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Executive Summary

Background and scope

1. Samtation 1s equally important as the provision of
safe drinking water to improve public health. More-
over adequate disposal of liquid waste flows reduces
environmental pollution and thereby contributes to
the well-being of the people. During the past decade
insufficient attention was paid to sanitation in tropical
developing and newly industrialising countries, this
has often resulted 1n Iimited public health benefits
from 1nvestments made n water supply schemes.
Rapid urbanisation in most of these countries led to
sometimes very high population densities, putting the
“accomodation capacity” of the surrounding environ-
ment under stress and endangering public health. This
emphasizes the need for appropriate and new sanita-
tion approaches to the specific conditrons 1n urban and
peri-urban areas.
(Chapters 1 and 2).

2. The Section Research and Technology (DPO/OT)
of the Dutch Directorate-General for International
Cooperation (DGIS) has in the past 10 years sup-
ported several projects (in Colombia, Indonesia and
India) aiming at demonstrating the feasibility of and at
the optimization of anaerobic reactors for treatment of
domestic waste water Anaerobic waste water treat-
ment 1s already applied on numerous (some 200-300)
industrial waste waters Other documented research
on its application on domestic waste water, notably in
Brazil, India and P.R. China, confirms mteresting
potentials. Therefore the International Institute for
Hydraulic and Environmental Engineering (IHE), Delft,
The Netherlands, was requested by DGIS to assess the
feasibility of anaerobic sewage treaiment for tropical
developing countries

3. Thus study considers anaerobic tieatment technol-
ogy from different points of view

— as a treatment technology, which means that the
study focusses on treatment efficiency and efficacy,
and compares these with conventional (usually aero-
bic) alternatives;

— as a technology which may in addition affect fa-
vourably the design criteria of the sewage collection
network; in other words, the new boundary conditions
(in terms of optimal scale of operation, management

of settleable maternal, etc ) set by this technology may
lead to the development of a new comprehensive
sanitation programme affecting notably sewerage
design and nstitutional management aspects which
would favour programmes with treatment at interme-
diate scale;

— as a technology with different merits and draw-
backs 1n function of its possible role in the main
sanitation strategies (with public health, environ-
mental health, and re-use objectives).

(Chapters 1 and 2).

4. This study reviews as much as possible available
documented experience on different anaerobic reactor
types. Because up to now most larger-scale pilot
experimenting has been carried out with the so-called
Up-flow Anaerobic Sludge Blanket (UASB) reactor,
this reactor type receives most attention. Some of the
conclusions however pertain equally well to other
reactor types

Though 1t is acknowledged that anaerobic ponds
can be considered anaerobic reactors as well, here
high-rate reactors with low land requirements and
higher efficiencies are emphasized.

The technology 1s reviewed for its appropriateness
and relevance in low cost programmes. Special atten-
tion was therefore given to its technical, economic,
financial and institutional aspects.

(Chapters 2 and 3).

5. In first instance the assessment, and this report, are
organised following the unit scale at which sanitation
is implemented (1) on-stie sanitation, (i1) sewage
collection with off-site or centralised treatment, and
(i) intermediate-scale programmes Intermediate means
treatment units serving a small to an intermediate
number of households (some tens to some hundreds)
(“communal treatment™), or a combmned sanitation
programme in which part of the waste is treated on-siie
(one treatment shared by a number of households) and
the resulting, partially treated flow, 1s further trans-
ported and polished 1n a second treatment step off-site

Contrary to alternative treatment technologies,
anaerobic treatment appears to offer, at least in prin-
ciple, the unique opportunity of application at all these
three levels.

Which treatment technology 1s most feasible for a
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given case 1s determimned by a number of situational
determinants, and the objectives of a particular sanita-
tion strategy (public health, different degrees of envi-
ronment protection, shallow ground water protection,
re-use) A landscape- and selection matnx can be
developed, allowing to indicate the conditions under
which anaerobic treatment 1s the most appropriate
option.

(Chapter 7).

Application in on-site sanitation

6. On-site sanitation should provide for disposal of
toilet (black) waste water as well as of (kitchen and
bathroom) sullage. Black waste water 1s characterized
by low flow, high strength (1n terms of BOD and COD)
and high pathogen content Sullage 1s higher in vol-
ume but contains lower BOD and COD concentration
(yet its pollution load 1s of equal importance)

The benefit of anaerobic treatment technology re-
lates to better degradation of BOD and COD and
hence better quality of the reactor effluent as com-
pared to altemative treatment (septic tank or leaching
pits) However, for many situations effluent quality 1s
irrelevant as effluent (black waste water) 1s percolated
(leached) into the so1l Ifleaching can be applied, that
18 if population density 1s not excessively elevated, the
simple leaching options serving one or a few house-
holds are commonly cheaper than any anaerobic
option In these cases sullage 1s generally drained
away over the surface (gutters, drains).

The major and additional consideration to opt for
leaching 1s a public health sirategy 10 keep pathogens
in the underground where they slowly die off
(Chapter 4).

7. Against the above cheapest option plead the shallow
ground water protection (for drinking purposes) and
the environmental strategies In an environmental
strategy 1s must be recognized that sullage represents
considerable pollution and should, if financially pos-
sible, be treated before discharge into areceiving nver.
Also, it 1s still mnsufficiently acknowledged that the
leaching bed of cheap on-site systems easily clogs
leading 1ts owner to short-circuit the effluent to the sur-
face dramn or sewer Though exact figures are not
available, this may be both 1n developing and industri-
alised countries the rule rather than the exception. This
adds to the pollution load 1n drains and sewers

If an enmvironmental strategy 1s selected (above a
public health strategy) the quality of effluent to be
drained away becomes of higher concern and anaero-
bic treatment may become relevant Because the waste
water must be drained, sewerage design criteria will

determine the spatial serving area of a reactor. Some
tens of households (*shared”) or hundreds of house-
holds (“communal’) can be connected to one treat-
ment unit, whose effluent needs to be further trans-
ported This effluent however will not contain much
settleable solids and 1s to be considered partally
treated (but to a higher degree than with alternative
systems).

This option 1s more expensive. The reactor can
accept mixed (grey) waste water or only black waste
water
(Chapter 4)

8. The same considerations pertain to public facilities
(a toilet/bathing facility for a number of households).

9. The operation and maintenance (caretaking) of an
individual anaerobic Teactor 1s comparable to that of
septic tanks and leaching piis, and faces therefore the
same difficulties (poor maintenance and desludging).
A-reactor which 1s shared or 1s communal offers the
advantages that (1) a caretaker can be paid by the
connected households, and can then be held account-
able, that (11) caretakers are a smaller and more “pro-
fessional” group to be approached by local govern-
ment for e g training purposes, than individual house-
holds, and that (iii) such reactors can be located
strategically to allow for easier access (and lower cost)
by desludging carts
(Chapter 4).

Application at intermediate level

10. Intermediate-scale means collection of (usually)
grey waste water 1n shallow or small-bore sewers
followed by local (pre-)treatment. The effluent 1 then
transported outside the city in a cheap sewer or drain
as most settleable solids have been removed Off-site
post-treatment, possibly in stabilization ponds on cheap
land, 1s a useful and feasible option.

In densily populated, unplanned residential areas
shallow or small-bore sewers become more cost-
effective than on-site sanitation
(Chapter 6).

11. The local treatment can probably best be achieved
by communal anaerobic reactors, to which some
hundreds of households are connected Anaerobic
reactors of the UASB type have shown to operate well
and reliably at such scale, yielding reasonable treat-
ment efficiency on BOD and COD (60-80%). As
pathogen removal 1s as poor as with alternative treat-
ment options (with the exception of 20-25 day reten-
tion ponds), the effluent of the local treatment needs to
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be managed with care. Communal treatment could
prove an optimal scale from the institutional point of
view, involving community paid caretakers, that be-
cause of their small number can be 'rained and moni-
tored by the responsible government, sludge 1s easier
to be removed

Experience with such schemes 1s still limited. The
technical feasibility of intermediate scale UASB reac-
tors poses probably no problems, but its financial and
institutional feasibility remains to be demonstrated
(Chapter 6).

Application In off-site, centralised traatment

12. Assessment focussed on anaerobic treatment as a
treatment technology, 1t is compared with (land-ex-
tensive) ponding, and high-rate aerobic treatment as
alternative options. Performance parameters compared
are: (1) removal efficiencies for BOD, COD, Kjeldahl-
nitrogen, Suspended Solids and pathogens, (i1) treat-
ment efficacy, reflecting process stability, reliability
and sturdiness, and (1ii) sludge production rates and
handling requirements. In addition economic com-
panson is carrted out using Net Present Values, includ-
ing land costs.

Documented experience on pilot and demonstra-
tion plant scale exists for 5 relevant cases (Colombia,
India, Brazil) which 1s reviewed here.

(Chapter 5).

13. Anaerobic treatment (as UASB) has shown to be
economically atiractive as compared with all alterna-
tive treatment options. This pertains to full treatment
yielding a given, common effluent quality of BOD =20
mgl/L, 1t implies provision of post-treatment after the
anaerobic reactor However, if land cost 1s low (say
below US$ 4-8 —which can be found only relatively far
away from the city) ponds may become more competi-
tive This statement pertains to countries with warm
sewage during all or most of the year (above 20 °C),
1n countries with colder sewage during winter season
current anaerobic treatment technology is not yet
economically feasible.

Day-average hydraulic retention time (in warm
climate) for UASB is 6-8 h. For short periods this may
be lowered to 4 h. Load shocks can be well accomo-
dated, as can hydraulic fluctuations within certain
Iimitations Pronounced hydraulic shocks can disturb
the process (sludge wash-out). Start-up procedure 1s
relatively simple and takes less than 2 months. In
general, pilot plants have proven to operate over long
periods (1 year) steadily and reliably on municipal
waste water

(Chapter 3 and 5)

14. Anaerobic treatment 1s favoured by high sewage
temperatures, high(er) sewage strength, restricted
dilution (by rain) and limited hydraulic shock loads in
the reactor. This pleads for treating only dry-weather
flow discharge 1n the UASB reactor.

The reactor requires little energy, rendering it also
more autonomous and independent of power fatlures.
It needs lutle mechanical equipment and thus less
specialized maintenance personnel. Arearequirements
are significantly lower, even taking into account post-
treatment and sludge drying beds Also sludge produc-
tion rates and dewaterability and manageability of
sludge are significantly more favourable than with
other (aerobic) high-rate treatment technologies.
(Chapter 5).

15. The process can be operated and routine mainte-
nance (notably sludge removal and drying; destruc-
tion of foam layer in gas collector; de-clogging of inlet
system) carried out by a small number of caretakers
and (less-skilled) operators For start-up, regular (weekly)
monitoring and problem shooting, assistance of quali-
fied process engineers Is necessary.

(Chapter 5)

16. Disadvantage of anaerobic treatment as compared
to all alternatives is incomplete removal of BOD and
COD (removal efficiency on BOD at this scale 65-
80%, agamst 80-95% for alternatives), and very low
removal of organic, oxidizable Kjeldahl-nitrogen (NOD).
This renders necessary post-treatment like cascade
aeration, trickling filter, pond (short retention of typi-
cally 1-5 days) or activated sludge

As 1s the case with all alternatives, except long
retention ponds, bacteria and virus removal is insuffi-
cient (removal efficiency of 2 log-units}) Helminth
ova are better removed than in all alternatives, except
ponds (90-99.9%). Only long retention ponds with 20-
25 days retention can adequately remove all patho-
gens )
(Chapter 5)

17. Anaerobic treatment, being an excellent and 1ela-
tively cheap pre-treatment on BOD, Settleable Solids
and (to some extent) helminth ova, offers good per-
spectives as part of effluent recovery or recychng
schemes for agriculture (sewage vrigation), piscicul-
ture and aquaculture

Sludges are well stabilized, easy to handle and a
good so1l conditioner rich 1n nutrients

Biogas recovery can be economucally justified if a
large constant gas user 1n the neighbourhood is willing
to buy 1t, or, at larger scale (say for plants treating
sewage of at least 20,000 cap) by converting 1t 1nto
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electricity. Safety measures must be strict however.
(Chapter 5).

18. The systematic introduction of waste water collec-
tion and treatment in general, and the introductton of
a new technology like anaerobic treatment 1n particu-
lar, necessitate adequate organisation of the water
supply and sanitation sector institutions to ensure
good planning, implementation and operation of the
infrastructure. The introduction of new technology
addresses specific demands to the professional and
educational institutions

Similary, sound design and operation can only be
carried out by well-trained and expenenced staff
(Chapter 5).
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Preface

The Section of Research and Technology (DPO/OT) of the Dutch Directorate-
General for International Cooperation (DGIS) has a long-standing interest in the
research and development of domestic waste water treatment technologies. It
ptoneered 1 promoting the development of anaerobic treatment processes as
appropriate technology for tropical, developing countries The Section has since
1982 supported projects notably 1n Colombia and Indonesia, which were carried out,
at the Durch side, by the National Institute for Public Health and Environmental
Hygiene (RIVM), and Haskoning Consuluing Engineers, with the scientific support
from the Agricultural University Wageningen (AUW)

In February 1989 the Section commuissioned the International Institute for Hy-
draulic and Environmental Engineering (IHE), Delft, to assess the feasibility of
anaerobic high-rate treatment (1n special reactors) of domestic sewage 1n tropical
developing countries, the study was carried out in collaboration with the Netherlands
Economic Institute, Haskoning Consulting Engineers and the Agricultural Univer-
sity Wageningen This desk study should support the Section 1n policy development
with regard to sanitation related research'

The feasibility of a specific treatment process 1s dictated by the sanitation strategy

and programme 1 which it 1s expected to fit (like e g. in a sewered or an on-site
disposal programme, 1n a re-use strategy, etc ) A variety of possible sanitation
strategies and programmes can be applied 1n the developing countries, and this
number 1s larger than for industrialised countries because the developing world 15
more heterogeneous and changes fast The technical and financial feasibilities of
such strategies and programmes depend on their turn on the opportunities which new
and better performing treatment processes create Anaerobic treatment of domestic
sewage has already shown 1t could possibly fit several of these strategies and
programmes Therefore, three master questions were to be answered.
— which possible sanitation strategies and programmes are or can become realistic”
— does a igh-rate anaerobic treatment process fit in or promote these programmes?
— 1f s0, does 1t offer a competitive advantage when compared to all the available
alternatives? Feasibility must be defined in terms of technical, economic, financial
and institutional determinants

This approach attempts thus to be comprehensive, which made 1t necessary first to
widen the study’s scope to describe the sanitation “landscape”, and then to focus on
the specific position of the 1solated anaerobic processes n it as compared to the
position of other treatment processes.

This report is written 1n such a way that one need not be a specialist in the field
of samtation or on anaerobic treatment to follow the “red thread” of the analysis and
understand the conclusions

The study evaluates and reviews the most actual information on the 1ssue.
incorporating all available pilot- and demonstrationt plant performance data. It is
however decidedly not intended to be a design manual; for any such purpose the
reader should consult the experienced designers/manufacturers, like the consultants
Haskoning and DHV International in The Netherlands.

It 1s envisaged that the results of this analysis will enable policy makers and
technicians to become better acquainted with both the ments and the limitations of
anaerobic treatment of domestic sewage. It 1s hoped that this study may also be a
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contribution to a better understanding of the complex sanitation problem 1n the less
industrialised countries tn the world.

The authors express their sincere thanks to the DGIS Section DPO/OT, and to all
who have contributed to this work They are mdebted to reviewers of the draft
version, 1 particular Dr. J.A. Heidman (U.S. EPA, Cincinnati, USA), Prof M
Switzenbaum (Univ Massachusetts, Amherst, USA), Prof. W. Verstraete (State
Univ. Ghent, Belgium), Mr. W. van Starkenburg (Nat. Institute for Waste Water Treat-
ment, Lelystad, The Netherlands), Mr. E H. Hofkes (Euroconsult, Arnhem, The
Netherlands), Dr P.M. Modak (Indian Institute of Technology, Bombay, India), Mrs.
S.M. Manso Vieira (CETESB, Sao Paulo., Brazil), Prof. van der Graaf (Delft
Universily of Technology, Delft, The Netherlands). Dr. E Ferguson (TNO, Eind-
hoven, The Netherlands), Prof W J. Jewell (Comell University, Ithaca, USA), and
Prof. F Fdz-Polanco (Univ. Valladolid, Spain)

The authors would appreciate recelving comments from readers, 1n order to
further strengthen the relevance of the report.

1 The desk study will be a part of the position paper “Treatment of Liquid Waste
inDeveloping Countnes”, which s currently under preparation for the Section DPD/
OT This pape- will idenlily the actual position of knowledge and experience with
regard to the troad ssue of samitation in developing countries, it will inventorize
current ressarch actvittes and will provide onientations far future research






1 Introduction

1.1 Background of the study

Provision of safe water in sufficient quantity and the
removal of waste water 1n an hygienic manner (sant-
tation) are prerequisites for public health, economic
development and welfare 1n any society.

On a global scale, the provision of sanitation in less
industrialised countries has a severe backlog when
compared to the supply of clean water to the house-
holds. The Internauonal Drinking Water Supply and
Sanitation Decade (IDWSSD, 1981-1990) did empha-
size water supply As a consequence, public health did
not improve as much as expected. as adequate dis-
posal of increasing waste water flows was lacking. In
the less industrialised, or developing, countries urban
sanitation remains characterized by low caverage (10
to 50%). In particular the smaller cil1es and towns and
the peri-urban regions (urban fringes) require special
altention given their present low service coverage.
their lack of financial and institutional capacities, and
therr strong growth dynamics. The high urbanisation
rales in most developing countries stresses the need
for sanitation. as there is a clear relationship between
lack of adequate sanilation and poor public health.

The challenge to improve this situation can be
translated into assignments to search for technologies
that are more effective in removing, transporting and
treating the domestic waste, at a lower cost. In addi-
tion. new concepts and tools need to be developed that
address the urban sanitation problems in more cost-
effective ways.

Recent experience with domestic waste water treat-
ment in high-rate anaerobic reactors indicates that this
technology has the potential of becoming such an
appropriate tool. The anaerobic processes feature short
retention times, resulting in cost reduction. The proc-
ess 1s promoted by high temperatures, found in coun-
tries with a predominantly tropical climate (water
temperature above 20 °C). It has been tried out, with
success, on pilot scale both as on-site treatment for an
individual household, as well as on the scale of typical
large sewage treatment works designed to treat the
waste water of a whole city

The Section of Research and Technology of the
Direction of Private Activities, Education and Re-
search Programmes (DPO/OT) of the Dutch Directo-
rate-General for Development Cooperation (DGIS)

has since 1982 supported activities to study and de-
velop anaerobic sewage treatment technology in
developing countries Two major field research proj-
ects were conducted in Colombia and Indonesia

The present study was commissioned to analyse
the sub-sector of urban sanitation, to identify the
dynamics of 1ts expecied development, and to assess
the feasibility of anaerobic sewage treatment under
vartous conditions prevailing in less industrialised
countries. The study aims, by synthesizing the results
and experiences obtained sofar, at assessing the tech-
nical, economyc, financial, and nstitutional feasibility
of anaerobic scenarios in urban areas, as compared to
other scenanos. The conclusions and recommenda-
tions should assist DGIS (DPO/OT) to further develop
1ts policy with respect to urban sanitation in develop-
mg countries and the potentials of anaerobic waste
water treatment The findings of the desk study are to
be mcorporated 1n a position paper “Treatment of
Liquid Waste 1n Developing Countries” for the same
Section DPO/OT which will give directives for cur-
rent and future research acuvities within the field of
santation and liquid waste disposal in developing
countries.

