:

L=@AnNF+R)=(1nNQ ©)
Zero effluent scenarios at different return ratios

Scenario A. The average return ratio for urban areas in South
Africais 50% of total water usage (Grobicki and Cohen, 1998).
Substituting thevaluesr = 0.5 and S= 0, and solving the equations
above, we find that :

R=F

Hence the total flow of water available to satisfy demand in the
system (as in the left hand side of Eq. (2) above) is doubled. In
agebraicterms:

Q=F+R=2F

Put another way, afull water reclamati on schemewhich utilised all
the available treated sewage effluent (the zero effluent scenario)
would double the total inflow of water to the system, because the
available inflow of reclaimed water would equal the existing
inflow of fresh water to the system. Hence water demand could
double from the level of demand before water reclamation was
practised, without any additional pressureonfresh-water resources.

ScenarioB. Inmajor citiessuch asCape Town or Durban, ahigher
return ratio of some 65% is currently achieved. Substituting the
valuesr =0.65 and S= 0, and solving the equations above, wefind
that:

Q = F+R= 2.86F
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Hence if full water reclamation were practised, water demand
could rise to nearly treble its current level, before new water
resources would need to be tapped.

Scenario C. Taking the argument even further, we envisage a
hypothetical situationwherelossesfromthereticulationsystemare
very tightly controlled, and comparatively little water is used for
purposes like irrigation which take it out of the loop. The return
ratio might then rise as high as 90%. Such a situation could
potentially beengineeredinalocalised areasuchasanewindustrial
development. As before, by substituting the values r = 0.9 and
S =0, and solving the equations above, we find that:

Q:

Thismeansthat thetotal availableinflow into the system (F+R) is
ten timestheinflow of fresh water into the system. Effectively, as
in all the scenarios above, the level of fresh water demand is that
required to make up for the water |osses from the system, whether
by irrigation, |eakage, evaporation or other processestaking water
out of the human water management loop.

The intensification of water usage represented by the above
scenarios (especially in scenario C) would obviously have to be
matched by anintensification of treatment, to avoid the buil d-up of
nutrients and salts in the system. However, with cutting-edge
treatment methods such as membrane technology, scenario C is
quiteimaginable as awater management target in the twenty-first
century. Theimplicationsof thisaredramatic: onalocalisedbasis,
wherevery low water |ossesexist, water demand could increaseup
to ten-fold without requiring new fresh-water resources to be
utilised.

F+R=10F

Flow balances for an inland town or city

Effect of reclamation on river flows where TSE is
returned to the same river

For an inland town or city, the water management system must be
examined in alittle more detail, as shown in Fig. 2, in order to be
able to determine the effects of abstraction and return on the
receiving water body. Herewater isremoved from ariver (or dam)
and usedinvariousapplications. A proportion of thewater not lost
during use or transport is sent to a sewage treatment plant and the
effluent returned to the sameriver.

W5

;‘ """""""" 2

v E
Fresh W Use in W, Sewage
water [ " various [ '] treatment
treated applications plant
W Extraction Return of

2 (1-nNQ WG TSE
W, River Flow W, W,
Figure 2

Withdrawal and return to the same river
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Inthisdiagram, the flow in theriver isreduced by abstraction
of stream with avolumetric flowrate W,. A certain fraction of this
water is consumed during use and the remainder is returned as
streamW,.. Whilst reusing some of the TSE will resultinalowering
of thereturntoriver (i.e. lessflow in W), it will aso mean alower
abstractionratefromtheriverinW... Providing theamount of water
reused is equivalent to the amount of fresh water which would be
withdrawn from the river to meet demand, the reuse of TSE will
imply no overall changeintheflow intheriver, and will not affect
any downstream withdrawal. Thus, in the simplest case, reuse has
no effect on the flow in the river.