1.2 Procedure and organisation of the study

1.21  Terminology

In this study the following concepts are defined and
discussed

— “developing countries” will be considered synony-
mous with “less industrialised countries,” comprising
the Least Developed Countries (LDCs) as well as the
Newly Industrialising Countries (NICs),

— “sanutation” is understood as “integral wasle water
management,” safe and reliable with regard (o aspects
of public health as well as of the environment. This
mvolves the removal of the sewage from the inhabited
areas, its transportation, treatment and a justifiable
discharge nto a receiving surface or ground water
Included 1s the disposal of sludge, produced n any part
of the treatment. For this study only domestic waste
water 1s considered,

— a “sanitation strategy” relates to the objective(s) a
government wants to achieve by implementing sanita-
tion programmes,

— a“samitation programme” 1s composed of the hard-
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ware and software necessary for the appropriate level
of waste water management, in order to meet the
strategy’s objectives; several programmes may fit a
strategy;

— “treatment” 1s a part of this sanitation programme,
— “high-rate” treatment refers to the new generation
of waste water treatment reactors, with an optimized
design based on a betler process- technological under-
standing.

The basic approach 1n this study 1s to discuss first the
1ssues and priorities 1n the urban sanitation strategies
and programmes Primary decision-making focusses
on whether waste treatment and disposal 1s to be
implemented on-site at household scale, off-site at the
large scale of a city or town, or at an intermediate scale
(townshup, city quarter). As said earlier, based on pilot
scale experience anaerobic treatment could possibly
be applied in all three cases.

An on-site option conventionally combines col-
lection and trealment, excreta and waste water (black
or grey —see Section 1.4 1) are disposed at the place of
origin, usually by means of percolation of the liquid
fraction into the soil, and periodic removal of the
collected sludge.

Off-site waste water disposal means that all waste
water, sometimes m combination with storm water, 1s
collected on a large scale via a sewer system The
collected waste water can then be treated 1n a central
purification plant.

Intermediate scale facilities are defined as the
whole range of well-known as well as experimental
combinations of collection systems and treatment m-
stallations, that cannot be categorized as on-site or off-
site, and generally take care of the waste water of a
smaller part of a city or town Examples, to be further
discussed 1n Chapters 4 and 6, are shared or commu-
nal systems. In these options, every household has 1ts
own toulet facility. connected to a low cost sewerage
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and a small central treatment 1nstallation serving typi-
cally 2-5 households (“‘shared” system) or [0-100
households (“communal” system). The effluent of the
treatment facility (septic tank, high-rate anaerobic
reactor, trickling filter) can be discharged 1nto a drain
or a sewer (small diameter and/or flat slope)

1.22 Procedure of the study
First, 1nsight should be gained in the technical, mana-
gerial, economuic, {inancial and institutional feasibili-
ties of the possible sanitation strategies and pro-
grammes. They are determined by characteristics of
the situation, like the provision of tap water, the
average mcome af the consumers, and site-specific
technical data.
Once a workable strategy and programme are known,
the feasibility of anaerobic treatment 1n them can be
determined. All feasible alternatives must be worked
out. Only if the anaerobic technology proves competi-
tive (more attractive at same cost, or cheaper at same
degree of attraction), it may be considered successful.
However, to complicate matters, the feasibilities of
the strategy and programme depend themselves also
on the characteristics of available treatment technolo-
gies. For example, 1n a given urbanised area condi-
tions may favour a strategy leading to sewering the
area, however 1f the local environment would be too
fragile to recewve the unpurified sewage, and if no
sufficiently cheap treatment exists that can lower the
pollution load to acceptable levels, the sewerage op-
tion may have to be replaced by an alternative strategy,
like on-site sarutation, until the community 1s able to
bear the full cost of sewerage plus centralised treat-
ment Unfortunately, in numerous locations financial,
technical and other constraints are so pronounced that
feasible solutions are scarce and “service-maximiza-
tion” becomes in fact “public health risk-minimiza-
tion ” This nterrelationship can be schematically rep-
resented in Figure I.1.

determinants (technical, site-specific, financial, etc.)

)
‘—b strategy—>P* programme 1 *
]* programme 2 *

Flgure 11  lterative process for sanitation strategy development

treatment process 1
treatment process 2
* treatment process 3




Most studies on the feasibility of treatment and dis-
posal technologies tend to focus on an 1solated facility,
which may be a reasonable approach in a rural or
otherwise cleared setting. In a more densely populated
area this may no longer be true: on-site pit latrines for
example, which often form the economically most
attractive solution when judged individually, may
become unfeasible due to limitations 1n space and ac-
cessabulity, or to the fact that a simple and cheap
combined system can be constructed in favour of off-
site alternatives In other words, the present study
attempts lo base deciston-making on the complete
sanutation landscape involving large areas and all
relevant aspects, rather than on treatment alone.

1.2.3 Organisation of the study

The first chapter briefly discusses the specific as-
pects of sanmitation in developing countries. It intro-
duces the technology options with regard to the treat-
ment of wasle water, as these are alternatives to the
anaerobic option.

The second chapter identifies and describes in
detail (1) the factors that determine the feasibility of
sanitation strategies and programmes and (ir) the se-
lection criteria for an optimal waste water treatment
technology within such a strategy. Some determinants
are more relevant for the overall strategy or pro-
gramme selection, whilst others pertain more to the
treatment technologies as such.

The determinants are.

() feasibility of waste water collection and transpor-
tation systems (sewerage).

(11) site conditions with respect to the physical envi-
ronment, the urbanisation pattern and existing service
levels,

(iit) environmental feasibility with respect to protec-
tion of surface water and/or ground water (includes
specification of the treatment facilities, their removal
efficiencies, and efficacy or reliability),

(1v) financial and economic analysis of the sanitation
strategy and sanitation technology,

{(v) institutional requirements,

(v1) unit scale of the sanitation technology

These determinants can be combined 1n a matrix
(“landscape™) and they define the suategies and pro-
grammes that may be applied; in each option anaero-
bic treatment may or may not play a role. A major
distinction between three classes of situations thus
arises, of which the treatment facility scale (degree of
centralisation) is the governing parameter

— on-site,

— off-site, and

- mtermediate scale.

Wasle Water Management in Daveloping Countries

Chapter three describes the pros and cons of anaero-
bic treatment technology for domestic sewage. Five
important pilot and demonstration plant data are re-
viewed.

The Chapters four and five concentrate on the two
major sanitation options as identified in the “land-
scape matrix” treatment at on-site (household) scale,
and centralised off-site treatment (city-wide). Within
each option the position of anaerobic technologies is
discussed in the light of the determinants mentioned in
Chapter 2.

Chapter six describes sanitation programmes that
combme and/or integrate on- and off-site options
These intermediate-scale combinations, though some-
times unconventional, may n some cases better suit
the needs and targets of a sanitation strategy.

Finally, Chapter;seven formulates conclusions
and recommendations

1.3 Waste water management in developing
countries

1.3.1 Sanitation and public health
The links between water quality and diseases have
been mvestigated and described inmuch detail (Feachem
et al., 1983). Water that is not safe for human consum-
ption can spread disease; inadequate facilities for
excreta disposal can become pathways for transmit-
ting pathogens to healthy persons. Coupled with
malnutrition, excreta-related diseases can take a heavy
toll 1n developing countries, especially among chil-
dren In addition, the presence of contaminated sur-
face or ground water severely reduces the availability
of raw water of sufficient qualtty to be used for con-
sumption, fishing or recreation

The existence of these links 1s now generally recog-
mzed, and so has the political importance of the
provision of safe drinking water to the population.
This recognition is largely due to the impact of the UN
International Drinking Water Supply and Sanitation
Decade, mitiated 1in the Mar del Plata UN Water
Conference of Spring 1977 It led to considerable
progress on the implementation side- whereas in 1980
only 33% of the rural population in developing coun-
tries benefitted from water supply, this number had
nisen to 42% 1n 1985, the figures for the urban popu-
lanton remaming high during this period at approxi-
mately 75% despite the urban growth

The health risks associated with waste water how-
ever, and the political weight of sanitation, have not
yet received the same recognition. Of the rural popu-
lation 1n developing cauntries only 16% had access to
adequate sanitary facilities in 1985, against 13% in
1980. The coverage ratios for the urban population are
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33 and 59% for 1980 and 1985, respectively (WHO,
1987 World Bank estimates are 10 to 20% lower, see
Rietveld. 1988) Caulion is required when interpreting
these figures. Often the mere provision of a waste
water removal mechanism like sewerage 18 already
called adequate, thus shifting the health risk from the
town or city to the environment (either the surface
water i the case of sewers or drains, or, o a more
limited extent, the ground water in the case of on-site
sanitation with waste water percolation)

In general, 1t should be emphasized that in order (o
achieve public health benefits, equal atiention should
be given to improved water supply, sanitation facili-
ties and public health education. This 1s illustrated 1n
Figure | 2.

WATER WASTE WATER
SUPPLY COLLECTION AND
TREATMENT
HEALTH
IMPROVEMENTS
HEALTH
EDUCATION
Figure 1.2  Relatonship between healthimprovements (resuit), and

water supply, sanitation, and health education {means)

As a rule, the costs for the provision of sanitation are,
for the households, equal to or lugher than the costs for
water supply Given the low average household in-
come 1n developing countries, and the recommenda-
tion that these services should not consume more than
3-5% of this income, it becomes evident that conven-
tional, truly satisfactory technical soluttons are usu-
ally too expenstve. In addition, the lack of experience
and the weak inst:itutional capabilities of the agencies
responsible for urban infrastructure jeopardize cost re-
covery, operation and maintenance.

1.3.2  Urban and rural siress on the environment
The s1ze and consequences of the sanitation problem
vary considerably between the urban and rural setting,
and between different rural settings. Population den-
sity 1s in this respect a major parameter affecting the
exhausuon of the “pollution carrying capacity” of
the natural environment 1n the vicinity of the settle-
ment

This pollution carrying capacity determines how much
waste can be absorbed by the ecosystems mn the
environment through what appear to be self-puntfica-
tion processes. The more Iimited this capacity (be-
cause of the small part of the “free” environment lefi
over, or because of the fragility of the ecosystems) the
more effort and thus money will be required to keep
pollution in and near the habitat below dangerous
levels.

The extent of the sanitation problem 1n rural areas
should not be minimized income 1s very low and
cultural and institutional acceptance of technological
solutions 1s even less secured than in urban communi-
ties Yet the most symple and cheap solutions, like
good drainage or leaching pit latrines, are in most
cases already effective from a public health view as
well as environmentally acceptable because the pollu-
tion intensity (¢ g expressed as load of pollutant to be
absorbed per unit of time and per umit of surface
available in the natural surrounding) 1s small. In addi-
tion, the agricultural activities close to the villages are
an appropriate “sink” for the absorption of most types
of human waste. Any other solution striving for higher
pollution removal efficiency, however, would become
rapidly financially unfeasible.

The urban setting on the contrary, 1s charactenzed
by high population densities and, internally and at its
perimeter, a stressed environment due to the very high
pollution mtensity and concurrent reduced size of the
natural environment As a consequence, to avoid de-
gradation of the environment (surface water and ground
water pollution, solid waste accumulation) more at-
tention must be paid to planning in sanitation, and
special technical measures must be taken to reduce
pollution load more effectively, usually involving higher
expenses

Whereas affordability and positive interesl for
sanitation and environment protection pose no major
problem to the small, rich part of the community, a
majority of the urban dwellers lack the required level
of education and financial strength to support the more
complicated sanrtation programmes at wider scale. [t
1s therefore unlikely that high-rate treatment technolo-
gies will play a role in all urban and semi-urban areas.

The powerful growth of Third World cities deserves
therefore special attention. Cities are environmentally
unstable systems, and sustainable growth necessilates
high investment in technology — for which the money
often lacks mn the Third World. In the developing
countries the number of people living in cities has
increased from about 300 million to 1.2 billion in the
period 1950-1986. If this growth continues, more than
half of humanity will reside 1n cities at the turn of the
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Table 1.1 Size distribution of Indian urban settlements (CBPCWP, 1979 & 1980) Figures are baset! on 1971 census and adjusted for growth
up to 1986

Category Size (inhabitants) Number Total population’

Municipality class 2 50,000-100,000 190 18.5milion 23%

Municipal corporation  class 1 100,000-1,000,000 133 62.6million 78%

Municipal corporation  class 1 >1,000,000 9 454milloan  5.7%

a "y

' Percentage pertains to ratio of population in the considered class 1o total urban + rural population

century. In Africa, the least urbanised continent, urban
population grows 5% yearly, from 175 million today to
368 mullion in 2000. During the same period numerous
Avian cities will have tripled or quadrupled therr
populations, e g. Baghdad, Bombay, Dhaka, Jakarta
and Seoul. In Latin America already 65% of the people
live in the major urban areas. Of greater concern are
the hundreds of less well-known cities with popula-
tions between 100,000 and a few mullion. Table I ]
provides a distribution of city sizes for India. Most of
these cities do not enjoy the relatively favourable
economic conditions of the country’s metropolises,
and may thus face even more serious constraints with
regard to provision of urban infrastructure

In rural areas and towns with a predominantly agricul-
tural environment sanitation needs to emphasize only
removal of waste water from the habitat because of its
pathogenic content, and possibly treatment 1n the form
of pathogen removal (usually by toilet waste percola-
tion into the soil). In the urbanised areas, where the
surrounding environment 1s stressed and has a limited
waste assimilation capacity, BOD and nutrient re-
moval may become more important, besides the con-
cern for the reduction of the risk of individuals coming
into contact with sewage carrying pathogens

Rural sanitation will therefore gain little benefit
from the development of efficient waste water treat-
ment technologies that aim at BOD removal (like
high-rate anaerobic technologies). In the rural areas of
some countries, like the P.R. China, Nepal and India,
advantageous use 1s made of farm- or village-scale
digestion of manure and, sometimes, human waste, to
generate modest amounts of biogas and fertilizer In
many another country such schemes have failed This
anacrobic application 1n sanitation, though not high-
rate, will be briefly mentioned in Chapter 3. This
report focusses on liquid wastes, and consequently
primarily on the urban setting

14  Waste water treatment technologies

1.4.1 Waste water and its treatment

a. Domestic and industrial waste water

Under domestic waste water may be understood

— toilet waste water (black waste water), with a daily
per capita flow depending on anal cleansing habuts
(with or without water) and on the type of toilet
facilities;

— sullage from kitchen, bathroom etc with a daily
flow and organic pollution load depending on in-
house usage habits (laundering, bathing, washing,
etc.) and the level of water supply service;

— black waste water with sullage (grey waste water),
and

— 1f domestic waste water 1s transported through a
sewerage thal also receives (part of) urban run-oflf
water, 1t will include additional pollutants of different
kinds, as well as additional flows of non-polluted
drain water, subject to irregular variations of a large
magnitude These variations have considerable conse-
quences for the design of the sewer or drain as well as
the treatment system.

The waste water types can be schematically depicted
as shown n Figure 13.

The flow pattern has hourly, daily and seasonal
vartations that may be very pronounced and affect
design, operation and control of samitation systems.
Generally, industrial waste water 1s more concentrated
than domestic waste water, its composition, flow and
flow pattern are specific for each industrial sector
Normally the waste should be treated on the factory’s
terrain before bemng discharged n a sewer or river.

b. Objectives of waste water treatment

The objectives of waste water treatment may be the
removal of*

— Oxygen consuming substances (expressed as Bio-
logical Oxygen Demand BOD, Chemical Oxygen
Demand COD, and Nitrogen Oxygen Demand NOD),
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Figure 1.3 Types of domestic waste water

because discharging too much into surface water leads
to depletion of dissolved oxygen and hence black,
smelling and septic water, and fish mortality,

- Suspended Solids (TSS) and settleable solids that
can increase water turbidity and settle out in channels.
drains, sewers and receiving water bodies, where they
may cause obstruction and rotting on the bottom,

~ Nutnients (nitrate NO, and phosphate PO,*) to
prevent excessive algae bloom n the receiving water
(eutrophication).

— Pathogenic organisms, like some faeces-related
bacteria, viruses. some protozoae and amoebae, par-
ticularly n therr dormant state (cysts), and some
helminths and their eggs (ova), a relation between
occurrence of contagious diseases and access to con-
taminated waste waler exists,

— Inorganic and organic micro-pollutants, that may
disturb aquauc life. and end up 1n food chains

c. Classification of sanitation systems

The major distinction in sanitation systems 1s deter-
mined by their unit scale In on-site treatment, waste
flows are treated near the point of origin (usually
household), in off-site treatment the waste water needs
to be first collected and transported to a place at a
certamn distance (at the edge of the city) where 1t will
be treated centrally Transportation takes place under
gravity or under pump pressure, but the latter implies
investment and operation cost for pumps, as well as
higher construction standards In the case of off-site
treatment of domestic waste water, the cost of the
collection and (ransportation network must be bal-
anced agamsl the gain in the cost of centralised treat-
ment which is due to the scale effect. Other factors
may also argue for centralised waste water treatment:
1t 15 easier to marntain a high treatment efficiency 1n
larger plants, and there may be 1easons to discharge
fully treated effluents on surface water rather than let
it percolate nto the soil Annual costs of collection
systems will be of the same order of magnitude as
those of the treatment system Thus explains the con-
unuing nterest in relatively simple on-site systems,

premising that (1) a particular technology of lunited
cost can be found, so that the sum of the costs for the
on-site systems lies below that for a centralised treat-
ment plant plus sewerage, (11) this technology pro-
duces an effluent that erther can be percolated mto the
soil or collected through a sewer/drain system of
simpler and cheaper nature, or (11i) a combunation of
both

142 Waste water treatment

a. General
Waste water treatment sytems can be divided nto
(micro)biological, physical, and physical-chemical
processes Amongst the microbiological processes
one can distinguish aerobic and anaerobic processes.
An overview of the various technologies is given in
Table 12

Appendix [ provides data-sheets of the main char-
acteristics of the most important alternatives- acrobic
high-rate processes, as well as low-rate anaerobic
processes

The purification of waste water produces large
amounts of inert and organic sludge, which have to
be thickened, treated and disposed of This is an
important and expensive part of waste water Ireal-
ment This holds particularly for aerobic processes,
where about half of the organic pollution is not con-
verted mnto mert end-products, but 1nto organic bio-
mass, the “excess. sludge.” This sludge 1s usually a
cumbersome product and often “unstable,” 1 ¢ 1t will
rot in the air, causing severe odour problems Anaero-
bic processes rely on microbiological conversions that
produce much less excess sludge in a more stable
(non-rotting) condition.

b. Conventional (aerobic) sewage treatment

Domestic waste water (sewage) in industrialised
countries 1s commonly treated 1n a sequence of proc-
ess steps Most sewage treatment plants consist of a
primary, secondary and, in those cases where ad-
vanced trealment 1s necessary, tertiary treatment. In
primary treatment settleable materials (grit, sand,
large organic matter) are removed by straightforward
setthing. typically 20-25% of the sewage BOD can
thus be removed. Secondary treatment 1s usually
aerobic and involves microbiological oxidation of the
organic pollutants (BOD and usually NOD) by me-
chanical addition of air employing powerful rotating
surface aerators, campressed air or by letting the water
trickle down 1 thin layers over some reactor filling
material. Tertiary treatment 15 more expensive, and
much less widespread. By applying biological or
physical-chemical methods 1t aims at further polish-



ing of the effluent, at removal of nitiates. phosphates,
and, in a number of cases, of pathogens.

The predommantly organic sludge obtained in these
treatment steps 1s separated, thickened, and com-
monly stabilized 1n aerobic or anaerobic digestion
tanks. Fnally it 1s usuvally dewatered before 1t is
applied as fertilizer, soil conditioner. or dumped (if
heavy metal content or economic ¢onditions do not
allow other end-uses)

Such conventional treaiment ts costly and com-
plex, requiring trained personnel for management,
operation and maintenance. Efficiency and cost con-
siderations generally call for centralised treatment,
which necessitates long sewage collection and trans-
portlines, Fordeveloping countries simpler and cheaper
systems should be able to better address the prevailing
economic and mstitutional constraints; this may result
in either cheaper central treatment, like 1n ponds if
land price is very low, or in cheaper or smaller sewage
collection systems (1 ¢ applying decentralised com-
plete treatment, or pre-treating waste water so that this
pre-treated waste waler can be transporied 1n sewers
of cheaper construction, or diverting the waste waler
into the so1l by percolation).

c. Anaerobic treatment

For five years, positive experiences with the anaerobic
treatment of various types of domestic waste water
indicated that this novel technology may become an
appropnate tool in waste water management Conven-
tional, aerobic waste water treatment has been exten-
stvely applied in industrialised countries, but has the
reputation of being expensive and requiring specialist
supervision. Anaerobic waste walter treatment has
been introduced on full-scale on various types of in-
dustrial waste water for over a decade, both 1n cold
and warm climates. Results have been 1n most cases
successful, though a number of operational problems
remain partly unsolved Newly developed anaerobic
processes, carried out 1n specially designed concrete
or steel reactors, feature high-rate qualities and short
retention times which generally mean reduced con-
struction costs “Conventional” anaerobic treatment
includes application of for example anaerobic ponds,
1t has been applied successf{ully since long but requires
much longer relention Limes.

The application to more dilute domestic waste
water appears to be restricted to the relatively warm
sewage, up to now 20 °C seems to mark the lower
practicable limut.

Anaerobic waste water treatmen( can become an
attractive alternative because
— under tropical climatological conditions dduted
waste water like sewage can be digested efficiently, as
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has been shown on a pilot scale. This positive effect
becomes less pronounced n temperate climates, or in
climates with extreme low temperatures for prolonged
periods (mountainous areas, deserts). Figure 1.4 pro-
vides a world map indicating the regions where effi-
cient anaerobic treatment s likely to be possible
(white central area along the Equator), as well as the
regions where 1t becames less obvious but still pos-
sible due to under-optimal ambient temperature ranges
(shaded areas), 1t should be noted however that, par-
ticularly if the reactor 1s well insulated (e.g when the
reactor lies below ground level), the day-average
sewage temperature is a more correct predicting pa-
rameter than the air temperature Most less industrial-
1sed countries fall in the reglons with favourable
climate; exceptions are probably mountainous areas
n northern India, Nepal, some parts of South America
and Africa as well as parts of P.R. China. These areas
however do not represent a major share 1n terms of
population,

— process experience on demonstration scale shows
a considerable process stability as well as flexibility to
absorb shock loads and adapt to abnormal conditions;
— despite lower remloval efficiencies than can be
achieved by aerobic treatment, anaerobic treatment
may play a major role mn overall reduction of pollul-
ants, notably BOD, in order to improve the BOD
removal efficiency ail anaerobic post-treatment may
be useful,

— high volumetric loadings and the absence of major
mechanical equipment indicate economic advantages;
— significant lower sludge production rates reduce
the costs for sludge treatment/disposal, the sludge 1s
well stabilized.

The above remarks pertain to anaerobic reactors fea-
turing one reaction chamber Recentexperiments indicate
that with a two-stage or three-stage reactor higher
treatment efficiencies can be obtained.



Figure 1.4  World cimatic zones based on climate map in the Time atlas of the World Anaerobic sewage treatment is definitely possible in the
equatonal zone within the striped lines because af generally high ambient (sewage) temperature Anaerobic sewage treatment is probably feasible
In the grey-shaded areas (usually a sufficiently elevated sewage temperature). In white areas t may usually prove too expensive compared with
other treatment methods.

Between the smped ines Climate A, rainy climate with no winter, average temperature In coldest month above 18°C. Grey-shaded areas Chimate
Bh, dry chmate, all months above 0 °C Subtropical and fropical deserts Climate Ca; Humid, subtropical Coolest month average above 0°C.,
warmest manth above 22 °C,

uoranpoy)



Wasle Water Trealment Technologies

Table 1.2 Brief overview of existing waste water and sludge treatment technologies

1.2.a  Physical treatment (usually in conjunction with other treatrment)

mectcot W r

Rough screening

Sedimentation (setthng) gritremoval, primary sedimentation, clarfication, secondary
(biomass) sedimentation

Flotation

Filtration (on sand or granular active carbon bed)

Ultrafiltration (on membranes)

Straining

E— g ma e g Ll T

1.2b  Aerobic {micro)biclogical treatment

Processes with suspended biomass
Activated sludge treatment with- surface aeration
- compressed alraeration
Oxidation ditch {carousel)
Phostrip process
Aeratedlagoon -
Facultative pond (oxygen provided by diffusion and via algae)
Facultative pond with floating aquatic macrophytes (FAM), reed, fish, etc.
Nitrification process -
Biological phosphorus removal

Processes with attached-growth (immobilized) biomass
Tnckling filter

Biological rotating disc (RBC, biodisc), rope contactor

Slow sand filter, intermittent soil infilfration

1.2.c  Anaerobic {micro)biclogical treatment

. = PO, -L.< =i Al

Processes with suspended biomass

Up-flow anaerobic sludge blanket process (UASB)
Anaerobic contact process

Anoxic denitrification

Processes with attached-growth (immobilized) blomass
Anaerobicfilter

Fluidized/expanded bed process (1 a. AAFEB, fludized sand carrier)
Anoxic denitrification




1.2d  Physical-chemical treatment

Coagulation/flocculation
Stripping/desorption of gases (e.g ammonia, hydrogen sulphide)
Adsorption on active carbon
lon exchange
Oxidation with oxygen, ozone, chlorine, chiorine dioxide, sodium permanganate, etc
Distinfection with - chemicals (mostly chlorine)
- ultra-violet rays (sunlight)
- silver, copper ions
Breakpoint chlorination to remove ammonium

1.2.e  Treatment of excess sludge

Phystcal thickening
Stabilization/digestion. - aerobic by prolonged aeration
-anaerobic
Disinfection - heat treatment by aeration
- heat treatment by external heating
- ime treatment (high pH control)
Re-use as fertihzer, in liquid or dried form
Dewatering on sand bed, in belt sieve press, in presdgure filter, in centrifuge
Tipping (only in dned form)
Incineration (only in dried form)
Composting (in combination with solid refuse)

1.24  Typical on-site technologies

Dry - pitlatnine
- vaults, buckets
- composting tollet
Wet - leaching cess-pool with percolation nto the soil
- septic tank with percolation bed -
- up-flow anaerobic sludge blanket (UASB) with percolation
- ditto, but with supernatant drained above ground
- small fish pond

1.2.g  Natural systems

- Overland flow
- Use asimgation water, aquaculture, pisciculture
Welland system




2 Strategies and Determinants of Sanitation

2.1 Introduction

In order to assess the position of anaerobic treatment
processes in sanitaton programmes, the strategies
that assist in implementing the objectives of the sani-
tation. and the determinants that define the feasibility
of strategy, programme and technology must be 1den-
ufied. This will help to rationalize and simphfy the
complex sanitation “landscape.”

To realize a sanitation programme at minimum cost
several options are available. The technical charac-
teristics for classifying these options are:

— whether the sanitation option requires water for
proper performance and/or flushing/transportation of
domestic wasle flows; this leads to a basic division in
dry and wet systems;

— whether the samtation option relies technically
speaking on on-site or off-site treatment and/or dis-
posal of wastes; this may also lead to the distinction of
a third, intermediate scale.

Additional criteria of a technical and non-technical
nature are needed to judge which sanitation option 18
most appropriate 1n a particular situation

The determinants described in this Chapter assist in
selection of the opumal sanitation option for a specific
local situation Yet one should realize that in reality
each town or neighbourhood calls for an individual
sanration study, yielding probably a mix of appropri-
ate solutions to be applied simultaneously

2.2  Available technologies for human waste
disposal
2.21 On-site sanitation systems

a. Dry systems
Common dry on-site sanitation systerns without water
supply are pit latrines equipped with a squatting slab
or a pour-flush bowl. The faecal matenal (sludge)
digests anaerobically, 1t densifies and matures 1n the
pit, while the small amount of liquid (largely urine) is
allowed to percolate nto the soil

These on-site sanitation facilities commonly serve
one to a few households and function well, provided
population density and water use for flushing in the
toilet are rather low The structures have mostly a

permanent character; regular collection of sludge (once
every few years) 1s to be carried out when the pit 1s full.
This 1s usually carried out by individuals with simple
equipment and a small cart, or, in more wealthy areas
with sufficient access by special trucks

As mn-house water consumption is very low (typr-
cally < 30 L/cap.d), sullage production is minimal as
well; 1t finds 1ts way over the surface in gutters or
drams It finally may infiltrate into the soil or be
discharged into surface waters. Contrary to toilet waste
it does not contain faecal matter and 1s thus more or
less free of pathogens; on the other hand 1t represents
an organic pollution load (BOD) of the same magni-
tude.

In China, Korea, Japan, some parts of the Indochi-
nese subcontinent and India human excreta are tradi-
tionally collected at night (mightsoil) in a bucket placed
under the squatting slab. The bucket is emptied on a
daily basis by a cartage service and brought to a central
collection station The waste is anaerobically stabi-
lized and commonly reused as fertilizer in the rural
areas near the city or town. These systems however are
losing their popularity because of the public health
risks to the nightsoil collectors, and the growing
availabulity of industrial fertilizers (easier to handle by
the farmers, and having higher nutrient content).

It may be clear that high-rate anaerobic treatment
needs hiquid waste (sewage) and that 1t can therefore
not be applied on dry sanitation systems

b. Wet systems

The introduction of a piped water supply has created
awaste water problem The provision of water through
standposts or individual house connections resulted in
rapid increase of waste water production. Households
enjoying the convemignce of a piped water supply
therefore need an appropriate sanitation system to deal
with the increased waste water flows arising from the
use of pour-flush or cistern-flush toilets. On-site leach-
ing pits (soakaways), leaching trenches, or off-site
waterborne sewerage are suitable for the disposal of
liquid waste flows.

The use of on-site faciliies with local percolation
mnto the soil is bemng progressively reduced 1 urban
areas because of the polential public health impact on
ground water quality. Even in many urban residential
areas with a piped supply, the often cheaper shallow



Figure 2.1
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ground water 1s used for household purposes. Organic
and bacterial pollution of this resource by on-site
sanitation can to some extent be prevented by keeping
sufficient distance between shallow wells and the
santtation facility. This may prove too difficult 1n
densely populated urban areas. In addition, the sullage
can usually not be percolated, and 1s drained over the
surface to a receiving surface water. Sewerage and
possibly off-site treatment are then to be considered
the only technically feasible alternative to cope with
increased stress on the ground water

Sludge from the pit (septic tank, leaching pit) 1s
collected by individuals with a small cart, or with
vacuum trucks

2.2.2 Waterborne sewerage

The traditional approach to urban sanitation has been
based on experiences in industrialised countries where
the highest level of service (and convenience) has
been applied, namely conventional sewerage followed
by primary, secondary and occasionally tertiary treat-
ment These systems rely on relatively high water
consumption levels (> 100 L/cap.d) in order to carry
pollutants and settleable matter through the sewerage.
However, there are several reasons why such water-
borne systems are inappropriate for many low-income
urban communtities in developing countries.

— Conventional sewerage followed by treatment before
final discharge was in many typical cases found to be
the most expensive of all sanrtation alternatives in
terms of capital investment cost, except for very high
population densities (Table 2 ). Consideration of the
operation and maintenance cost would however
sometimes lead to a different conclusion

- Proper performance of conventional sewerage can
only be ensured if sufficient water 1s supplied (Caim-
cross and Feachem, 1983). At present this would
pertain only Lo 35% of the urban population mn the
world.

— In unplanned urban residential areas with high
population densities, laying of sewers may require the
demolishing of a substantial number of houses or
squatter areas, which often will be politically and
socially unacceptable.

— Sewerage is a complicated type of urban infrastruc-
ture, necessitating institutional. organisational and/or
technical capabilities that are often lacking

Recognizing the above limitations, conventional
sewerage-based sanitation is in many cases not the
most [easible solution resporsive to the needs of a
rapidly growing urban population i a developing
country, except for specific, well-organised and fairly
rich urban communuties. It 1s therefore not surprising
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Table 2.1 Indicative unit construction costs In US$/cap
(WHO, 1987)
Region Sewer Othersanitation
systems' options
Afnca 150 116
Americas 150 80
South East Asia 80.5 20
EasternMediterranean 480 345
Western Pacific 444 73
LDCs? . 150 120

' Excluded waste water treatment
¢ Least Developed Countrles

to see that in developing countries the urban coverage
by sewerage 1s still low, with figures between 10 and
20% remaining constant over the last decade (Table
2 2) In spite of the increasing demand for adequate
sewerage systems (as a result of increasing water
consumption levels and higher population densities)
little has been achieved as yet. It can be expected that
mn the future, sewerage systems, sometimes in an
adapted or simplified form, will be selectively intro-
duced in the financially stronger areas.

Table 2.2  Coverage (%) by conventional sewerage (WHO, 1987)
Region 1970 1980 1985
Africa 8 11 12
South East Asia’ 33 30 41

Latin America 36 42 41
Western Pacific a7 17 12
Europe g1 - 84

" Total urban sanitallon coverage

The figures show that sewerage coverage has never-
theless kept pace with the fast growth of urban popu-
lation. Figures must, however, be considered with
caution® storm water dramage systems with under-
ground conduits are sometimes also defined as sani-
tary sewer systems. Figure 2/ provides a spatial
averview of the relative contribution of sewerage to
urban sanitation i countries around the world

Waterborne sewerage with individual house connec-
tions s obviously not feasible in low-income urban
areas, although population densities are often exces-
sively high Often shared or public on-site facilities
can be 1nstalled at lower per capita cost. In spite of the



small per capita water consumption rates fairly large
quantities of waste water are produced at these facili-
ties. particularly when they are combined with a
public water supply tap. Connection of these point
sources of waste water to some kind of off-site sewer-
age system may be worth considering as the required
sewer length per capita can be 1ather small compared
to the situation with individual connections

2.3  Determinants of sanitation programmes

The factors that determine the selection of the most
feasible sanitation programme for a particular set of
conditions within defined objectives are summarnzed
in Table 2.3.

Table 2.3 Determinants of sanitation programmes.
Site conditions - physical environment (Section 2.4)
- urbanisation pattern
- exlsting service levels
Environmental feasibility {Section 2.5)
Institutional aspects (Section2.6)
Community Involvement (Section 2.6)
Socio-cultural aspects (Section 2.6)
Economic and financial aspects (Section2.7)

Technological factors - removal efficiency
- efficacy/process stability
-operational iequirements

The technological factors are treatment- and not pro-
gramme-specific, and will be discussed 1n the Chap-
ters 3, 4 and 5, when comparing the aerobic and
anaerobic treatment technologies.

Table 24  Site conditions of importance

Physical environment - climate,

- topography, soil stability;

- percolation capacity,

- hydrogeology / flooding,

- present and projected population,

- present and projected population

denstties,

- degree of urban planning,

Existing service levels- service levels for water supply,
sanitation, and other infrastructure

Urbanisation pattern

- o=
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24  Site conditions

2.4.1 General overview
Specific site conditions determine the technical feasi-
bility of on-site, off-site or intermediate-scale sanita-
tion schemes (Table 2.4).

2.4.2 Physical environment

Climatic conditions such as the frequency and inten-
sity of rainfall determine the requirements for drain-
age and/or sewage collection, Generally, the rainfall
pattern 1n tropical countries (high rain fall intensities)
economucally favour separate systems for storm water
and sewage disposal Flood control 1s important in
those areas where on-site sanitation systems may be
subject to flooding thereby creating potential public
health hazards.

The average temperature of sewage and its fluc-
tuations influence biological degradation processes
and destruction of pathogens. Especially anaerobic
degradation processes are favoured by increased
temperatures. Araerobic treatment of sewage will
definitely not be feasible below 12 °C, and sewage
temperature should preferably be above 20 °C This
explains the geographical distribution of potential of
anaerobic waste treatment as indicated in Figure 1 4.

Data on topography determine whether gravity
solutions for collection systems can be applied In flat
areas extra excavation and pumping may be required,

--thereby considerably adding to the capital as well as

running cost of off-site sanitation systems.

Soil stability affects the construction and site prepa-
ration works for on-site as well as for off-site syslems
Additional support structures may be needed to reduce
the risks of collapsing unstable so1l formations, while
excavation may on the other hand be prohibitively
cumbersome 1n areas with rock formations near the
surface

Soil permeability influences the iquid percolation
into leaching pits ‘or trenches and affects the run-off
coefficient for stormwater In case of poor soil per-
meability (less than 10 L/m?.d) excessive percolation
areas may be required, while percolation rates of over
50 L/m?.d for sewage and 100 L/m".d for sullage result
easily 1n ground water pollution problems.

Ground water tables close to the surface will
reduce the percolation possibilities for on-site sys-
tems For sewerage the high water nftltration (leak-
age) rate per meter of sewer length may result in
cortsiderable dilution of the waste water. This 1s par-
trcularly disadvantageous for anaerobic treatrnent
processes as they perform best for medium to high
strength waste.

Depending on the situation more aspects may need
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to be taken nto consideration such as soil composition
(influencing for example pathogen dissipation in the
ground) and potential risks for earthquakes which
both affect construction and destgn.

24.3 Urbanisation pattern

The majority of the urban low to medium income
population lives in townships, which range from
unplanned high density squatter areas, which usually
lack the provision of basic public services, to planned
housing areas where public services are more easily
made available. The prevailing urbanisation pattern
and type of housing largely determine the availability
of space for on-site sanitation/percolation systems and
the access possibilities for vacuum trucks to desludge
pits, tanks or vaults.

Asdiscussed in Chapter I, trends in demography in
developing countries indicate that especially urban
population grows rapidly i size. As a consequence of
increased population densities, the easy availability of
land for on-site sanitation systems gets reduced, while
the land costs rapidly increase. Moreover, on-site
disposal of increasing amounts of human wastes may
result 1n overstressing the environmental pollution
carrying capacity with consequent public health and
environmental hazards.

In general, economtes of scale can be realized 1n
terms of land requirements per capila (m*/cap) when
shared, communal or public sanitation systems can
be used. Shared and communal arrangements allow
individual in-house toilet facilities, bul convey the
toilet waste to a shared (by a few households) or a
communal (for 10 to 110 households) on-site treat-
ment facility. Public facilities combine toilets and
treatment in one small building, serving a small neigh-
bourhood These facilities can operate with on-site
effuent percolation, but the larger ones can be gradu-
ally upgraded with a transportation system for the
liquid supernatant to an off-site discharge or treat-
ment, In the latter case they can treat not only black but
also grey waste water

It 1s not easy to define at which population density
on-site sanitation systems become less feasible, but 1t
can be staled that waste percolation into the ground
will render on the one hand any local shallow ground
waler unfit for human consumption (unless boiled)

' Tolustrate this basic point, reference 1s mads to, for example, the recem
Indonesian five-year urban infrastructure plan (REPELITA V, 1989-1994) which
states that "areas with pepulalion densities between 150 and 250 cap/ha need
special care In deciding which on-sile disposal system 1s to be used Project areas
with over 250 cap/ha shall be classifled as densely populated and shall notuse on-
sile excrela disposal faciives™ ({UIDP, 1988) Whether his slandard approach is
financially feasible remains a matter of discussion, however

when density exceeds 150-200 cap/ha, whulst on the
other hand in more densely populated quarters ind;-
vidual on-site facilities may become less feasible
compared to off-site alternatives because of land use'

Both from a technical and a financial point of view,
on-site sanitation systems characterized by some but
limited sewer construction and very simple means of
disposal of pathogen contaminated water, can be expected
to be dominant for many decades to come This would
not only hold for low population density areas but also
for high density areas as low water consumption levels
in many residential areas do not yet allow for conven-
tional sewerage. .
2.4.4 Existing service levels
The existing service levels for infrastructural facilities
provided to residential areas refer to storm water
drainage, access roads, power and water supply and
human waste and refuse management.