To provethis, consider ademand of water of Q (given by (W,
+W,)). Inanon-reuse scenario, W, =0, Q = W, and, assuming no
loss during water treatment, W,=W, = Q. Only aproportion of the
freshwater suppliedisreturnedto sewage; theremainder isusedfor
irrigation, lost as leakage or otherwise consumed during use.
Taking thefractionreturned asr and assuming minimal lossduring
sewage treatment,

W,= W, =W, =W, = rQ 4)
Furthermore:
W, = W, +W,
=W, - W, + W,
=W, -Q+1Q
= W,- (1:1Q ®)

Now, if theillustrated recyclestream W, isimplemented, afraction
(y) of thefresh-water demand stream isreplaced with therecycled
stream W, = yQ. W, remains unchanged since the overall volume
supplied and hence treated has not been changed by the recycle
step. Then:

W,=W,= (1-y)Q (6)

W, =W, - W,
W HW) - W,

r(1-y)Q+yQl - yQ

MQ-yQ+yqQ] - yQ

rQ-yQ

Q(r-y) 7

And we have:

streams, which may be used to provide estimates for situations
other than that in the hypothetical example presented here.

It can be seen that the ultimate flow in the river (W,) is
unaffected by the recycle step. The maximum amount of water
which can be returned to the system is the entire treated sewage
effluent stream, givingaW, value of 0 (the zero effluent scenario).
From Eq. (7):

W, =Q(ry)

for W =0,
Q?r-y) =0or
r-y =0

showing that for W, = 0, r = y. Thus, the maximum fraction of the
total water demand stream which may be made up by reclaimed
water (y) isequivalent to the proportion of thetotal water supplied
which is returned to sewage treatment. This is as would be ex-
pected.

The implications of a zero effluent return scenario in the
example above are that only 340/850 or 40% of the total demand
ismade up by freshwater withdrawn fromtheriver. Theremainder
is made up by reclaimed water. Whilst the reduction in the with-
drawal stream from the river has been shown to have no effect on
the ultimate flow in theriver (wherereturn isto the sameriver), it
doeshave potential quality implicationsfor theflow of saltsinthe
river. Furthermore, depending on the quality of water required by
thereclaimed water users and the treatments used, it may imply a
potential for reduction of treatment costs for fresh water. Water
quality issues surrounding reclaimed water usage is discussed in
detail below.

Thereisafurther indirect benefit of water reclamation which
may existinthiscase. In practice, alargeamount of water islostin
all of the steps presented in Fig. 2. Theintroduction of areuse step
may imply the laying out of new infrastructure to treat, transport
and store the reclaimed water, with lower lossesin all steps. Thus
in areuse scenario, thetotal water abstracted, W, isreduced by the
amount of TSE recycled plus the reduction in water losses during
thecycle. W isreduced only by the amount of TSE reused. Hence
the net overall abstraction from the river decreases, resulting in a
netincreasein flow intheriver dueto TSE reuse, over anon-reuse
scenario.

W, =W, +W,
(W1 'Wz) + We
W, - (1-y)Q +(r-y)Q

HypoTHETICAL WATER FLows IN Fic. E1 For VARIOUs REcYcLE RATIOS,

TaBLE 3

WitH W1 = 1000 anp r = 0.60

1
W, -Q+yQ + rQ-yQ
W1 -Q+rQ w1 w2 W3 W4 W5 W6 W7 w8
W, - (1:0Q ®
General W, (1y)Q | 1-y)Q rQ yQ | Q(ry) W,- W,-
Comparing Egs. (5) and (8) showsthat the formula 1-y)Q | (IR
flow intheriver (W,) remains unchanged
despite the recycle step. No recycle | 1000 850 850 510 0 510 150 660
Take a hypothetical example, with 10% 1000 765 765 510 85 425 235 660
fresh water demand Q of 850 M l;d the 20% 1000 680 680 510 170 340 320 660
proportion of total water suppliedwhichis 30% 1000 9% 995 510 255 255 405 660
returned sewage treatment of 60%, and a 40% 1000 510 510 510 340 170 490 660
flowinahypothetical river fromwhichall SOZA’ 1000 425 425 510 425 85 575 660
of the water is removed of 1 000 M/d. 60% 1000 340 340 510 510 0 660 660

Using thisinformation, and the above re-
lationships, Table 3 can be established.
AlsoshowninTable3isagenericformula
for calculation of the flowsin the various
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River Flow W
(1-nNQ T
Return to 2" river
| Y
Fresh W, Us_e in W, Sewage
water various treatment
treated applications plant
f e y
Extraction from 1striver W,
W,
W, River Flow
Figure 3

Return to a water body other than that from which water has
been abstracted

s, (1-nQ Ss
e . tooo,
1 Possible :
1 further I
: X W, | treatmentstep |,
! : t :
: Fresh | XgWy  Usein i w, Sewage 1S,
| water various » treatment T
1 treated |_applications | plant :
1
1 . !
I X.W, Extraction Return
O XeWs | of TSE 1
I 1
1
XKWy X, W, XgW 5~
1
1 1
b e e e o 1
Figure 4

Simple withdrawal — return scenario showing salt loadings

Effect of reuse on river flows where TSE is returned to
a different river

Whilethe Water Act of 1956 required discharge of water back into
the river from which the water was abstracted, numerous excep-
tionsto thisrequirement wereapproved, with water being returned
to rivers other than those than from which withdrawal took place.
Figure 3 is a schematic representation of this situation.

In this case, reuse results in different consequences to those
explored in the section Effect of reclamation on river flows
where TSE isreturned to the sameriver. A reuse scheme W,
impliesareduction in return of treated sewage effluent to River 2,
which is shown above as W,. The reuse results in a reduction
in demand for fresh water, W, and hence an increase in flow in
River 1. The possible implications associated with areductionin
flow in River 2 need to be evaluated for each individua case,
especially when downstream extraction from the discharge point
occursin River 2.

Once again, new infrastructure laid out for the purposes of
reuse systems may imply lower losses through the system, and
hence the reduction in W, may be less than the reduction in W,
Thisresultsin an overall conservation of water.
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Salt balances for an inland town or city

The role of treated sewage effluent in determining
river water quality and quantity

Theimportance of returning flows of treated sewage effluent, with
respect to the water quality and the salt balance within ariver, isa
complex issue. There are two possibilities:

¢ In instances where the treated sewage effluent which is re-
turned is of higher quality than the water flowing in theriver,
thereturn flow is considered to be necessary in order to dilute
thewater intheriver. Inthe Jukskei River/Hartbeespoort Dam
system, nutrients and bacteriological problemsin this system
are caused largely by polluted stormwater runoff from devel-
oped aresas, as opposed to the T SE entering the system (Hinch,
1998). The TSE in fact servesto dilute the stormwater before
it enters the dam, and the the reduction of return flows would
therefore be considered to be undesirable.

¢ Ontheother hand, in some cases high salt loadingsinthe TSE
arediluted by pumping thetreated sewage effluent into abetter
quality river. Water qualities have deteriorated in anumber of
South African rivers receiving large quantities of effluent,
mainly dueto salinity build-up which resultsfrom the addition
of saltsthrough most uses of water, aswell asto eutrophication
due to the addition of nutrients in the TSE (DWAF, 1997).
Water quality intheseriversmust becarefully managed through
the control of effluent standards and by means of blending. In
these cases, water reclamation could assist in reducing the
effluent load into the receiving river or water body.

Effect on salt loading and concentration when TSE is
returned to the same river

Each of the possibilities outlined abovewill beanalysedinturn, by
means of a mass balance on the salt.

In Fig. 4 below, W represents the flow in a stream (in, say, ¢/h),
while X represents the salt concentration in the stream (g/¢). XW
thus represents the mass flow rate of salt in g/h. The S terms
represent asalt addition or removal to the water in g/h asfollows:

» S isthe salt load entering the treatment plant which results
from normal use of the water, e.g. domestic, commercial or
industrial use.

» S, isthe removal of salt during sewage treatment, through
biological treatment and desludging, to get the effluent stream
to meet the quality requirements of the receiving water body.