Existing storm water facilities affect design and
possible application of sewerage systems Drains may
convey sullage at the surface, it 1s common engineer-
ing practice not to allow any black waste water or
effluent in the open surface drains, but in many (devel-
oping and industrialised) countries in reality many
septic tanks and leaching facilities discharge illegally
their supernatant into drains. Roads and footpaths
determine the access to on-site facilities for desludg-
ing as well as run-off coefficients for storm water

Table 25  Daly water consumption per capita as function of sarvice
level (IRC, 1986}
Type of Water Supply Water Consumption
Average Range
(L/cap day) (L/cap.day)

Communal water point

(e g well or standpost)

- atconsiderable distance 7 5-10
(> 1000 m)

- at mediumdsistance 12 10-15
(500-1000m)

Village well 20 15-25
walking distance < 250 m

Communal standpipe 30 20-40
walking distance < 250 m

Yard connection 40 20-80

- (tap placed In house yard)

House connection

- single tap 50 30-60

- multiple tap 150 70-250

———

\\\\



Siralegies and Determinants of Sanration

7/
vaste Ve
wvater / grey waste water
production /
(L/cap.d) /
/s
/
7
/ usa
/ .——i‘L—’J—/ black
50 7 waste water
/*__N
10 4
100 200
water consumption
(L/cap.day)

Flgure 22 Waste water production as function of water consumption levels (Data obtained from Feachem,
1983. Van der Graaf et a/, 1988, de Kruijff and Macoun, 1988, RIVM et al, 1988).
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Figure 2.3  Effect of water supply service level on sanitation selection (adapted from Veenstra, 1988)
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"wet” on-site off-gite crans-
systems| sanitation portation and
with leaching treatmant of
facilicies sewage

Figure 2.4  Matnx of sanitation technologies in function of water supply service level and population density
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drainage. Well organised solid waste collection 1s a
prerequisite for successful off-site sanitation as 1t must
prevent clogging or blockage of drains and sewers by
garbage uncarefully disposed of by the local commu-
nity.

The water supply service level directly affects the
feasibility of sanitation systems With increased water
supply service level the domestic water consumption
increases, as 1s illustrated in Tuble 2.5.

Commonly, existing sanitation facilities are up-
graded by the people themselves to pour-flush or
cistern-flush toilets to increase private convenience.
This results in the increase of toilet waste water
production from about 2 up to 40 L/cap d

The upgrading to wet sanitation systems leads to a
need for waler for flushing the wastes. In addition to
the increased toilet waste water, the sullage water
production may be even more affected by the n-
creased water consumption rates as indicated 1n Fig-
ure 2 2.

Wilh increasing water consumption it becomes
more difficult to dispose of the higher waste water
flows on-site. Therefore intermediate-scale or off-site
sanitation may becomne more feasible Figure 2.3 may
be mdicative of a landscape of sanilation alternatives
as a function of water supply level

Integrating the effects of population density and
water supply service level results 1n a landscape ma-
trix indicating the potentials for on-site, mntermed:ate-
scale and off-site systems (Figure 2 4).

2.5 Environmental feasibility

Water resources must be protected against pollution or
contamnation, especially when they are expected to
recerve the waste water from large densely populated
areas, in order to safeguard public and environmental
health. Also other water uses, for example wrigation,
need consideration and may influence the sanitation
strategy.

2.5.1 Surface water protection
As for surface water, most countries have established
wasle water discharge standards mspired by European
and American experience, yet 1 most developing
countries they are not (fully) enforced given the consi-
derable technological, institutional and financial ef-
forts implied Despite this apparent lack of hard guide-
lines, there is little doubt that one should take a long-
term perspective, anticipating increasing concern for
water quality management.

Typical effluent discharge standards to be met by
Dutch waste water treatment plants are BOD < 20 mg/
L and TSS < 20 mg/L Depending on the receiving

surface waters, more stringent quality criteria can be
set with respect to BOD, TSS and nutrients If pubhc
health considerations are to be incorporated in the
quality criteria, the European guideline for recrea-
tional waters can be indicative. In Chapter 5 more
detailed discussions will focus on quality criteria to be
mel 1n developing countries

National governments will generally tend to set
discharge standards on the safe (stringent) side, as
long as these standards are not officially agreed upon,
or enforced, 1t 1s unlikely that local government or
regional authorities will be ready Lo mvest heavily 1n
waste water treatment to achieve some “intermediate”
degree of purification They will either postpone deci-
sions, or prefer proven approaches Innovative treal-
ment technology should therefore be able to fully
replace proven options, or form part of an hybrid
solution whose efficdcy cannot be doubted

The purification (removal) efficiency of aerobic and
anaerobic reactors 1n the context of this study can be
described by following water quality parameters

— Oxygen consuming substances: usually expressed
as BOD (5 day, 20 °C), COD, and NOD, ths class of
compounds 1s of primary concern as they affect strongly
the vulnerable oxygen balance of receiving water
bodies,

— Suspended solids, expressed as Total Suspended
Solids (TSS or SS), and Settleable Solids, these solids
increase water turbidity, and may settle out in the
recerving water,

— Nutrients,: ¢ N and P containing compounds, both
may create problems if discharged 1nto slowly flowing
water (eutrophication}, but on the other hand they are
valuable components 1n re-use schemes. N containing
compounds, if in reduced form (Kjeldahl-nitrogen or
ammonia), will be slowly oxidized by nitrifying bac-
teria in surface water :exerting a high oxygen demand
(NOD):

— Pathogens can be roughly divided in viruses, bac-
teria, protozoae (especially 1n the form of persistent
cysts) and helminths (of which the ova are of particular
concern). These categories do have their own specific
removal mechanisms in treatment plants.

Table 2 6 lists a selection of Asian. African and
South American effluent standards They come close
to what 1s practised 1n industrialised countries and are
usually based on the same considerations, those stan-
dardsare therefore fairly representative for most coun-
tries in the world.

The above standards xspemfy the quality in terms of
oxygen consuming substances In general, typically
three discharge standard classes with increasing efflu-
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Table 2.6  Effluent standards in 5 representative developing countries Indicated are maximur allowable values
" i#*
Country BOD NH,* + NH, TSS ) pH Temp
{mg/L) (mgnL) (mglL) - - {°C)
r 4 - 4_
India’ 30 - 100 5530 -
Tanzania? 30 10 no sludge 6.5-8.5 -
formation
Brazil® 60, or - settl sol. i 5-9 40
80% removal <1mlL
Thailand* 20® Nkj < 40 30 . 59 40
Philippmes®
Class AA 30 - 50 6-8.5 40
Class D 50 - 75 6-8.5 40
'l Py a = =

For domestic and most Industnal waste watei
Minisiry of Health, Aprll 1977
Stale of Sao Paulo May 31, 1976

2
3
* Dralted standards by National Environmental Board, Nl stands for K|eldah!-nitrogen, covering alsa ammanlacal N
+
L]

1982, Class AA recelving waler intended for water supply with mimimal treatment, Class D recelving water suitable lor Irmigation and Industrial purposes.

Depends on size of polluting unit

ent quality are used, the average cost involved to meet
these standards 1s for each increased quality class
much higher:

(1) BOD <50 mg/L,

(1) BOD < 20 mg/L;

(iii) BOD < 20 mg/L, and > 75% nitrification.

In addition, a fourth quality objective 1s to restrict the
discharge of nutrients to prevent eutrophication of the
receiving water body, by eliminating nitrogen, phos-
phorus, or both This “‘tertiary” treatment 1s very sig-
nificantly adding to the treatment cost

(iv) BOD <20 mg/L., > 75% mitrification, and removal
of NO, by biological denutrification, and P removal to
typrcally 0 5 mgP/L.

2.5.2 Ground water protection

On-site santtation may create considerable pollution
of shallow ground water Percolation systems do not
ensure pathogen removal, as micro-organisms can
travel vertically 10 to 30 m nto the ground, especially
in areas with high soil permeabulity. Once reaching the
ground water table, distribution of pathogens i hori-
zontal (flow) direction can be considerable Shallow
water wells are to be carefully positioned at sufficient
distance from the percolation point to protect the well
water. This cannot be realized any longer at population
densities above 150-200 cap/ha. Shallow well water in
densily populated quarters can also become contami-
nated because of inadequate well protection at the
surface, the use of contammated buckets, and the
infiltration of uncontrolled run-off flows It must be
emphasized once more that any serious health impact

can only be realized when safe water supply, adequate
waste disposal and a general public awareness of the
related health effects are ensured

A second ground water pollution type provoked by
black waste water Percolanon concerns nitrate accu-
mulation Nitrate level in drinking water should not
exceed 50 mg N03'/L (WHO, 1984), but 1n congested
areas it easily exceeds this threshold, as reported in
several cases.

Poor operational control of pits or septic tank
systems frequently leads to irregular desludging serv-
1ces. As a result, soakaways and leachmng pits get
clogged and pits and tanks overflow mtonearby drains.
This leads to pathogens being conveyed with the
drainage water as their concentration has hardly been
reduced 1n septic tanks or leaching pits Although the
epidemuological implication s still unclear, open drains
with contaminated water do not necessarily represent
adirecthealth hazard provided they are well “protected,™
r.e not accessible, and Iined. Common engineering
practice however, aims at full sewerage.

2.5.3 Other environmental concerns

Secondary issues that may occasionally limit the
applicability of sanitation systems are odour nuisance,
noise hindrance, inect breeding, safety risks, aerosol
formation, and landscape spoiling.
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2.6 Institutional development, community
Involvement and soclo-cultural aspects

2.6.1 Institutional development

In order to be successful, water and sanitation projects
require an institutional framework that allocates au-
thority and responsibility for planning, marketing
(consumer relations). design, constriction, operation
and maintenance, and monitoring for the schemes A
poor or incomplete nstitutional framework prevents
salisfactory performance of any sanitation technology
even when they are, technically speaking, properly
designed and constructed. Too often no adequate division
and allocation of responsibilities at community, mu-
nicipal or central government level 1s provided result-
ing 1n malfunctioning and rapid deterioration of the
systems

In general, the mstitutional requirements increase
with the size and complexity of the programmes but
not necessarily with the unit scale of the applied sani-
tation technologies.

Off-site or intermediate-scale programmes 1n-
volve considerable public investment and operation
and maintenance (O & M) expenditures. They tend to
be demanding 1n their technical as well as their mana-
gerial and marketing? components They also require
the commitment of different levels of the government
and pertain to different sub-sectors that need to coop-
erate. Different aspects will be discussed in more
detail in Chaprer 5 when dealing with the performance
of anaerobic reactors

Although the larger part of the investment is off-
site, considerable work needs to be done at the house-
hold level (house connection, grit and fai trap, etc.). As
a consequence, off-site programmes are also very
sensitive to the commitment of the communities that
are asked to connect to the network

2.6.2 Community involvement

The only guarantee that implemented sanitation meas-
ures will be successful and lead to improved public
health, is that the stimulus comes from the population
1tself, and that the population 1s well aware of the need
of the measures.

On-site sanitation schemes and facilities may be
completely or partly managed and financed by the
users themselves. The role of the government authori-
ties as well as that of non-governmental organisations
may be important nonetheless to promote sanitation,

? Marketing covers for a large part the relationship batween the project and its
beneficianes Itimphies / a the *selling™ of the project to the community, but equally
the adjustment of the project to its wishes and acknowledged needs

for example through public information campaigns, to
assist technically (desludging services), to finance
local communities that agree to participate 1 pro-
grammes, and in general to orient initiatives and
monitor progress. Effective communication between
the community and its spokesmen at one side, the local
official representatives, and the different authorities at
the other side, 15 a prerequisite. For ensuring long-term
satisfactory performance of sanitation investments,
community mnvolvement can take various forms, e.g.
the consultation with government during the 1dentifi-
cation and planning phase, the setting-up of a local
structure (agreement, institution) that will take re-
sponsibility for the technical and/or financial manage-
ment of the project once finished, and the provision of
labour (self-help) during construction, operation and
maintenance which helps to lower financial mvest-
ment cost ’

An ncreased degree of sharing (more than a few »

households participating in the ownership of a facil-
ity) means a lower degree of individual commitment
from an owner, that can however be compensated by
a higher level of local institutionalisation. Such 1nsti-
tutionalisation 1s more efficient because of a scale
effect and because 1t allows for some specialisation.
Solid waste collection provides a good analogy- as
long as each individual household is responsible for its
own garbage transport and disposal, the garbage tends
to become dumped in the drain near the house, 1f
however, the community has been made aware of the
mmportance of appropriate garbage removal, it may be
willing to contribute financially and in kind to a joint
effort (assisted by government) to keep the environ-
ment clean This is of relevance to sludge removal
from on-site sanitation facilities and its disposal, which
are classic weak spots in those programmes If on-site
facilities are shared, their owners may appoint (and
pay some money to) a caretaker. Such appointees are
easler to supervise and tramn by local government, and
can be better held accountable.

A critical step in the project cycle (and depending
on the socio-cultural background of the community 1t
may be the crucial one) 1s creating a high degree of
awareness within the community of the advantages of
the sanitation programme; this must lead to accep-
tance of the idea and commitment of the group to
support the infrastructure. Commitment involves the
willingness to pay and to contribute in kind to the
construction and mamntenance of the facilities. Com-
mitment also raises the sense of ownership and re-
sponsibility of the community. This commitment can
be notably fostered through preliminary mtensive
mformation and marketing campaigns, and involve-
ment of the communily 1n the process of planning,



selection of certain design criteria and the organisa-
tion of the wstitutional set-up that will manage the on-
site facilities. Such a process may take a long time
before the actual work can begin In this process
mediators or facilitating third persons, who are know-
ledgeable and are trusted by the community, are instru-
mental in enhancing communication.

A major task of the mshtution is to collect and
manage the financial contributions (fees) and charges
In the case of off-site sanitation the mvestment is
primarily carried out by the government authority;
charge collection is often taken care of by the same or
a related authonty (e.g the water supply company).

Connection fees are to be paid per house connec-
tion. A common problem 1s that in spite of the exis-
tence of a sewer people refuse to connect their houses
because of the financial consequences mnvolved. Bet-
ter practice may then be to collect financial contribu-
tions through the water bill via the water supply
company.

The mnvestments at the on-site level can be the
responsibility of erther the authority or the commu-
nity; 1n both cases an appropriate charge collection
institution needs to be mnstalled In the case of on-site
sanitation, investment is primanly the (financial) re-
sponsibility of the house owner or the community.
This leads to a different mstitutional framework as 1s
illustrated by Orth (1988) in Figure 2.5 If the commu-
nity has taken the inibiative, an institutional set-up
needs to be developed capable of collecting the contri-
butions and managing the (unds in a sound manner

Table 2 7 gives a brief overview of the possibilities
for community involvement.

Maximum PUBLIC SECTOR
Seweroge Small B Central government [ ]
ore ’
70% Sewerage Municipaiity 222
60% Minimum
Sewerage
28% Septic
0% Tank
vz 4% 2% 3%  ow
30%
40%
72%
PRIVATE SECTOR =

Figure 25  Distribubon of capital funding between the public and
private sectar for four samitation options for & Thai case (Orth, 1988).
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Table 2.7 Identiflcation of forms of community mvolvement. The
Table reckons with 4 gntities. the community at large (comm), ifs repre-
sentative (rep), a mediator (med) and an appointed caretaker (app)

Project scale

Activity

On-site  Intermediate Off-site
Creatingawarene3s rep,med rep, med rep, med
Creatingcommitment rep,med  rep, med rep, med
Planning consultation comm, rep comm,rep  comm, rep
Providing labour
- forconstruction comm comm (comm)’
-forO&M comm comm (comm)’
Management
- technical app app -
- financial rep rep rep

' As far as infrastructure 1s pravided at household scale

2.6.3 Socio-cultural factors

All studies addressing samitation in developing coun-
tries affirm the jmportance of social and cultural
factors as “pull factors.” The operational recommen-
dation generally made 1s to mcrease the community’s
motivation and commitment, and to better tailor the
programme to 1is,acknowledged preferences by let-
ting 1t participate in the planning, selection and possi-
bly management stages.

Specific issues to be taken into account are:

— local customs mn household affairs and social struc-
ture; religious considerations;

— the general preference for private, in-house toilet
facilities, rendering public toilets for a small neigh-
bourhood often inappropriale because unsustainable
In operation,

— preference for convenience, privacy, location and
aesthetic features such as colours, smells, materials
used and design aspects,

— 1mportance of local autonomy and confidence in
political and technical authorities,

— experience with and willingness to undertake such
mitiauve joimntly, and in cooperation with local or
central governmeng,

— preference for the type of anal cleansing material.

It 1s not easy to ensure that the potential users are
satisfied with the physical form in which the on-site
sanitation systems come. When shared or public fa-
ciltties are considered, decision making involves many,
and carries the rish of fundamental disagreements
with regard to financial implications (notably 1f linked

s
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or not linked (o income categories)

Also if off-site technology with sewerage is consid-
ered. the intended beneficiaries must be first commit-
ted to connecting to the system, as well as to proper use
and paying their fees.

27 Financlal and economic aspects

271 Overview

The financial and economic aspects of sanitation
projects are similar to those of other infrastructure
projects, but are often more difficult to adequately
quantify Consequently, financial and economic analy-
sis has been less powerful in determining the viability
and priority of such projects This is important, as the
role of such analysis is to provide a clear context 1n
which decisions can be made Inorder to minimize this
problem, 1t is essential that the proponents of a project
have a clear understanding of the potential and use of
financial and economic analysis. This 1s especially the
case when “new” technologies, for example anaerobic
treatment, are being advocated.

There 1s a clear distinction between the roles of
economic and financial analysis Economic analysis
looks at the proposed project from the point of view of
the economy or soctety as a whole, while financial
analysis examines the proposed project from the view-
point of one of the organisations/actors in the project,
usually only the implementing organisation

Financial aspects of sanitation projects are opera-
tionally more important. The actual amounts of money
expenditures and revenues are usually determinants of
the sustainability and acceptability of a project. Capi-
tal expenditures, unless subsidized, become debt serv-
ice expenditures, dependent on financing terms and
conditions Operauons and maintenance (O & M) ex-
penditures are dependent on the efficiency of O & M
systems and on inflation Revenues depend on tanffs
that are affordable and acceptable, and on the ways
taniff collection and inflation rates are adjusted

2.7.2  Financlal analysis

The financial analysis of a project requires the deter-
mination of actual money expenditures and revenues,
financing arrangements, and prices/iariffs over time
These expenditures and revenues are set out over time
in a cashflow format.

Using Cost Benefit Analysis (CBA) techniques
this format allows the determination of project “prof-
itability™ and the financial “return” on the project This
process 1s useful for several reasons. These are:

- A comparison between projects m the same sector
(for example, different types of sanitation projects) 1s
possible, and this comparison can be extended to

compare among different sectors (water supply versus
sanitation projects for example) It should be noted
that financial analysis does not compare the relative
benefits of the two projects to the society, but will
often explain the attitudes of the implementing agency.
For example, a municipality which has 1ts capital costs
for water supply subsidized, but does not have a
subsidy for capital casts of sanitation, 1s unlikely to
prefer the laiter mnvestment.

— Times of critical cashflow (when revenues and
expenditures are simular) can be idenufied and provi-
sion made for such risks.

— The targets for such things as expenditure on wages,
number of users, levels of tanff, etc., are made explicit
and can be used to (i) examine the adequacy of the
institutional structures which must achieve these
targets,and to (11) monitor the performance of these
structures. The target levels and timing of expendi-
tures and revenue enhancement measures (higher taxes
and/or fees) depend also on political and social ac-
ceptability, and this can be better gauged when more
concrete estimates of targets are available.

Where revenues dre uncertain or where certain
levels of outputs must be attained, Cost Effectiveness
Analysis (CEA) can be employed with the same
benefits as outlined above for CBA. The effectiveness
of a project can be measured by comparing the cost of
various projects which will achieve a given set of
quantifiable outputs — not necessarily revenue. CEA
establishes the least costly method of achieving a
given project outcome.

Financial CEA 1s used in this report to measure sani-
tation affordability for households.