» S, issdtremoved from the TSE in afurther treatment step, to
meet the water quality requirements of the user. Certain users
may require TSE treated to the equivalent of potable water,
whilefor othersthe quality of the TSE asismay be sufficient.
Kriel (1995) proposes membrane treatment by, for example,
reverse 0SmMosis, as one option to carry out this step. In his
analysis, a concentrated brineis returned to the sewage treat-
ment plant for further treatment, while the desalinated stream
isreused. Thisrepresents one specific scenario, whilethe case
presented below is more generalised.

From previousdiscussions, reuseof TSEimpliesareductionin\W?2
and hence an increasein W,. W, is not, however, affected.

The salt balance is how analysed in a manner similar to that
used for thewater balance. Wherethereisno recyclestream, X W,
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= 0. From the discussion used for the development for Eq. (4) :

W, = Qand

2

XW, =X.Q (9)

Since the amount of salt added or removed in conventional water
treatment plants (e.g. by the addition of alum, flocculation and
chlorination) is negligible, we have:

X3W3 :X1W2 = XlQ (10)
Then, from Eq. (4):
W, = W= W, =W, = rQ,
We get:
XW, = XJW, +S
= 1X,Q +S, (12)
With no recycle, X, W_ =0 and
X W, = XW, -S,
=rXQ+S -8S (12)
Finally:
XSWB = X7W7 +X6W6
= X,W, -XW, +X W,
= XW, - XQ+rXQ+S -5 (13)

Now, introducing afraction y which is recycled, from Eqg. (6):

W,=W,= (1-y)Q (14)
we get:

X, W, =X,(1-y)Q (15)
Now Eq. (10) becomes:

X W, = X,W, = X,(1-y)Q (16)
With arecycle of stream W, equal to yQ, Eq. (11) gives:

XW, =1XW, +X W] +S§

= r[X,(1y)Q +X,(yQ)I + S, 17

and:

XW, =XW,-S, - XW, - S,

=r[X(1-y)Q+ X (yQI +S;-S,- X(yQ)-S; (18)

S, isthe salt removed during sewage treatment. Assuming that the
technology is robust enough to produce the same quality effluent
despitetheincreased saltloading from reuse of the TSE stream, and
assuming no water losses during sewage treatment, we have:
S, = XW, -(X,WA+W)) = XW, - XW, (19

It is noted from the outset that this assumption is contestable.
Where the user of TSE requires water of potable standards, the
further treatment step following sewage treatment (removing salt
stream S,) provides water of the required quality. However, when
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thereclaimed water isof alower quality than thefreshwater which
it isreplacing, the stream entering sewage treatment will contain a
higher salt 1oading thanwith no reuse. Should the sewagetreatment
step not be robust enough to treat the more concentrated stream to
the same discharge values as in the non-reuse scenario, the poten-
tial existsfor abuild-up of saltswithinthe system. Thismay result
in an effluent too concentrated for either reuse or discharge,
without further expensive treatment. In addition, the reuse loop
may resultinthebuild-up of undesirabl e substances(e.g. endocrine
disrupting chemicals) (Haarhoff, 1999). This situation is very
complex and requires careful consideration of technologies all
aongtheflow path. For thisreasonitisnot considered further here.

Continuing, by substituting Eq. (17) into (19), and since W, =
rQ, thisgives:

S, = rIX,(19)Q +X,HQ) + S, - X4Q (20
S, isthe salt removed from the TSE by tertiary treatment, to bring
it to aquality which is acceptable by reclaimed water users. Thus:

S3 XBWS - X5W5
(Xe h Xs)Ws

= yQX,- X (21)

Finally, the downstream salt loading in the river is given by:

= X7W7 + XGWG

X1W1 - X1W2 + XGWB

XW, - X (1-y)Q +r[X(1y)Q + X (yQ) +S;-

Sz - Xs(yQ) - 53

= X,W, -X,Q +X Qy +X,Qr + X Qry +rX yQ+
S, - [r[X,(1-y)Q + X (yQ)] +S, - XQ] - X,yQ

88

-yQ(Xg - Xy) (22)
Wherey =0, this reduces to Eq. (13) as expected.
Rearranging and simplifying of (22) further gives:
X W, = X W, +XQ[y -1+ 2ry] + X .Q(r-y) (23)