2.7.3 Economic analysis
Economic analysis tries to examine the total costs and
total benefits to society over time. While costs usually
can be 1dentified and quantified, benefits in terms of
public health improvement or pollution control are
often less clear. One way out 1s to introduce “socjal
costing” m which social benefits are quantified in
economic terms When the total costs and total bene-
fits can be estimated in money terms over time, a Cost
Benefit Analysis (CBA) can be undertaken

When benefits are less certain, Cost Effectiveness
Analysis (CEA) 1s used. This technique is particularly
useful 1n comparing the various sanitation techniques,
and a modified version of this technique has been used
in this report The techniques used are the Total Annual
Cost per Household (TACH), and the capital cost per
person equivalent (cap). These techniques determine
the least cost sanitation options in terms of annuitized
cost and present values respectively (See Appendix 2).
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Money values of costs and benefits are not necessar-
ily the best indicator of the real costs and benefits to
society. In order to overcome this problem, these
money values are modified to reflect actual costs and
benefits to the society, and the madification is achieved
using a technique known as “shadow pricing.” This
technique will be discussed and applied 1n Chapter 4.
2.8 A preliminary “landscape matrix" with
strategles and determinants

The different options in sanitation programmes suited
for different situations create a landscape with mches
in which specified samitation sytems seem to be most
feasible. With the key determinants as criterta the
feasibility of sanitation options can be assessed by
Table 2.8 where lypical features are indicated assum-
ing good design and proper care are guaranteed

The determinants pertamn to

— technical performance and effectiveness of the
technology,

— the economic and the financial feasibilites,

— the institutional feasibility, and

- thedegree of community involvement that is needed
or can be reached to achieve success.

In addition the choice with respect to the waste water
collection part will define whether the sanitation pro-
gramme will be basically on-site or off-site.

The determinants that were described in this Chap-
ter can be applied to assess the feasibility of a treat-
ment technology too.

From the “technical” determinants it appears that
technology allows a government to develop strategies
that aim at specific objectives:

— control of environmental pollution aiming at differ-
ent water quality levels (namely four — see Section
2.5.1),

— improvement of public health, by keeping human
waste containing pathogens as much as possible away
from people,

— protecting or not the shallow ground water from
contamination by percolating from on-site waste col-
lection and “treatment” facilities, shallow ground water
being a major source for consumption water.

In Chapter 7 a more comprehensive matrix will be
established 1n which strategies and determinants are
further outlined, tpcorporating the considerations of
the following Chapters.

Table 28  Comparative analys's of sanitation programmes (on-site, mtermediate-scale, off-site) by major selection determinants The marks
ndicate attraction (in terms of performance, applicability or cost) of the programme, they have only a relative meaning to allow comparison within
one row
o - 1 1 P
On-site Intermediate-scale Off-site
— F N 1 s
Waste water- black grey black grey grey
Determinant (Strategy)
» ~ o 3 =
— Technical
- BOD removal - 0 0 ++ ++
(Environmental pollution control) o
- Pathogenrem 0/(++) O/(++)! 0/+ 0/+ 0/+
(Public health improvement)
- Process stability + 0 + + ++
— Economic and financial ++ 0 ++ +H++ -
— Institutional O/++ 0/+ 0 0 -
— Community involvement ++ ++ ++ ++ -

' Provided percolation of supemnalant Into sail functions well, and removed sludge is disinfected

Legenda
++ high efficlency easy, very low cost
+ good efficiency, relatively easy, reasonable cost
0 fair efficiency. nol very easy. higher cost
poor efficlancy, relatively difficult, higher cost



3 Anaerobic Treatment of Domestic Waste Water

3.1 introduction

Anaerobic digestion processes occur in many places
where organic material is available and redox poten-
tial 1s low (zero oxygen) as in stomachs of ruminants,
in marshes, sediments of lakes and ditches, municipal
landfills, or even sewers.

For a long time these processes have been used by
man for the stabilization of wastes and for the produc-
tion of methane, a valuable source of energy. Tradi-
tional Chinese and Indian digesters, septic tanks (sice
1895), Imhoff tanks (since 1905), anaerobic ponds and
sludge digesters are typical examples. These tradi-
tional systems are 1n the context here defined as low-
rate systems because they are not based on an under-
standing of the underlying biotechnological processes
and because they require long digestion times and thus
large volumes.

More recently, since the seventies. attempts to save
energy and land have put emphasis on anaerobic
treatment as an advanced biotechnology. High-rate
reactors applying fluidized bed, anaerobic filter and
upflow anaerobic sludge blanket (UASB) techniques
have evolved and are in many instances successfully
applied. These reactors can retain high concentrations
of active biomass, thereby reducing required retention
times. They provide an improved contact between the
micro-organisms and the substrate. These reactors are
most suitable for the treatment of a range of high
strength industrial waste waters, especially those which
are highly biodegradable Picture I shows an anaero-
bic reactor treating the effluent of a starch factory in
the Philippines.

For several years now research has been carried out
on the treatment of domestic waste water in these
high-rate anaerobic reactors. Research 1n Brazil,
Colombia, India and Indonesia demonstrated that under
tropical conditions with sewage temperatures above
20 °C, anaerobic treatment may be economically
feasible. In moderate climates with sewage tempera-
tures below 20 °C, the feasibility of anaerobic treat-
ment of domestic waste water 1s at the present state of
the technology questionable.

3.2  Anaerobic microbiology

Anaerobic treatment involves biological processes in
which organic material 1s degraded and biogas (com-
posed of mainly methane and carbon dioxide) 1s pro-
duced. These processes take place in the absence of
oxygen. Usually the anaerobic pathway of degrada-
tion of organsc matter is divided into fout steps (Figure
3.

1 Hydrolysis )

Proteins, fats and polymers are converted to mono-
mers by exo-enzymes of micro-orgatiisms. This step is
in most cases, notably with sewage as substrate, rate-
Iimiting for the overall process and s very sensitive to
temperature

2 Acidification ]

Formation of alcohols, volatile fatty acids (VFA), and
carbon dioxide.

3. Acetogenesis .

Formation of acetic acid, hydrogen and CO,.

4. Methanogenesis

Formation of methane from carbon dioxide and hydro-
gen, and acetic acid.

100 % COD
PARTICULATE ORGANIC MATERIAL
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Figure 3.1  Anaerobic degradation pathways. Percentages refer ta
net substrate flow {degradation minus cell formation) expressed in COD
equivalents (Gujer and Zehnder, 1983)
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For anaerobic bacteria this process 1s energetically
very mefficient. A large part of the energy residing in
the substrate 1s liberated in the form of methane and
therefore anaerobic bacteria grow relatively slowly
compared to aerobic bacteria. At the same time this
aspect 1s the most mmportant feature of anaerobic
degradation processes as a waste treatment process,
namely:

— the energy input of the system is low, as no energy
is required for oxygenauon,

— the degradation of waste material leads to the
production of a valuable source of energy, namely
methane,

— the slow growth of the bactena results in a low
production of excess sludge,

— the slow growth of the bacteria also means a low
nutrient requirement.

The employment of high-rate anaerobic reactors re-
quires some process control, since the methanogene-
s1s is sensitive to the pH- a low pH inhibuts the process.
If organic loading suddenly increases, and 1if sufficient
chemical buffer capacity would be lacking, the acidifi-
cation can speed up and lower the pH, thus stopping
the methanogenesis; lower fatty acids will accumu-
late. The reactor may then become ureversibly dis-
turbed and needs renewed start-up.

It 1s claimed by some research groups that the
process stability can be enhanced by separating the
acidification phase (in an “hydrolysis reactor”) from
the methanogenic phase in two separate reactors. The
first reactor would also act as buffer basin to accomo-
date sudden load changes, and as early warning in case
of arrival of toxic compounds in the influent. The chief
advantage of this process layout would be better bio-
technological control over the two separate stages and
hence a more stable and reliable operation.

The risk for process instability due to acidification
will be minor in the treatment of domestic waste water,
as 1t is relatively diluted and well buffered

3.3  Anaerobic reactor types

In this Section anaerobic treatment systems that are
currently used or are investigated for the treatment of
human excreta or domestic waste water will be briefly
discussed. The UASB reactor will be emphasized as
this system is developed i The Netherlands and is
currently the most often applied. The Directorate-
General for International Cooperation (DGIS) has
supported several studies to investigate the feasibility
of its application on sewage 1 tropical countries

3.3.1  Low-rate applications
Well-known low-rate applications of anaerobic proc-
esses are.

Biogas digesters. In parts of Asia, especially in China,
Korea, Nepal and India, small reactors are used to
digest crop wastes, cow dung, piggery waste, and
sometimes also human waste The mamn goal of this
practice is to produce fertilizer These reactors are only
applied in rural areas, and are integrated in the agricul-
tural system, the material being a good fertilizer and
pathogens free after digestion for 20-30 days.

Septic tank. The septic tank Is a simple device to
remove a large part of the settleable and organic matter
from the black (someumes grey) waste water from one
or several households. It consists of a closed tank in
which sedimentation takes place Sludge degrades
anaerobically and thickens Usually it is applied on
small scale, for up to 50 households or at public
buildings such as schools and hospitals. Retention
time of the liquid is in the order of 1 day The effluent
still contains a large part of the BOD and pathogens.
See also Appendix 1.1

Imhoff tank The Imhoff tank is a tank horizontally
divided into two compartments, and meant for domes-
tic sewage (pre-)treatment In the upper chamber sedi-
mentation takes place, and the sedimented solids flow
through a slot in the bottom into the lower compart-
ment, where it accumulates and 1s digested anaerohi-
cally. Retention time of the liquid 1s in the order of a
few hours; sludge 1s removed typically every 20-30
days. Since sedimentation 1s the only treatment step,
effluent quality is Jow. On the other hand little equip-
ment is necessary, and maintenance requirements are
mimimal. Imhoff tanks can be useful for small commu-
nities, where a high treatment efficiency s not essen-
tial, and where continuous supervision is not avail-
able

Anaerobic ponds (lagoons). These ponds are inte-
grated n waste water (reatment systems, where an-
aerobic ponds, facultative ponds and possibly also
maturation ponds are used in series. Effluent quality 1s
medium Liquid retention time 1s in the order of
several days. Design and operation are relatively simple.
See Appendix 1 3.

3.3.2 High-rate applications

The regularly organised international symposia on
anaerobic treatment of iquid waste show the sieady
progress being made through research and develop-
ment of high-rate anaerobic reactors (e.g. Switzen-
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baum, 1985; Anaerobic Treatment, a Grown-up Tech-
nology, 1986; Anaerobic Digestion, 1988). Reactor
types that are applied in practice

UASB-reactor. The Upflow Anaerobic Sludge Blan-
ket process 1s currently applied for several high-
strength industrial waste waters (for example sugar
and starch industries, breweries and paper mills) Ina
UASB reactor the waste water flows upward through
a layer of anaerobic well-settling sludge. At the top of
the reactor a phase separation between gas-solids-
liquid takes place (Figure 3.2). An estimated 150
reactors have been constructed for industrial effluents
since the mid-seventies.

Since 1986 the system has been further developed
to treat also domestic waste water Currently several
small (100-500 m*) reactors are in operation in Colom-
bia. In Kanpur, India, a 1200 m* UASB reacior for
domestic waste water was started up in April 1989
The UASB technology has also been modified for use
as an on-site technology. Two of such reactors (vol-
ume: 860 L) have been tested in Bandung, Indonesia
(Figure 3.3). See alsp Section 3.5.

Anaerobic filter. Anaecrobic filters are used 1 an
upflow or downflow mode. The upflow type appears
to have a better removal rate of suspended solids The
anaerobic filter is successfully commercialized and
applied on full scale for the treatment of certain types
of industrial waste water. Approximately 50 reactors
have been built world-wide for industrial waste water
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Figure 3.2 The Upflow Anaerobic Sludge Blanket reactor. The
striped area represents the sludge blanket which is kept suspended by
the upflowing influent Gas 1s taken out via the upper part in the gas
collector.

It 15 controversial whether the process is also suitable
for domestic sewage,.though work in India at the
National Environmental Engineering Research Insti-
tute, Nagpur, suggests interesting opportunities. Al
the Bombay Dadar waste water treatment plant a
demonstration reactor using a combined filter and
upflow mode has functioned satisfactorily for a period
of time with the relatively long hydraulic retention
time (HRT) of 12 h (Joshi ez al , 1987).

Anaerobic contact process This is the anaerobic
equivalent of the activated sludge process 1n the sense
that the sludge 1s completely mixed with the waste
water 1n the contact tank, and 1s separated in a sedi-
mentation tank More than 45 of these plants have
been built for treatmept of industrial waste water all
over the world, most of them according to the patented
ANAMET process )

The fluidized bed reactor was i a. developed and
implemented on full scale by Gist-Brocades in Delft,
The Netherlands, for its industrial waste water. Other
development took place in the United States by Ecolo-
trol, where industrial and domestic waste water have
been treated. Sanz and Fdz-Polanca (1990) report up
to 70% COD removal at 15 °C at laboratory scale. So
far only a few commercial scale reactors of this type
have been taken 1nto operation, all on industrial waste
water. It 1s questionable whether this sensitive very-
high-rate process wil] prove suitable to the diluted
domestic sewage 1n fuil scale plants.
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Figure 3.3
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At the Umversity of Ghent, Belgium, Verstracte c.s.
are developing a Poly-urethane Parallel-plate An-
aerobic Reactor. This 1s an attached-film reactor
featuring parallel plates made of reticulated porous
poly-urethane, allowing simultaneous internal set-
tling of settleable solids and excess detached sludge.
Several modifications of the process were tested on
domestic waste water. On sewage (300-1,200 mg
COD/L, T = 12-20 °C) fairly high treatment efficien-
cies of 60-70% COD removal are obtamned, at the very
low HRT of 1.2 hours (Verhaegen, Van Rompu and
Verstraete, 1989).

Other systems that are currently being tried out for the
treatment of domestic waste water on laboratory scale
or pilot scale are 1 a. Anaerobic Attached Film Ex-
panded Bed, Rotating Disc, Baffled Anaerobic La-
goon (for further detail see: Henze and Harremoes,
1983, Switzenbaum, 1985).

In addition, the Agricultural University Wageningen 1s
expenmenting with modifications of the UASB proc-
ess. The Expanded Granular Sludge Bed (EGSB)
differs from the UASB mainly 1n the higher upward
velocity, resulting in a more pronounced sludge bed
expansion. The higher upward velocity can be achieved
by a greater height/diameter ratio or by recirculation of
effluent (de Man er al , 1988) Another very recent de-
velopment is the evolution of two-step or three-step
anaerobic reactors with 2 or 3 reactor compartments
in series. The efficiency appears higher than that of
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Figure 3.4

one single reactor with the same volume (Orozco,
1988, de Man, pers. comm., 1989).

Other typical types to be mentioned are the Chinese
hydrolysis tank and the simple UASB used in Paran4,
Brazil (mentioned 1n Switzenbaum, 1985).

Little comparative research has been carried out on
different high-rate processes. It 1s reported that the
start-up of reactors with fixed carrier material pro-
ceeds more quickly and that these reactors are more
resistant to toxic effects and shock-loading (Jovanovic
et al , 1986, Frostell, 1981)

A brief compa.rision of the major types of anaerobic
reactors can be found 1n Table 3.1.

34  Principles of anaerobic sewage treatment
processes

3.4.1 General

The purification (removal) efficiency of an anaerobic
reactor can be described by using the water quality
parameters, mentioned 1n Chapter 2:

— Oxygen consuming substances,

— Suspended solids,

— Nutnents,
— Pathogens.
§CH,+CO,
LT EFFLUENT
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Prnciple of Anaerobic Filter and Expanded Bed. Two types of anaerobic reactors (Jewell, in Switzenbaum, 1985)
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3.4.2 Removal of oxygen consuming substances
Table 3.2 summarizes operational characteristics and
performance of only those anaerobic reactors treating
sewage at the scale of pilot and demonstration plants
(20 to 1,200 m®) having operated continuously for a
substantial period of time (at least four months) It was
attempted to add further up to date information by
mailing in September 1989 questionnaires to all re-
search and development centres that are known to
investigale anaerobic waste water treatment, how-
ever, no new nformation could be obtained

In this Section effluent values and treatment effi-
ciencies are calculated on basis of raw (unfiltered)
influent and effluent samples. It must be realized that
part of the remaining pollution in the effluent consists
of particulate matter (washed-oul biological material)
and that therefore short post-settling of anaerobic
effluent (for typically 60 mins) can further lower the
effluent concentrations of suspended solids, BOD and
COD. Expressing removal efficiencies in terms of
filtered effluent can thus provide an indication of the
best achievable effluent quality without necessitating
a more expensive micro-biological polishing

BOD removal efficiencies of typically 65-80% (de-
pendent on the characteristics of the waste water) can

be achieved in UASB reactors operated at tempera-
tures of 20 °C ar higher. Generally, removal efficien-
cies for COD are 10-20% lower than for BOD re-
moval. 7

At lower sewage temperatures results are generally
less encouraging As a typical example, a pilot plant
operated in Bergambjacht (The Netherlands), treating,
colder sewage gave disappointing results (De Man
and Lettinga, 1987) Figure 3.5 shaws that at the tem-
perature range 10-18 °C the BOD removal is low and
determined by the influent BOD. Note that the influent
at the Bergambacht site is more diluted than common
sewage in The Netherlands, which has a median value
of 265 mg/L and an average of 288 mg/L. The effect
that removal efficiencies improve with increasing
concentration appears at these low temperatures (being
one reason for the noted differences in performance in
the four reported periods) but is not observed at
temperatures above 20 °C, like in the Cali case (see
further) Low substrate concentrations exert a nega-
tive nfluence on efficiencies under unfavourable
temperature conditions

Table 3.1  Overview of features of the mair anaerobic reactor types (Letinga et af, (1984)
Features Upflow sludge bed Upflow Anaerabic Downflow Anaerobic Fuidized-bed
raactors (UASB, Filters (AF) Anaerobic Fixed-Film systems
“IRIS", tower reactor) Fixed-Film Expanded-Bed
system (AFF) (AFFEB)
Rate of start-up first 4-16 weeks > 3-4 weeks >3-4 weeks >34 weeks  Approx 3-4 weeks
secondary 0-2 days 0-2 days A few days? A few days? Uncertain
Performance with respect to the  Satisfactory at low Falrly good at low 8S  Very poor Rather poor Very poor
removal and the stabilization of and modeiate loading  concn. and when the
suspended solids (SS) rates filter is not clogged
Risk of channelling Small, unless a poor Great at high S Small Small Almost non-existent
feed inlet distribution concn and in clogged
system was installed  filtars
Extent of effluent recycle Generally not Generally not Slight Moderate High recycle factor
required required réquired generally required
Sophisticated feed inlet For low-stitength Presumably beneficial Not Necessary Essential
distribution system required wastes and with dense
sludge beds _
Gas-Solids Separator device Yes. essential Could be beneficial Notrequlred  Could be Benaflclal
required benificial
Carrler packing required Can be beneficial in Essential Essential Essential Essential
specific cases R
Helght-area ratio Can be falrly mgh for ~ Moderate Moderate Very high

granular sludge beds

Moderate (7)
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3.43 Removal of nutrients: Kjeldahl-nitrogen {NKj)
As a consequence of the nature of the process, anaero-
bic processes are unable to remove any Kjeldahl-
nitrogen by means of oxidation, but organic nitrogen
is converted (further reduced) into ammonium There-
fore anaerobic systems may require aerobic nitrifica-
tion as ammonium is an oxygen consuming substance
(NOD). The alternative 1s to re-use the effluent n
schemes (like wrigation) where NOD 1s of no major
concern.

3.4.4 Removal of suspended solids

High-rate anaerobic reactors are characterized by rela-
tively short hydraulic retention times which makes
them more vulnerable to intemnal hydraulic or process-
related disturbances causmg excessive loss of sus-
pended maternial. Particularly those systems that rely

on setthng of suspended biomass inside the reactor,
like the UASB, and systems that are designed as
attached growth reactors and without any poslerior
settling step, like anaerobic filters, are most likely to
face occasional uncontrolled washing out of sus-
pended matter.