Thesaltflowintheriver downstream of dischargeisthusafunction
of the following variables:

X,and W, = theinitial flow andsalt concentrationintheriver

Q = the water demand

r = thefraction of the water supplied which is
returned to sewage treatment

y = the proportion of the demand stream supple-

mented by reclaimed water
X = theconcentration of saltsin the stream returned
to the water body

Now, for the purposesof demonstrating theeffect of areusestepon
the ultimate salt loading in a hypothetical river from which with-
drawal takesplace, thefollowing parametersare set to be constant,
as per the example given earlier:

W, = 1000 M¢/d
Q = 850M¢d
r = 061

Thiswas done for two different scenarios. Scenario A iswhen the
salt concentrationintheriver issignificantly higher thanthat inthe
discharge stream. Taking X, as1 100 mg/¢* and X as= 91 mg/¢*
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TaBLE 4
CONCENTRATION OF SALT DOWNSTREAM OF
DiscHARGE WHEN THE CONCENTRATION IN
THE RIVER 1S HIGHER THAN THAT IN THE
DISCHARGE STREAM

y XW, (kg/d) | W, (Mud) | X (mge)
0% 2.11E+05 660 320.32
10% 4.09E+05 660 620.27
20% | 6.07E+05 660 920.21
30% 8.05E+05 660 1220.16
40% | 1.00E+06 660 1520.11
50% | 1.20E+06 660 1820.05
60% 1.40E+06 660 2120.00

TABLE 5
CONCENTRATION OF SALT DOWNSTREAM OF
DiscHARGE WHEN THE CONCENTRATION IN
THE RIVER 1S LOWER THAN THAT IN THE
DISCHARGE STREAM

y X W, (kg/d)| W, (M&d) | X,(mglt)
0% 2.78E+05 660 420.45
10% 2.63E+05 660 398.56
20% | 2.49E+05 660 376.67
30% 2.34E+05 660 354.77
40% | 2.20E+05 660 332.88
50% 2.05E+05 660 310.98
60% 1.91E+05 660 289.09

theresults shown in Table 4 were established. [* Water in contact
with palaeozoic and mesozoic sedimentary rock contains a maxi-
mum possible TDSof 1100 mg/4 thisvalueisused asaworst case
scenario (South African Water Quality Guidelines). *Average
valuesin effluentsfromdifferent Umgeni Water Wastewater Treat-
ment Works range from 48 to 182 mg/4 The value used hereisan
average fromall their treatment plants as given in their 1996/97
Annual Report].

It was shown earlier that the maximum value of y which can
theoretically be suppliedisequal tor. Fromthistable, itisseenthat
the recycle step significantly increases the concentration of the
sdltsin the final river stream. This effect:

» decreases astheflow in theriver increases and/or the abstrac-
tion rate decreases, as the effect of the return flow on the salt
loading is diminished as the flow in the river increases,

* increasessignificantly asthe concentration of saltsintheriver
increases, asthereturn flow, which assistsin diluting theriver
stream, is reduced asy increases.

Inazero effluent scenario, wherer =y = 0.6, the salt concentration
isover six timeshigher thaninanon-reuse scenario. Thisshowsthe
significance of the recycle step in diluting the flow in the river.
Clearly, if theflow in theriver is much greater than the extraction
rate, aswould be expected in redlity, this effect would be reduced
accordingly.
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Scenario B is when the salt concentration in the river is
significantly lower than that in the discharge stream. Taking X, as
150 mg/t and X as = 500 mg/¢ the results shown in Table 5 were
established.

Now, the effect of anincreasein recycleisto drop thesalt flow
intheriver. Thisis aswould be expected: since the concentration
of saltsin the discharge stream is higher than in theriver, the less
water that is returned to the river, the lower the salt flows in the
river. In a zero discharge scenario, the sat flow in the river is
significantly reduced — no return to the river implies no extra salt
loading. Again, theimpact of the return stream on the salt concen-
trationintheriver isreduced astheflow intheriver increases. The
effectinall casesisnoted to beless so thaninthe previoustableas
thedifferenceinconcentrationsbetweentheriver andreturnstream
are less pronounced in this case.