Table 3 2 indicates that UASB reactors are charac-
terized by relatively poor efficiency in suspended
solids removal, with values of 50-75%, as compared to
85-95% for aerobic plants. Anaerobic reactors apply-
1ing hybrid configurations (UASB plus filter, or UASB
plus external sedimentation) could possibly yield bet-
ter results. However, full-scale experience is scarce

3.4.5 Removal of pathogens
The removal of pathogens in anaerobic treatment 1s
extensively discussed in Chapter 5.

Table 3.2  Demonstration plant results for anaerobic sewage treatment.
"4 — _ NS

Bergambacht'  Sao Paulo? Bucaramanga® Cali* Bombay® Kanpur®

The Netherlands Brazil Colombia Colombia India India

UASB UASB UASB UASB Anaerobic UASB

filter/Upflow
sludge bed
- it Al
Reactor volume (m?) 20 120 35 64 200 1,200
HRT (h) 87-15 4,730 5 6 12 6
Volumetncloading
(kg COD/m? d) 0.4-09 - - 2 (max ) 0.7 -
T (°C) 4-18 21-25 23-27 25 - >20
COD/BOD 2-35 2 - 2-3 25 29
BOD removal (%) 24-53 61-80 80 70-30 69-83 65-70
COD removal (%) 24-54 50-70 66 50-75 49-78 62-70
TSS removal (%) 43-64 56-79 70 60-85 " 68 67-79
P removal (%) - 3 - 40 - -
N removal (%) - 0 - - - -
Effluent
BOD {mg/L) 40-110 31-59 39 25-45 22-55 50-56
COD (mg/L) 170-303 96-132 145 120-140 92-198 91-103
TSS (mg/L) 43-80 33-61 70 30-60 117 111-165
Nk) - 26 - - - -
Pathogens/100mL - 107 107 - -
Sludge prod
(kg DM/kg COD,,) 017-0.34 0.15-0 20 0.1kg T 0 19-0.23 kg DM/m?
COD/kg COD,,
0.4-0 6kg - 0.65-0 85kg
DM/kg COD,

DM/kg DM

T

' De Man and Lettinga (1987)
2 Vieira (1988)
> Jakma Ceollazos and Schellinkhout (1987)

* Haskoning {1989}
5 Josht ef a/ (1989)
8 Alaerts et a/ (1989)
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35 Performance of UASB reactors

Well-documented research on the anaerobic treatment
of domestic waste water on a pilot scale 1s carried out
in Colombia, Brazil, India, Indonesia and The Nether-
lands. Five case-studies are described hereunder for
which detailed and representative information could
be obtained

3.5.1 UASB as on-site treatment system

In Bandung, Indonesia, the Upflow Anaerobic Sludge
Blanket Project — Low Cost Sanitation Research Pro-
Ject aimed at studying the performance as well as the
operational aspects of on-site upflow reactors for
black as well as grey water. For both water types a
reactor was run for considerable tume, the reactors had
a total volume of 860 L and a liquid volume of 800 L.
One reactor (at the Biofarma site) was fed with black
water only, while the other (at the Cimundi site) was
fed with grey water. Picture 2 gives a view at the
Biofarma reactor during an inspection. Temperatures
of the waste flows were rather constant and on average
23 °C.Bothreactors were monitored imntensively during

.t
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Figure 3.5  BOD removal efficlency for the cold-climate UASB pilot

plant at Bergambacht, The Netherlands, durng steady-state operation
(de Man and Lettinga, 1987)

HRT <87 hin penods @ o m , and HRT = 15 h In penod A .

Allin dry-weather condrtion

the project, which lasted for 5 years The project was
carried out by the Agricultural University Wagenin-
gen, the St. Borromeus Hospital in Bandung, the
Research Centre for Human Settlements in Bandung,
the International Institute for Hydraulic and Environ-
mental Engineering in Delft and the Dutch National
Institute for Public Health and Environmental Hy-
giene.

a. On-site treatment of black waste water (Bio-
farma site)

The black waste water was collected from two house-
holds producing about 50 L/d, equal to 10 to 15 L per
cap.d. The hydraulic retention time (HRT) in the
reactor was around 15 days. Effluent was drained off
to a nearby percolation field The influent was charac-
terized by a high total COD and BOD (respectively
5,500 and 1,590 mg/L)

For the start-up a small amount of septic tank
sludge was added. The reactor performed fairly satis- _
factorily from the very beginning. Ranges of treatment
efficiencies over 1986 and 1987 are given in Table 3.3.

Table 3.3  Treatment efficiency of black waste water in 2 860 L an-
site UASB in Indonesia (over 1986 and 1987)
Parameter Range of removal efficiencies
(%)

COD tot 69-81

COD filt! 89-95

BOD tot 86-95

TSS 93-97

4 -

' Tha subscript “fill” means efficiency |s calculated as tHe ratio of COD In the
filtered offluent over the COLI in the raw Influent.

Removal of indicator orgamsms such as feacal coli-
forms 1s very poor. Apparently the sludge blanket does
not act as filtering medium However, the sludge bed
15 quite effective mn the remaoval of helminth eggs,
which strongly accurnulate in the sludge. Some helminth
eggs (e.g. Ascaris) can survive for months n the
sludge; thus could form a serious risk for those who
come 1n frequent contact with fresh sludge. Sludge re-
moval and handling should therefore be carried out ac-
cording to strict guidelines.

Sludge accumulated in the reactor at a rate of
0.04 kg DM (dry matter)/d which equals approxi-
mately 10 g DM/cap.d. Assuming an average sludge
density of 60 g DM/L, the specific sludge volume pro-
duced per cap per day is 0 15 L. Average TSS levels in
the effluent were less than 100 mg/LL The reactor
could withstand the drastic fluctuations in hydraulic
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and organic loads that occurred under the field condi-
tions. When the reactor was over two thirds filled with
sludge after 2.5 years of operation, the TSS content of
the effluent increased during peak hours, indicating
that the accumulated sludge had to be removed

b. On-site treatment of grey waste water (Cimindi
site)

The grey waste water was collected from two house-
holds producing about 700 L grey water per day, equal
to approximately 60-80 L/cap.d The mfluent to the
reactor was considerably diluted with respect to COD
and BOD, respectively 1,360 and 390 mg/l. Due to
varying influent flow rates over a 24 h pertod (and
significant peak flows on fnndays because of religious
practices) treatment efficiencies for the Cimindi reac-

Percent occurrence (X)

tor fluctuated more widely as indicated in Table 3.4,
which gives the ranges of removal efficiencies during
1986 and 1987

As the hydraulic retention time (HRT) was only
app 1.1 day, public health performance with respect to
removal of pathogens and parasites (as measured
through helminth eggs) was slightly better as for con-
ventional septic tanks Sludge accumulation was nearly
the same as for the Biofarma reactor when expressed
in g DM/cap.d TSS levels 1n the effluent fluctuated
over a wide range between 10 and 200 mg TSS/L due
to varying hydraylic (shock-)loads.

For more detailed information on reactor perform-
ance, reference is made to the final project report
(RIVM, AUW and St. Borromeus, 1988).
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Flgure 3.6  Cumulative frequency distnbution of the removal efficiencies of the 64 m? pilot plant in Cal,

Colombia, dunng steady-state operation (Haskoning, unpublished)
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3.5.2 UASB as off-site treatment system: the Call
pilot plant research

The experiments conducted in Cali, Colombia, were
monitored by Haskoning Royal Dutch Consulting
Engineers and Architects (also responsible for de-
sign), the Agricultural Umversity Wageningen and the
Universidad del Valle in Cali; recently a report was
published on the functioning of the UASB plant
(Haskoning er al., 1989) This report will soon be
followed by a design, construction, operation and
maintenance (DECOM) manual (Haskoning, 1989)
The reactor falls under the responsibility of the Corpo-
racién Autonoma del Valle de Cauca and the Empre-
sas Municipales de Cali. Picture 3 shows the reactor

a. Research programme lay out
The Cal1 pilot plant research was carried out between
1983 and 1987. During the research programme 24
experiments were carmed out The experiments fo-
cussed on the collection of essential information on
the key aspects of full-scale application, such as
reactor start-up, treatment performance, gas produc-
tion, sludge characteristics and production, and reac-
tor design

In almost all experiments sewage was used from
one of the main sewers of the city of Cali* the Colector
Cafilaveralejo. This sewer discharges sewage which is

Table 3.4  Treatment efficiency in a 860 L on-site UASB reactor
treating grey waste water in Indonesia

Parameter Range of removal efficiencies

(%)

COD tot 67-75

COD filt 2247

BOD tot 46-82

TSS 74-81

Table 3.5 Performance of the Cali pilot plant during normal opera-
tron (HRT= 6 h)

Parameter Effluent concen. Hemoval efficiency .

COD BOD 1TSS COD BOD TSS

No of days 286 70 286 286 70 286

Average 112 34 44 65 79 76

Stand. deviat 53 11 30 - - -

Medlan 98 32 36 64 77 77

80-percentile 138 42 59 50 68 62

90-percentile 166 47 80 42 60 46

predominantly of domestic origin Generally, the reac-
tor was operated at a constant and uniform flow rate.
TIn two experiments a day/night rhythm was simulated
by applying a HRT of 4 h during day-time, and a HRT
of 20 h duning night-time.

Furthermore experiments were conducted to assess
the reactor performance on other types of waste water
In these experiments specific contaminants such as
fats and vinasses (the waste water from alcohol fer-
mentation, with a BOD of app. 40 g/L) were added to
the sewage.

The reactor was also operated with sewage of the
Colector Central, another main sewer passing the
pumping station where the pilot plant had been con-
structed. The Colector Central discharges a mixture of
domestic and industrial waste water. Due to industrial
discharges, extreme pH values exist 1n this sewage.
b. Treatment performance
In general it 1s of economic interest to operate treat-
ment systems at the highest loading rate at which
performance 1s satisfactory.

In the first phase of the study a satisfactory reactor
performance was found at HRTs of 6 and 4 hours.
Further research was carried out at varying retention
times. It was concluded that best operational perform-
ance could be obtained at an HRT of 6 hours (and an
upflow velocity of 0.67 m/h) At an HRT of 4 hours
(upflow velocity 1 O m/h) a somewhat imcreased wash-
out of solids occurred though this had little conse-
quence provided the sequence remained restricted to
maximally one day At still shorter HRTs (3 hours and
less) the removal efficiency of dissolved organic material
decreased, which indicated hydraulic overloading of
the system.

Over the entire regearch period it was found that
around 0.19 m® biogas per kg removed COD was
produced. The methane fraction of the gas was about
73% — -

In Table 3.5 summary statistics are given concern-
g the performance of the reactor during 5 experi-
ments which cover 400 days out of a total of 1,300

. days of operation on the sewer Colector Cafiaveralejo.

The data on median, 80- and 90-percentile were ob-
tained from the calculation of the cumulative fre-
quency distribution. The graphs are presented 1n Fig-
ures36and37.

The effluent quality and removal efficiencies obtained
duning operation of Colector Central were largely
comparable to those mentioned i Table 3.5. During
the experiments the fraction of organic matenal 1n the
sludge started to increase and the settling velocity of
- the sludge decreased, indicating too high a loading
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rate. This finding could be related to decreasing bio-
degradability of the suspended organic material (in-
fluence from industries), a factor which apparently
also plays an important role in the behaviour of a
reactor.

The reactor has a large chemucal buffer capacity.
The reactor was submitted to alkaline shocks (pH 11-
12) for periods up to several hours, yet no adverse
effects could be detected. During operation of the
reactor on sewage of Colector Central, these pH val-
ues occurred at least weekly for several hours.

Most of the experiments at the pilot plant were
conducted at constant flow AUASB reactor operating
under field conditions will be submitted to a day/might
fluctuation of the sewage flow This implies that a
reactor operating at an average HRT of 6 hours will be
operating at shorter HRTs dunng the day-time, when
the sewage flow is higher. The experimental evidence
showed that at an average HRT of 6 hours (day-HRT
= 4 hours, night-HRT = 20 hours), the treatment per-
formance was better than at constant flow with HRT =
6 hours. At an average HRT of 4 hours (day-HRT =3
hours, night-HRT = 20 hours), however, the treatment
performance was poor. It was concluded that the
simulated variation of the flow resulted in a regularly
less expanded sludge bed, which would cause the
recorded 1mproved solids removal. In case of an
average HRT of 4 hours, the day-HRT of 3 hours
appeared too short to give acceptable treatment effi-
ciencies. The reactor clearly was hydraulically over-
loaded.

The removal of phosphorus was found to be app.
40%. Half of the P removal 1s due to uptake for the
production of new cell material, the other half 1s due to
adsorption onto the sludge. (It should be noted how-
ever that the influent was low in phosphorus) The
alkalinity of sewage increases in the reactor due to the
formation of bicarbonate.

The average concentrations of ammonium, total-P
and alkalinity are given in Table 3 6.

Table 3.6  Averages of alkalinity, ammonium and total phosphorus
of the influent and effluent of the Cali pilot plant
Influent Effluent
Alkalimity (meg/L) 25 29
NH,*-N (mg/L) 105 149
P-tot (mg/L) 26 1.6

3.5.3 UASB as off-site treatment system:
Bucaramanga, Colombia

Within the framework of activities related to the
Environmental Samitation Masterplan of the Metro-
politan Area of Bucaramanga, Colombia, DHV Con-
sulting Engineers carried out a technical assislance
programme during the period 1984-1986. The reactor
falls under the responsibility of the Corporacién de
Defensa de la Meseta de Bucaramanga.

In this programme a 34 m* UASB reactor was
tested with success. Even at a 24h-average HRT of as
low as 5.2 hours effluent quality was constantly good.
A day-time minimium HRT of 2.5-3 hours was com-
mon, but did not adversely affect the performance of
the reactor.

The UASB reactor was followed by a facultative
pond, which functioned as a secondary (post-)treat-
ment. During the experiments, the loading of the pond
was stepwise incréased, resulting 1n a final loading of
570 kg BOD/(ha day) and an HRT for the pond of 1
day. Under this condition the total BOD removal
efficiency of UASB + pond was 89%.

Based on these results, it was decided to select the
UASB/facultative pond system as treatment process
for Bucaramanga. Plans have been drawn up for the
first phase for a treatment capacity of 80,000 cap, later
to be enlarged to 160,000 cap (Jakma, Collazos and
Schellinkhout, 1987). The plant will be started up n
1990.

3.54 UASB as off-site treatment: Kanpur, India
Within the framework of the Ganga Action Plan, an
Indian-Dutch programme previses in the treatment of
waste water in anaerobic reactors of the UASB type.
The plant 1s designed, and monitored during start-up,
by Haskoning Royal Dutch Consulting Engineers and
Architects. The plant 1s commissioned by the Ganga
Project Directorate, New Delhi, and the Uttar Pradesh
Ja] Nigam (U.P Water Corporation), Lucknow. In the
first phase of the programme a 1,200 m® reactor 1s con-
structed, treating part of the domestic waste water of
the city of Kanpur This reactor 1s by far the largest
demonstration-scale anaerobic treatment reactor for
—domestic sewage al present. Picture 4 gives an impres-
sion of the interior of the reactor during the construc-
tion Thus plant 1s 1n operation since April 1989, and its
functioning was evaluated in December 1989 by an
Indian-Dutch Joint Appraisal Mission (Alaerts er al ,
1989)
Conclusions of this mission are primarily based on
a six-week penod of steady-state operation, during
September/October 1989, but were confirmed over
the pertod January-May 1990 During the other peri-
ods performance was never deviating systematically
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from this “normal” behaviour, and deviations could
always be attributed to mechanical problems (block-
ing pumps, faulty removal of excess sludge, etc.) At
a 24h-average HRT of 6 hours, the capacity of the
reactor is approximately 5,000 m’/day. The sewage
contains a sizeable fraction (possibly up to 5%) of
industnal discharges from ia texiile factories and
tanneries. The reactor consists, for experimental pur-
poses, of three compartments with modifications in
technical aspects of design (inlet and outlet structure),
resulting in a minor variation 1n effluent quality The
average performance of the reactor over the men-
tioned period is summanzed 1n Table 3.2

Some of the conclusions that can be drawn from the
available data are:

1. The effluent quality and treatment efficiency for
BOD, COD and TSS fell marginally short of the
standards that are applicable in India for discharge into
surface waters of the Ganga Action Plan (Table 3 7),
but standards for discharge on land are met except for
TSS. The results can be considered representative for
routine operation, and will possibly improve as there
exists a scope for further optimization of design and
operation procedures. Therefore post-treatment will
be necessary Post-trealment may consist of lagooning
or another suitable aerobic process.

2. Sludge production 1s lower than that of aerobic
treatment sysitems However, the amount of sludge
produced 1s higher than at the UASB reactors m Cal,
Colombia or Sio Paulo, Brazil This seems to be
caused by the high concentrations of suspended solids
in this particular influent

3. Net Present Value of UASB including post-treat-
ment (lagoon or acuivated sludge) is 15-30% lower
than that of activated sludge plants or trickling filters
for the same capacity, included sludge treatment.

4. Biogas production ts sufficient to supply all electric
energy necessary at the treatment plant for pumping
purposes (15 kW)

5. The reactor 1s lechnically speaking of simple con-
ception with limited electro-mechanical equipment
This is an advantage 1n areas where power cuts are
frequent; aerated treatment processes would experi-
ence considerable damage. Daily operation and main-
tenance are relatively clear-cut, and can be taken care
of by a dedicaled and experienced supervisor without
advanced training. However, regular montoring by a
scientist and/or engineer is necessary, especially dur-
ing start-up periods. Major points of attention are (i)
the cleaning of the grit removal structure, and of inlet
and outlet systems. and (1i) the regular careful with-
drawal of sludge. Care should be taken not to disturb
the sludge blanket. The reactor appears reliable and

stable, despite frequent discontinuation of influent
feeding. The reactor features on the other hand a short
retention time, and thus requires intensive supervision
so that swift action can be taken in the case of malfunc-
tioning. i N

Some questions, however, remain to be further
investigated, notably the effect of colder sewage
temperatures 1n the winter season (ambient tempera-
ture at noon 20 °C, at night 5 °C), and the effect on the
longer term of diurnal fluctuation and shocks in the
hydraulic loading

3.6 Major concluslons and recommendations

In this section, conclusions and recommendations that
can be drawn from literature survey and above men-
tioned projects, are discussed

a. UASB as on-site system

Regarding the application of UASB technology for
on-site sanitation the following general conclusions
and recommendations are justified.

1. On-site upflow systems perform fairly satisfactorily
in terms of COD and BOD removal under existing
field conditions 1n Indonesia Variations 1n hydraulic
and organic loading rates were well taken by the
systems without disturbing the process stability Upflow
systems treating black waste water have significantly
higher removal rates for COD and TSS mainly due to
low hydraulic loading and consequently high reten-
tion times f

2, Upflow reactors do not effectively remove or de-
stroy pathogens Helminth eggs are removed fairly
effectuvely in the black waste water reactor as they
accumulate in the sludge bed; hydraulic retention
times need then be sufficiently long (more than 10
days). o

3. A major design parameter for on-site reactors 1s not
the hydraulic retention time (as is the case for the
UASBs on conventional sewage) but the sludge accu-
mulation capacity. A specific sludge accumulation
rate of 0 01 kg dry solids or 0 15 L/cap day can be used
for reactor design. This should then allow for at least
one to two years of continuous service before desludg-
ing 1 to be carried out One should keep in mind that
TSS removal rates drop considerably when the reactor
1s more than two thirds full with sludge.

4. Gas production was around 5-6 L/h 1n the reactor
treating black water and 7-8 L/h for the reactor treating
grey waste water Generally this means a biogas
production of 25 to 30 L/cap day for both reactors,
regardless of the type of influent. Uullization of these
small amounts of biogas does not seem feasible nor
attractive.
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5. On-site upflow reactors do not require frequent
operation and maintenance attention provided that
care 15 taken with what is discharged to the reactor.
Bulky items may clog piping while toxic compounds
may reduce the sludge activity In case of interrupted
feeding or shock condition during partial sludge re-
moval the reactor performance re-establishes its activ-
ity almost immediately after resuming normal opera-
tion.

b. UASB as off-site system

Temperature. The experiences with the UASB sys-
tem for domestic waste water allow 1ts application at
waste water temperatures over 20 °C. At lower tem-
peratures sludge activity and removal efficiencies
decrease (down o 40-60% on BOD removal at 14-
16 °C). Research indicates satisfactory performance
may eventually become feasible also at lower tem-
peratures (down to 16 °C ?).

Composition of the sewage. Normal domestic sew-
age can be treated 1n a UASB reactor. For COD <
1,000 mg/L the design of the reactor can be based on
hydraulic retention time. The system is flexible to-
wards higher loads of dissolved organic materal.
High concentrations of suspended solids (TSS) may
give problems, while the active biomass becomes
“diluted” with wnert or not-degraded solids. Also alow
bio-degradability of the suspended organic material
negatively influences the sludge quality and hence the
performance of the reactor.

For domestic sewage with a fraction of industrial
waste water particular attention must be given to:
~ fats. the presence of fals causes flotation of sludge
and therefore reduced removal efficiencies of solids,
— pH: high pH values are often buffered readily by the
system Low pH values can only be allowed for a
limited period (10-20 minutes);

— specific toxic components: anaerobic sludge 1s
sensitive for a number of toxic or whibiting com-
pounds Ammonia, volatile fatty acids and hydrogen
sulphide are toxic.only 1 unionized form This means
that under normal pH values lugh concentrations of
the dissociated forms of these compounds can be
present without any problem (Table 3.8). Further,
adaptation of the sludge takes place, in case of shock
loads, a quick recovery appears often to be possible
(Koster and Rinzema, 1984; Field, 1988)

Another important group of toxic compounds are
heavy metals Heavy metals are more toxic at alkaline
pH However, at such higher pH solubility decreases
and precipitation with sulphide or carbonate may take
place Toxicity also depends on other environmental
factors. Adaption of the biomass to high levels of
heavy metals does not occur

Other compournds that are toxic in low concentra-
tions are cyanide, antibiotics, detergents, chlorinated
hydrocarbons, tannins and resins, aromatic compounds.
For wastewater containing toxic compounds in such
concentrations that possibly negative effects upon the
microbiologal actiyity may occur, pilot plant experi-
ments should assess the feasibility of the process.

Hydraulic loading. For temperatures comparable to
those 1n Cali (25 °C) or higher the dimensioning of the
reactor is well-defined The criteria established in
Cali, Colombia were applied for a 1,200 m* UASB
reactor in Kanpur, India and were found valid. The
24h-average HRT 1s established at 6 hours, whereas
during maximum flow (day-time) an HRT of 4 hours
can be allowed Under ramn conditions (peak hydrau-
lic loads) an HRT of minimally 3 hours can occasion-
ally be permitted The UASB reactor seems therefore
best suited for separate sewerage systems into which
no storm water is allowed

Table 3.7  Results of 5,000 m¥day UASB in Kanpur, India, results of 6 weeks steady-state operation (later on confirmed over several months)
i wtl Ry bl
Effluent Gas recovety
BOD CcOD TSS (m¥day) (m?%kg) COD removed
s - - -
Achieved (mg/L) <50 162 145 " 130 01
Removal efficiency (%) 60-75 65-75 65-80 .- -
Standards to be a
Ganga Action Plan standard (to river) 30 - 50 - -
Ganga Action Plan standard (to land) 30 - 50 - -

R =



Treatment efficiency. The treatment efficiencies (de-
termined on the basis of raw, unfiltered effluent samples)
that can be expected from a normally operating UASB
reactor are:

COD=65% (50 - 75%).

BOD=80% (70 - 90%),

TSS =75% (60 - 85%).

The pathogens removal of the system 1s negligible.

Operation and maintenance. The experience with
large-scale UASB plants, though still limited, sug-
gests that these plants can operate fairly well. The
process stability to disturbing events 1s good, if the
reactor is well designed. Non-documented reports on
performance of plants of suspected poor design in Co-
lombia support this statement.

Reliable and relatively fast start-up procedures
are reported to have been developed at the Cali and
Kanpur site. Start-up, or any renewed start-up, never-
theless will always take two to three months before
steady-state conditions are armived at, and requires
supervision by knowledgeable staff.

If properly designed, UASB plant supervisiomn 1s
mostly restricted to routine sampling on a daily basis,
observation and maintenance of the grit removal and
water conveyarce structures, scum removal and re-
moval and management of excess sludge. Apart from
pumping equipment and the flare (and if the biogas 1s
used, the blowers and safety devices), electro-me-
chanical parts or other sophisticated instruments are
scarce. Once the reactor 1s put |nto operation, it ap-
pears not to necessitate intensive high-level super-
vision. The main tasks of the supervisor are to prevent
disturbances occurring in the reactor, and managing
the sludge blanket. Both tasks are not very compli-

Table 3.8  Toxic effects. Indicated Is the level at which 50% inhibi-
tion of methanogenic activity occurs Effective Dosis (ED30) in mg/L
(Field, 1988)

Compound ED50
(mg/L)

Frree NH, 50

NH, 1,000 (unadapted sludge)
4,500 (adapted sludge

Free H,S 250

H,S (pH 6 8) 530

Free VFA-C, 16

C, 6
VFA (pH 7 4) 15,000

cated but do require skill and experience The correct
withdrawal of excess sludge has shown in Kanpur to
be highly important in the larger sized reactors: though
the sludge blanket is well mixed 1t may prove difficult
to withdraw the required fraction 1n sufficient (and not
too large) quantities without disturbing the reactor

The short retention times require the quick re-
sponse of plant supervisors to prevent serious plant
disturbance or even breakdown in the case of abnor-
mal working conditions This may happen for ex-
ample when influent characteristics (presence of in-
hibitory compounds, floating or fatty material, influ-
ent pump failure) negatively affect the quality of the
anaerobic sludge. Of particular concern 1s sludge
wash-out _

For maintenance work on the mnternals of a UASB,
such as the sewage_distribution system or its gas
collectors, the reactor has to be shut off completely. In
some cases the reactor has to be emptied. Mainte-
nance, requiring emptying of the reactor, however,
should not be required more often than every 10 years
in a weli-designed reactor In order to avoid sludge
loss and long new start-up periods in these situations,
it is recommended to operate UASBs 1n parallel con-
figuration, '

Experience in Cali shows the need for regular
cleaning (yearly or bi-annually) involving removal of
accumulated (1) floating material from the insides of
the gas collectors, and (ii) heavy settleable material
(grit) from the bottom of the reactor. To facilitate the
latter special heavy-sludge removal laterals on the
reactor floor may still need to be developed.
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An upflow anaerobic reactor opsrational since 1986 In a
starch factory In a remote rural area in Mindanao, The Philippines.
Although located far away from the technical backing expected near
cities, the reactor performs well and works reliably (Biotm Consultants)

Pleture 1

Picture 3

The 64 m* UASB pilot piant In Cali, Colombia. The
anaeroblc reactor was constructed and operated on municlpal waste
water in a joint Colomblan-Dutch project.

Picture 2
bic reactor in Bandung, Indonesia, treating black waste water (Bio-

pharma location).

Top view of the open 860 L experimental on-site anaero-

W

Picture 4  Full-scale aniaerobic plant under construction at Kanpur,
India. The reactor is 6 m deep and constructed under graund level, This
reactor Is a first phase in a comprehensive plan; it will treat 5,000 m* per
day or 30,000 cap The plant was successfully started up March 1989
by the Dutch designer (Haskoning Consutants)
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Plcture 5  On-site public facifity for water supply and sanitafion
{MCK)In an area of medium population density in Bekasl, urban Jakarta,
indonesla (1984). Foreground: septic tank is drained to gutiers and
drainage canals, In order to protect shallow ground water from pathogen
contamination. Hand pumps are used to pump shallow groundwater.
The programm is not fully satisfactory: acceptance by the community Is
sometimes problematic, and some seplic tanks started leaking.

Picture6  Open drain in Bandung, Indonesia. Beside storm water,
also waste water s discharged into the drain. Note the pollution due fo
solid waste.

Picture 7 Inthis picture the difference 1s shown between small bore
sewer and conventional sewer. The former can be laid with less effort
due to its shallow position and small diameter The conventional sewer
needs a large diameter fo accomodate high peak flows.

Picture 8

One of the two operational treatment plants In indenesla
under local authortties. This axidahon ditch treats effectively industrial
and domestic waste water in the Rungkut Industnal Estate in Surabaya,
Indonesia, since 1981,
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4 Anaeroblc Waste Water Treatment at On-site Scale

4.1 Introduction

Over the past decades little progress has been made in
the development of the basic technology of unsewered
samtation alternatives. The design criteria for septic
tanks, for example, are still very much the same as half
a century ago.

The recent expenence in Indonesia wuh upflow
anaerobic reactors' on on-site scale (see Section 3 5.1),
serving one to some tens of households, gives good
grounds to expect that this technology may contribute
to improve the efficacy of sanitation programmes mn
less-industrialised countries. This expectation how-
ever. is based on the treatment performance of the re-
actors as such. no assessment has been carried out as
yet with regard to thewr comparative advantage 1o
sanitation programmes.

This chapter will therefore attempt to arrive at
conclusions which more accurately describe the posi-
tion of this new on-site high-rate anaerobic treatment
process in the “landscape” of sanitation programmes.

In order to formulate conclusions, the problem
must be approached 1n a broad and comprehensive
way. On-site sanitation must first be analysed, and its
determinants, which have been discussed 1n a general
way n Chapter 2, further specified

Secondly, 1n this setting all possible programme
and treatment alternatives (at least in principle) must
be assessed on their feasibility This feastbility must
be expressed n economic and financial terms, as well
as 1n terms of acceptance by the community and any
other criterion that 1s considered relevant Only then
can the two master questions be answered does the
new concept meet the criteria at all, and 1f so, 1s it com-
petitive with any altemative

' For the sake of simpkcity, this appfication of the pnnciples of high-rate
anaerobic process-lechnology will be consistently called here UASB, becausa it
applies in analogy with ils larger-scale modals the pnnciple of active biomass
suspended In an up-flowing waste water. It s acknowledged however, that on this
small scale the waste water flow rate is discontinuous, and that the biomass
{sludge) is only discontinuously stirred up and suspended in highly vanable upflow
velocilies

4.2  Approach of the study

Given the fact that the concept of high-rate anaerobic
treatment (of liquid waste) necessitates the dilution by
the water that 15 used for flushing the toilet, this
comparative study restricts itself to the so-called wet
processes (see Sectzon 22.1). Based on the previous
discussions regarding the determinants for on-site
sanitation programmes and related treatment, and the
prospects created by the on-site UASBs, this study
distinguishes a number of options, discussed helow.

4.21 Treatment

With regard to the treatment (i ¢ removal of constitu-
ents of the waste water)-

— treatment in conventional horizontal or vertical
septic tanks and lined pits; 1n most cases in develop-
ing countries the septic tank accepts only black waste
water, with the sullage drained in surface drains to-
wards a recerving water body or “disappearing” into
the ground,

— treatment in conventional leaching pits, whereby
the black waste water 1s collected 1 a hole in the
ground, the liquid percolating through the walls mnto
the soil, and the remaining relatively dry sludge di-
gesting 1n the hole, the sullage s drained mto surface
drans, or left to “disappear™; retention time of the
sludge 1n the hole is one to a few years, leading to
partial composting of the solids and consequently
killing off of all types of pathogens, provided the
sludge has not come 1nto contact with fresh contami-
naied wasie,

— ditto as above, but wnh a second twin leaching pit
accepting the black waste water when the first pit has
been filled. whilst the second pit is getting filled over
the months, the content of the first pit is left to full
composting, yet, there 1s some evidence that patho-
gens from the “wer” second pit contaminate the first
pit which may then be mcorrcctly considered patho-
gen-free; -

— anaerobic treatment 1n the UASB treating black
waste water, sullage drained away;

— anaerobic treatmem in the UASB treating grey
waste water

All of these options necessitate the regular removal of
sludge (once every 1-4 years) usually by a specialised



42 Anaerobic Waste Water Treatme at On-site Scale

cartage company. Sludge from upflow reactors and
septic tanks is always contaminated to some extent
with pathogens and requires careful handling and final
centralised treatment (stabilization or composting)
before it can be applied 1n any resource reutilization
scheme.

4.2.2 Effluent disposal
Secondly, alternatives are considered with respect to
the way the effluent disposal of the UASB and the
septic tank is organised.

This can be carned out by either letting 1t percolate
into the soil through an infiltration trench or wnfiltra-
tion mound (made of grit and sand), or by allowing 1t
to be drained via an overflow mto regular street drains
or, if available, sewers.

Application of the percolation leads to an effluent
disposal method which in principle is convenient,
fairly cheap, reliable, and effectuve i removing patho-
gens from the direct habitar. The major economic
advantage of percolation systems lies in the absence of
a waste water collection and conveyance netwark.
Three drawbacks, however, need to be taken mto
account.

Firstly, to avoid contamunation with pathogens, a
minimum distance must be kept between the infiltra-
tion point and any shallow well providing drinking
water. This is difficult if not impossible in more
densely populated areas (population density above
150 cap/ha); this restriction has particular weight
when the population heavily relies on shallow ground
water, a common situation in many tropical develop-
ing countries.

Secondly, if the soil has too low a percolation
capacity, or if the ground walter table lies too close to
the soil surface, infiltration becomes less feasible.

Thirdly, studies on the failure of septic tanks 1n
developing countries have shown that urregular emp-
tying of the tanks leads to wreversible clogging of the
infiltration bed: rather than renewing the bed, most
owners by-pass 1t and divert the tank’s effluent to
surface dramns Such habits are widespread n Indone-
s1a (Macoun, 1988) and The Philippines (Dept. Public
Works and Highways, 1987), they are reported to
occur to a considerable extent in Brazil, Thailand,
India, Yemen and even European countries, and should
therefore be considered rather common. Conventional
engineering practice unsufficiently recognizes this
deviant behaviour.

The alternative of draining the effluent via street
gutters and drains implies a public health risk in the
sense that people, especially children, may come nto
direct contact with waste water which 1s pathogenic.
The drained water eventually ends up in anver or lake,

which, because of the dilution effect, may visually
appear acceptable to people wanting to use 1t for
household purposes, but which may still be contami-
nated to a certain degree.

4.2.3 Scale of the facility

In areas where population density 1s very low, say
below 100 cap/ha, economic optimization would pro-
vide a househould with one dividual facility given
the high cost of connecting piping. When population
density increases, 1t may be worthwhile to mvestigate
whether 1t 1s advantageous to connect several house-
holds to one facility. One may expect an economic ad-
vantage because_of the economy of scale, but there
may be other benefits (as well as disadvantages) with
regard to supervision and maintenance. All mentioned
treatment options in principle allow for this scaling-
up, but particularly UASBs may prove to gain proc-
ess-wise from the mcreased and less peaking flow
which goes with the combination of the waste from
several households

When only a few households are connected to one
facility, it is called here a “shared” facility, when the
number raises to 10-100, 1t is called a *communal”
facility. .

The difference in terminology has little 10 do with
technical characferistics, but emphasizes thal the
perception of the owner 1s different- 1f somebody owns
his individual tank, or Shares 1t with some of his neigh-
bours, he feels a sense of ownership and personal re-
sponsibility; 1f on _the contrary he shares 1t with many
other families, his personal commitment will be lower,
but on the other hand he may be more willing to pay
monthly a small amount of money to a third person
who 1s appointed by the community to take regular
care of the nstallation.

Therefore, this mvestigation will include on-site
sanitation programmes with (i) individual facilities,
(11) shared facilities to which several (5-10) houses are
connected, as well as (iii) communal facilities which
serve a small neighbourhood (10-100 households).
Not included are the traditional separate public facili-
ties (like the Mandi-Cuci-Kakus or MCK in Indone-
sta, see Picture 57 used by a number of families but
without house connection; obviously their costs per
capita are, at least in straightforward calculation and
with the optimistic assumption of full acceptance,
lower than any alternative In certain cultures, like the
Chinese, public facilities are generally accepted; in
many others this is not the case.

4.2.4 Developing a case study
It is obvious that studying this complex comparison
problem needs rationalization and simplification.
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Therefore the study 1s carried out on a representative
case.

The feasibilities of different on-site sanitation
programmes, including those that incorporate anaeto-
bic treatment options, are studied by simulating the
representative alternatives in a number of given situ-
ations. These situations, too, must be representative
for the majonity of cases (urban settngs) as they are
met in a range of developing countries. Despite the
impossibility of covering all imaginable situations, 1t
is thought that an approach can be developed that
yields conclusions with sufficiently broad validity.
This approach is characterized as follows:

— It 1s assumed that construction and operational
considerations, and costs related to small-scale sanita-
tion depend primarily on rather trivial aspects, like the
unit costs of unskilled labour, cheap piping, concrete,
desludging carts, etc. From one developing country to
another these unit costs, and the required quantities,
will not differ so systematically that the cost position
of one option relative to that of others will be funda-
mentally altered. Therefore 1t is possible to restrict the
study to one carefully selected country, and add a
sensitivity assessment.

— The main determinants that influence choices, and
the related costs. are more or less comparable n all
countries concerned These determinants have been
discussed 1 Chapter 2.

As acase study, sanitation 1n the setting of Indonesian
kampungs (urban lower- and middle-class townships)
1s chosen, because they were considered well repre-
sentalive, because sufficient detailed information was
available and because the pilot on-site project with
small anaerobtc upflow reactors was conducted 1n
Bandung, Indonesia (RIVM, AUW and St. Borromeus,
1988; IHE, AUW and St Borromeus, 1989).

Comparison with the urbanisation patterns 1n a
number of other selected countries on different conti-
nents showed that the basic characteristics are popu-
lation density and the degree of planning in the urbani-
sation of the township. Figures 4 I and 4.2 show the
outlay of a typical unplanned kampung at low popula-
tion density, and one at high populauon density For
the purpose of comparison, Figur e 4.3 shows the map
for a favela in Brazil characterized by unplanned ap-
proach and high population density. Township maps
from African countries. as well as maps from Indian
city quarters and Philippine barangays can also be ba-
sically defined by the same parameters.

This study further differs in two respects from others
that compare sanitation alternatives.
— It approaches sanitation as a “township-wide sani-

tation” problem instead of a single house waste dis-
charge problem, because 1 an urbanised setting the
per capita costs and the technical feasibilities of the
alternatives depend considerably on population den-
sity and urbanisation pattern.

— Itincludes “treatment” with respect to BOD and to
a lesser extent pathogens, rather than looking at mere
removal of the waste water, as 1s the case with studies
that focus e.g. on the advantages of shallow and small-
bore sewers. Treatment here means avoiding pollution
of surface and ground water, as well as attempting to
munimize loss of environmental and public health.

Finally, it should be understood that this study centres
around the question of whether anaerobic technology
1s feasible as treatment technology The study of the
feasibulity of the equaHy important waste water collec-
tion and conveyance §ystem is related to this but falls
partly beyond this study’s scope. The design and
costing basis for the anaerobic reactors refers to the
still hmited information from the two Bandung reac-
tors, and needs to be further optimized.

43 On-site sanitation simulation study (the case of
the Indonesian kampung}
4.3.1 General approach

Three cases represent different sets of technical as-
pects pertamning to ground water table and soil per-
meability. These sets.are applied to urban patterns,
which differ 1n terms of their planned or unplanned
layout, and their population density.