In summary, therefore, the effect of the water reclamation
depends on the concentration of saltsintheriver relativetothat in
thereturnstream. Thereturnstreamwill either diluteor increasethe
salt concentration in the river. Where the return stream is more
concentrated, the salt concentration in the river will drop. Where
thereturn stream is more dilute, the concentration in theriver will
be higher than if no water reclamation wastaking place. In either
case, however, the benefits in terms of reducing raw water con-
sumption remain as outlined in the previous section.

Effect on salt loading and concentration when return is to a
different river

The situation where return is to another river is considered in
Fig.5below. Sincenodischargetoriver Lisoccurring, X, = X_and
hence salt concentrationsin the river remain unchanged. The flow
is, however, higher in a non-reuse situation as discussed previ-
ously, and hence the total salt loading, X W, is higher.

The salt balance for River 2is:

XBWB = XQWQ + X6W6
When areuse step for TSE isintroduced,

* W, isreduced
* X W, remains unchanged.

Consider a balance over the dashed squarein Fig. 5:
XW =X W, +S,-5,- S,

Assumeinthe above equation that S, and S, remain unchanged in
areuse scenario. X W, will drop asthe requirement for fresh water
drops. Thevalueof S, rangesbetween Oandthedropin X,W,. Thus,
regardless of the value of S,, X W, drops. The total salt load in
River 2, X W,, thus also dropsin areuse scenario, as compared to
anon-reuse scenario.

Discussion on return to rivers

Thereturn of treated sewage effluent toriversisregardedininland
areasof South Africaasanimportant aspect of water management,
especially with regard to downstream availability of raw water for
further abstraction. This istermed “planned indirect reuse” and
wasimplemented through the Water Act of 1956 (Odendaal et al.,
1998). Withincreasing water demand, the volume of return flows
toriversand damsisincreasing steadily. The Hartbeespoort Dam,
for instance, already receivesequal volumesof natural run-off and
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Figure 5

Salt balance where return is to a river other than that from which
withdrawal has occurred

effluent return flows. By the year 2020, it is projected to receive
effluent return flowswhich are doublethe natural run-off. Increas-
ing saltlevelsinmajor riverssuch astheVaal canbeascribedtothe
planned indirect reuse philosophy (Odendaal, 1990). At present a
suite of mathematical modelsare used to simulatethe hydrol ogy of
theVaal River and model thewater quality, especially with regard
to the salt content (Herold, 1981). However, investigating the
direct reclamation of water would require different assumptionsto
be made. Closing the urban water management loop prior to
discharging treated sewage effluent to surface waters carriesmany
benefits, as shown above. The usage of water can beintensified to
reduce raw water consumption significantly, compared to pro-
jected growth in water demand. Evaporation losses are lower, as
are treatment costs, and there may often be beneficial spinoffsin
termsof water quality and ecol ogical sustainability of thereceiving
water bodies. Themajor hurdlediscouraging local authoritiesand
water services providers in inland areas from considering direct
reclamation is the existing system of planned indirect reuse. The
question of providing infrastructure for such reclamation, how-
ever, isasecond hurdle which needs to be overcome.

In order to overcome these hurdles, there must to be additiona
incentives to local authorities and water services providers to
consider water reclamation seriously, certainly ininland areas. The
concept of reusing treated sewage effluent directly needs to be-
come an integral part of water conservation or water demand
management strategies. Incoastal areas, especially inmetropolitan
areas such as Cape Town and Durban, thisis already beginning to
takeplace. Inorder toimplement water reclamation to asignificant
level nationwide, therewould needto beare-orientation onthepart
of the Department of Water Affairs and Forestry and of the major
water services providerswho operateininland areas, aswell asthe
local authoritiesinvolved. Such are-orientation would need to be
based upon aninvestigation of the treatment and distribution costs
of the present system, as compared to a system of direct reuse of
treated sewage effluent. Detailed salt balances and nutrient bal-
ances would need to be carried out, together with the system
analysis and water balances normally used in water resource
management.

Ultimately the debate which opens up, with regard to return to
riversversusdirect reuseof TSE, revolvesaroundtwo quitedistinct
points:
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e Firstly, issues surrounding ownership of water. Treated sew-
age effluent which isto be returned to rivers and dams has up
until now been regarded as public water and hence there has
been a perception that all TSE should be returned to public
water-courses. Within the Water Services Act of 1997, how-
ever, it is clear that the local water services provider has
responsibility for thewater until itisreturnedto apublic water-
course. Decisionsto reclaim water can therefore be made at a
local level, by thewater services provider alone. Tariff levels
are potentially a contentious issue in this situation.

e Secondly, environmental uses including the instream flow
requirement of rivers and levels in dams and lakes. The
discharge of TSE into riversand, ultimately, dams also repre-
sents significant “environmental” usage of water. However,
this assertion has usually been made in a context where in-
stream flow requirements have not yet been calculated. There
may al so be strong concernsin certain cases about the ecol ogi-
cal damage caused by returning excessive flows of TSE to
rivers, with regard to water quality aswell as flow volumes.

The implementation of the National Water Act of 1998 will
doubtless cast morelight on both of these points. Inthelongterm,
water services providers will need to negotiate with the relevant
catchment management authority or authorities (where more than
onecatchment isinvolved) asprovided for inthenew Act, in order
to determine volumes of discharge of treated sewage effluent, as
well aswater abstraction. Water reclamation projects would then
form part of such negotiations. In the short term, however, there
appearsto be strong institutional resistanceto the concept of direct
water reclamation in inland areas. Implementation of the new
permitting arrangement for discharges under the National Water
Act may therefore be the most powerful persuasive force which
will cause local water managers to look for alternatives to the
discharge of treated sewage effluent into rivers.

Conclusions

Thispaper hasargued the casefor direct water reclamation, and the
need for the intensification of land-based treatment which this
implies. Theroleof land-based treatment, seen from this perspec-
tive, isessentially to removethe substancesand compoundswhich
accumulate in the water during use. Water's role as a carrier of
substances is perhaps the least important of its functions, many of
which are essential to support lifeitself, but thisroleis currently
still the major one in its urban context, in terms of volume.
However, it isalow-vauerole, which is no longer appropriate.

Redefining thevalue of water inthe new National Water Act of
1998 will help to create a shift in perception, and will increasethe
valueof water (aswell asthepriceof water, whichisnot necessarily
synonymouswithvalue). Thisimportant |egidlative development,
together with the practical consequences in terms of increasing
tariffs, will undoubtedly changethewaysinwhichwater isusedin
South Africa. Hand-in-hand with thisshould go effortstoincrease
the extent of water reclamation taking place. It is important to
recognise that only asmall fraction of the water supply, treated to
potable level, is actually used for drinking, and hence both treat-
ment and distribution costs, as well aslossesin the system, could
be saved through water reclamation. Such water reclamation
efforts will push up the threshold of sustainable water use, to
support much-needed economic and social development in South
Africa

In the initial phase of promoting water reclamation, coastal
townsand cities should betargeted. Zero effluent dischargetothe
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marine environment is a feasible goal which has already been
achieved elsewhereintheworld. However, thewater management
systemsin inland areas should a so be re-examined for their water
reclamation potential, carrying out thorough salt and nutrient
balances as well as flow balances for specific areas. The current
practice of planned indirect reuse through return to riversiscostly
in terms of losses through evaporation, and additional treatment
costs, aswell asoften being damaging to riparian eco-systems. As
shown in this paper, the flow balance approach demonstrates the
proportion of raw water demand which can be replaced by water
reclamation schemes. There are potentially also large savingsin
treatment costs in reclaiming water directly for industrial use, as
well as for irrigation. Both in terms of cost and in terms of
conserving fresh-water resources, water reclamation is bound to
become avital part of South Africa’ s water management strategy
for the future.
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