In each of these situations it 1s assumed that no
sanitation existed beforehand; of course, 1n practice
this 1s not completely true, and each samtation pro-
gramme will in fact include a mix of old, renovated
and new infrastructure, Also, 1t 1s assumed that in each
calculation only one type of new samitation infrastruc-
ture will be provided. Despite the fact that both as-
sumptions are not completely realistic, deviations do
not devalue the conclusions

For the simulations realistic unit costs are applied,
as they were applicable in urban areas in the Javanese
provinces at the end of 1987 These unit costs have not
changed fundamentally since then

The economic cost 1s calculated as a Total Annual
Cost per Household (hh) TACH (see Appendix 2). It
includes all costs related to the provision of the new
situation. all laterals and drains as well as the in-house
infrastructure of the toilet facility (squatting slab,
connection). Also the costs for breaking up and repair-
g footpaths and other existing structures in the
kampung are taken inlo account A reasonable esti-
mate for the related water consumption and desludg-
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ing cost is included Costs that are very difficult to
assess with precision are not included however; this
pertains to, for example, the costs for the off-site
treatment and disposal of sludge, as well as the (oppor-
tunity) cost of land under or on which sanitation infra-
structure is located.

In the case of the alternatives where overflowing
waste water is drained or sewered, only the costs
incurred inside the kampung are censidered, as the
principle of the calculation 1s “township-centred.” It is
assumed that the drain or sewer connects to a trunk
drain or sewer outside the served area

A labour shadow cost factor of 0 7 and an economic
discount rate of 12% are used, reflecting realistic
values for economic costing.

Once the least Total Annual Cost per Household
(TACH) 1s determined. the financial cost (applying
some financing alternatives) is checked to assess af-
fordability. The alternatives involve i.a non-mone-
tary contribution via community participation

4.3.2 Technlcal description

a. Urban pattern and population density

The areas are chosen from aerial photographic and
housing scheme maps The six models selected are
three unplanned areas in Jakarta, one in Magelang and
two planned areas in Klender (Perumnas), also in
Jakarta. “Planned’” means a settlement or nerghbous-
hood developed on the basis of an urbanisation plan,
in contrast to the wuregular, “wild” development of
most squatter areas. By estimating the average num-
ber of people per household at seven, the population
density [or each model 1s obtained. Population density
thus varies from 175 cap/ha to 804 cap/ha.

Two samples are provided in Figures 4 [ and 4.2,
the first showing a sparsely populated area of 6 4 ha in
Magelang (175 cap/ha) to be served with individual
UASBs or lined pits connected to a leaching trench,
whilst the second shows an unplanned densely popu-
lated kampung of 4.5 ha (390 cap/ha) to be served by
individual UASBs or lined pits connected to shallow
orsmall-bore sewer. In the latier case leaching trenches
can clearly not be accommodated 1n the open spaces
between the dwellings; pits or tanks on the other hand
could possibly be located underneath housing

b. Technology alternatives

It will be assumed that only black waste water 18
treated on-site; sullage water is drained on the surface.
Fourteen sanitation combinations are considered, other
combinations can be deduced from interpolating costs:
(1) single leaching pit,

(2) double leaching pit (two alternating pits),

(3) lined pit (with open bottom) with overflow to
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open surface drain,

(4) lined pit (with open bottom) with overflow to
shallow sewer, ’

(5) septic tank with leaching trench,

(6) septic tank with overflow to open drain,

(7) shared septic tank with leaching trench (for few
households), ,

(8) septic tank with overflow to shallow sewer,

(9) UASB with leaching trench,

(10) UASB with overflow to shallow sewer,
(11)shared UASB withleaching trench (for few house-
holds),

(12)communal UASB with overflow to shallow sewer
(for 20-50 households),

(13)communal septic tank with overflow to shallow
sewer (for 20-50 households),

(14)conventjonal sewerage (city-wide, but without
treatment).

All design parameters are selected on the basis of
proven procedures and good engineering practices
(see for detail. Awananto, 1989). Septic tanks and
UASBs are designed on hydraulic retention time 1f
flow rate 1s low, and on sludge accumulation rate if
flow rate 1s high UASBs are more efficiently de-
signed as reactors and it 1s therefore logical that they
consume less space than septic tanks. It is acknowl-
edged nevertheless that 1n the present state, with still
limited study on optimal design, it 1s difficult (o
calculate a fair cost. This cost 1s based on an improved
version of the field tested reacior in Bandung (see
Section 35 1)

In densely populated unplanned areas space 15
often so restrained that 1t 1s physically impossible to
construct and/or mainfain specific on-site facilities. In
such cases this specific type will not be further envis-
aged _

Rain water drains are not considered; 1f sullage 1s to
be conveyed to outside the kampung, it is thought that
it can be removed along these drains. However, if
reactor effluents containing pathogens are to be re-
moved by a way other than leaching, the cost of
suitable open or closed drains or sewers 1s included.

These alternatives will be compared in a qualitative
way with other possibilities, e g. on-site treatment of
grey waste water in a UASB

¢. Sewers and drains

The drain can be a storm drain or small ditch at the
side of a footpath (Picture 6). Sometimes the drain is
covered with concrete slabs Like the drain, the small-
bore sewer should recetve only the effluent of on-site
systems and sullage, without clogging (large or settle-
able) matenals. Pipe diameter is 100 or 150 mm with
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minimum slope | . 500; the pipe may be complelely
filled (Picture 7). The shallow sewer can also trans-
port settleable matter and needs regular flushing,
which requires that as many houses as possible need
to be connected to provide for the flushing waves
(Sinnatamby et al . 1986). Minumum diameter 1s 100
mm at a slope of 1 : 167. One inspection chamber or
manhole for 3-5 connections is required if average
water consumption is above 75 L/cap.d, otherwise
each connection needs a grit/grease trap.

In the calculation the correct sewer type 1s applied.
The following text, however, consistently uses the
term shallow sewer for the sake of brevity.

d. Water supply service level

The relation between tap water consumed and the
production of black and grey waste water is discussed
in Chapter 2. Since an increase in water consumption
does not influence the amount of black waste water
very much, an average of 10 L/cap d 1s taken for the
design; this is a safe estimate.

e. Ground water and soil condition (four cases)
The ground water table determines the spread of
pathogens as well as the dewatering and composting
capacity of leaching pits Two extreme values are
considered: above 1 m (high water table) and below 5
m (low water table). In the case of high water table the
maximum depth for the leaching pit 1s taken at 0.5 m
below the waler table.

Soil stability delermines the selection of the struc-
ture for a leaching pit which needs permeable side
walls. Sometimes lining is provided not only to 1n-
crease stability, but also to improve water tightness of,
for instance, septic tanks.

Soil permeability data 1s required to calculate the
leaching wall area of the pit o1 trench As extreme
values are taken 5 L/m”*.d (poor permeability) and 20
L/m* d (good permeability).

These data can be combined in four cases: the area has
(1) low water table and high soil permeability, (2) low
water table and low soil permeability, (3) high water
table and high so1l permeability, and (4) high water
table and low soil permeability. This latter case (4) is
kept out of the study, since this combination is very
unlikely and implementing on-site sanitation systems
would give very specific problems

f. Maintenance costs

An optimization routine 1s performed on desludging
frequency, as 1t competes with mvestment cost for
larger tanks or pits. The higher the desludging fre-
quency, the smaller the tank. In the calculation Net
Present Values are calculated on the basis of 20 year
operation '

The annual cost for water flushing and repair is
taken at 5% of construction cost. Desludging costs are
realistic values for Jakarta and the larger Indonesian
cities. The cost for off-site treatment (including thick-
ening, safe disposal of supernatant, and composting or
Iime treatment of the partially dewatered sludge) 1s not
included because 1t 1s difficult to assess with preci-
sion, and because it may vary considerably from one
region to another; 1t amounts to 5-20% of TACH of a
technology.

433 Results

A spreadsheet calculation model was developed to
carry out calculations. The model consists of six
different interconnected tables, which pertain to de-
sign variables, capacity design, unit prices, unit con-
struction cost_and desludging cost The variables of
area served, number of households, number of people
per household, soil permeability, ground water table,
sludge and black waste water production, discount
rate, desludging frequency, and sewer length are used
as mput data for the first table. Unit prices are put in the
price table as secondary variables

The exchange rate 1s Rp 16,000/USS.

Table 4.1 Optimum desludging pencd (years)

Facility cost Rp 10,000 Rp 15,000 Rp 25,000

Discount rate (%) 8 10 12 8 10 1Z 8 10 12
Single leach. pit 4 4 4 5 5 5. 5 5 5
Double leach pit 2 1 1 2 1 1 2 1 1
Ind. septic tank 3 3 3 3 3 3. 3 3 3
UASB 1 1 1 1 1 1 1 1 1
Ind. lined pit 4 4 4 4 4 4 4 4 4
Ind UASB 2 2 2 2 2 2 2 2 2
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a. Desludging optimization

For a septic tank, the Net Present Value (NPV) of
desludging (recurrent) cost lowers asymptotically with
increasing desludging design period. The NPV of the
construction cost increases almost linearly The total
NPV is minimal at 3 (say, 2.5 to 3.5) year desludging
frequency. If a leaching pit 1s considered, optimal
desludging frequency 1s 4 to 5 year.

The above conclusions depend on the discount
rate applied. With rates increasing from 8 to 12% the
conclusions tend to shift to a somewhat lower fre-
quency, but in general the influence is only marginal.
Generally, for leaching pits and lined pits periods tend
to be unexpectedly long (4-5 years}; for septic tanks
and UASBs they are shorter. with 2-3 years, whilst for
shared facilities desludging should take place more
often (once a year). Table 4.1 synthesizes thts infor-
mation.

These resulits, as well as those for the other options, are
inserted 1n the calculation model.

Despite the lower cost, households may object to
frequent desludging. On the other hand if desludging
becomes too infrequent, a household may “forget”
about the necessity of performing this duty.

b. Total Annual Cost per Household (TACH) com-
parison

The TACH values are the basis fo1 the comparative
analysis of the different options TACH will be split
1nto 1ts major investment components (1) pour-flush
toilet, (i) prt or tank, (ii1) sewer or drain, (1v) leaching
system; in addition (v) O & M costs related to water
use, desludging and repair are considered

Figuw es 4.4a to 4.4d show the TACH values for 4
representative situations

For a case | situation (low water table, high soil
permeability) with population density of 175 cap/ha
(unplanned area) single and double leaching pits
doubtlessly are characterized by the least TACH (Figure
4 4a). Double leaching pits are marginally cheaper
than single pits. Their typical TACH 1s app Rp 31,000/
hh. Systems like septic tank and UASB with a leach-
ing trench are almost twice as expensive (Rp 52,000-
58.000). If the ground water needs to be safeguarded
from pathogens, and these tanks or reactors are to be
connected 1o an open drain or shallow/small-bore
sewer, TACH increases further to around Rp 70,000.
UASB reactors are 8-10% cheaper than septic tank
options. Shared facilities are by Rp 5,000 (8-10%)
cheaper than individual units, with UASBs and septic
tanks connected to leaching trenches TACH is around
Rp 50,000. It 1s clear that the additional piping cost

docs not overnide the gain on tank cost due to economy
of scale, despite the relatively large distances to be
covered in between dwellings

The share 1n the total of the cost components may
differ considerably. Construction cost of septic tank
and UASB take up one third of TACH (Rp 25,000-
30.000) 1n the case of individual facilities, but this is
drastically lower (Rp 10,000-12,000) n the case of
shared facilities. If a drain or sewer network needs to
be constructed, approx Rp 10,000 is required, whtch
forms one fifth of the TACH A trench costs less than
Rp 5,000. In the case of the cheaper pits. pit construc-
tion cost takes up one half to two thirds of TACH.
Desludging cost is considerable, except in the double
leaching pit, and it may vary from Rp 4,000 to 7,000.
The in-house expenditure must be constant and amounts
to almost Rp 7,000, a fourth to an eighth of TACH.

Communal facilities were not included' the long
distances from dwellings to the facility would render
cheap sewer systems technically unfeasible.

For the same soil and water table condition but very
high population density (804 cap/ha), the number of
technically feasible options is much lower because of
the restrained space (Figure 4.4b). A single leaching
pit can still be provided 1f it can be constructed under
the dwelling (¢ ¢ under the kitchen) Systems which
involve a separate leaching trench, or a double leach-
ing pit, can no longer be accommodated. Tank over-
flows need to be collected via open drains or shallow
sewers. Cost ranges are only slightly higher than in the
previous case. Again, as a consequence of the restric-
ted space, it becomes technically difficult to provide
sufficiently sloping sewer pipes to convey the black
waste water from the house to a shared facility; these
are therefore not considered

Communal facilities were not included as no space
appeared to be cheaply available for constructing
them, and the crowdedness of the area made 1t techni-
cally unfeasible to lay cheap straight sewerage from
the dwellings to the facility

Figure4 4c¢ gives the TACH for the same case 1 but
in a planned area with high population density (514
cap/ha). Leaching pifs have samilar TACH as earlier
(around Rp 30,000). If ground water needs to be
safeguarded from pathogens, costs are markedly higher
because of the kampung-wide drainage or sewerage.
Lined pits with overflow to drain or shallow sewer cost
around Rp 40,000 Individual UASB and septic tank
with overflow to drain or sewer cost around Rp 60,000,
the UASB being approx 8% cheaper (15% on con-
struction cost), they are only Rp 2,000 to 4,000 cheaper
than 1n the case of an unplanned area where laying of
piping and drains 1s cumbersome. In planned areas 1t
is easier to work on the pipe-laying, but distances may
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tions case 2.
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become longer.

The cost structure of the communal options shows
tank costs of only 10% (Rp 3,000 to 5,000) of tank cost
in an individual option. Only options with overflow to
shallow sewer are considered. The sewer connections
from the dwellings to the facility make up for almost
half of TACH.

Finally, Figure 4.4d depicts the case for an un-
planned area with population density of 175 cap/ha
(like the first example), but now for case 2 condition
(most difficult percolation conditions). The TACH
of all options lies at least Rp 10,000 higher than under
the most beneficial circumstances of case 1. TACH of
single leaching pit is Rp 50,000 and that of the double
leaching pit even above Rp 60,000 Contrary to case 1
conditions, all options using leaching trenches are by
Rp 10,000 more expensive than those using drains or
shallow sewers to remove effluents.

As a general rule, the cost related to overflow
removal with an open drain lies Rp 5,000 to 10,000
lower than with a shallow sewer, this means 8-10% of
the TACH.

An indicative construction price for full sewerage,
including the provision of trunk sewers outside the
kampung, 1s provided based on an estimate cited by de
Kruwjff (1985a). It should be noted that this estimate
relies on simplified assumptions that are not necessar-
ily fully compatible wilh those of this study It 1s
certainly correct to say that for 1988 conditions the
given figure is an underestumate of the actual cost. On
the other hand one should also realize that the highest
cost component is made up by the laterals necessary

pl
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Figure 4.5  Relation between TACH for shallow-sewered sanitation
options and population density In the calculation, optimal use 1s made
of shared and communal facilities. Treatment option {a) septic tank with
shatlow sewer, @ UASB with shallow sewer, () lined pit with shallow
sewer,

for the sewage callection, mnevitably this will lead to
higher specific sewer cost in unplanned “difficult”
areas than in planned ones. The graphs indicate in any
case that except for the high ground water condition
(Frgure 4 4¢) this sewerage option is at least twice as
expensive as the (construction cost) of the most ex-
pensive on-site alternative

c. Specific relations

The specific cost of a kampung-wide sewerage system
can be expected to become lower with increasing
population density because of reducing distances; the
question is, however, in how far the corresponding
increase in complexity and crowdedness of the area
overrides this effecl. Figure 4.5 describes how the
construction part of TACH for septic tank, UASB and
lined pit with overflow to shallow sewer (under case 1
conditions) depends on the kampung’s population
density. It appears that the cost per household is
reduced unexpectedly slowly for densities of > 300
cap/ha, under this value a small increase in density
leads to considerable benefits Despite rapid decrease
of the specific cost for the tank part with increasing
population density, increasing sewer cost partially
compensates for this decrease. A septic tank option is
always 12% more expensive than a UASB, whilst the
simple lined pit is some 30% cheaper 1n construction

If a selection 1s made for a technology that has to
remove 1nternally (“treat”) as much as possible BOD,
then septic tank and UASB are close competitors,
Table 4.2 highlights the main conclusions for both
options in function of population density and applied
scheme- individual or shared option, and 1n a commu-
nal option As said earlier, UASBs are generally
cheaper; this effect. s pronounced m the case of
communal systems. It 1s also wteresting to note that
the cost 1s drastically reduced by 50% or more when
shared and communal facilities are proposed.

The higher the population density, the more house-
holds can share one facility For a population density
of 200, 300 and 40Q cap/ha, the optimal number of
“connectable” households 1s 5, 7 and 9 resp Above
400 cap/ha, shared facilities can no longer serve more
than 50-70% of the fotal population, in the kampung
condition. .

The higher the population density, the more house-
holds can be connected to a communal facility For
densities of 300-500, cap/ha up to 100% coverage 1s
possible; above 500, coverage will decrease. Number
of households per facility varies from 40 at population
density of 400 in an unplanned area, to even 110 at
population density of 500 in a planned area. These
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Table 42  TACH for septic lank and UASB options in different schemes Cost excludes connections and effluent disposal.

Y i, T X R )

System Size UASB Septictank Waste water type
(households) (Rp/hh.yr) (Rp/hh.yr)

Individual 1 25,148 32,440 "~ black

Shared 5-10 11,256 14,265 " black

Communal 2040 5,525 9811" grey
80-110 4,135 7,600 grey

Table 43  Financial characteristics of 5 sanitation options All costs are annual financial or “market” costs, including investment and O & M costs.

b

System Construction  Possibilities for self-help”
(Rp) Structure % - Caumstruction % %!
Single leaching pit 156,650 PF toilet? 33 ~ unskifled 14 47
labour
Double leaching pit 198,300 PF toilet 25 ~ unskilled 16 41
labaur
Lined pit with open drain 263,600 - _houseconn 3540 . unskilled 12 47-52
PF toilet _ lab for pit
Shared UASB with leaching trench 314,000 PF toilet 17-20 > unskilled 8 23-28
lab. for pit
Communal UASB with shallow sewer 253,650 grit trap 57 - 0 57
PF tollet
house conn
' Of total
? PF = pour-flush loilet
System Mo:wthly payment’ _
10 year 15 year B 20 year
Min? Max Min Max Min Max
Single leaching pit 1,200 1,450 1,050 ~ 1,250 950 1,150
Double leaching pit 1,600 1,950 1,350 1,650 1,300 1,550
Lined pit with open drain 2,150 2,500 1,850 2,100 ° 1,750 2,000
Shared UASB with leaching trench 3,250 3,550 2,800 3,000 2,650 2,800
Communal UASB with shallow sewer 1,750 1,750 1,550 1,550 1,450 1,450

' In the hrst year In subsequent years Lhis payment mus! be adjusted for lnflation.
"MInT minmum payment in case of maximum ratio of salf-help, “Max” maximum payment in case of llmlled self-help
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figures pertain to flat horizontal terrains; on sloping
terrains they may be even higher

4.3.4 Financlal and institutional aspects

a. Possibility of community participation (self-help)
Community participation should be considered ameans
to better plan infrastructure, to reduce the monetary
cost to the consumers by exchanging their monetary
contribution for labour, and to assist in operating a
local 1nstitution that takes care of technical and finan-
cial management.

Self-help can contribute to constiuction and maun-
tenance of on-site sanitation schemes. For the case of
an individual septic tank with over{low to a shallow
sewer system, 14.6% of the total construction cost
involved (Rp 50,000-60,000) consists of unskilled
labour, that can be provided to lower the financial
cost. For other options similar figures are found, but
leaching pits offer the best perspectives.

In terms of operation and maintenance, the poten-
tial of self-help of the community in the total expendi-
ture 1s less easy to assess with precision. Desludging,
as well as more specific maintenance (masonry, pipe
connection repair, etc.) are to be considered skilled
labour. However, part of regular maintenance (clean-
ing and de-clogging) of sewers and drains can be
carrted out by the community.

b. Financial considerations

Filteen financial cash-flow alternatives have been
developed. For five sanitation systems selected on the
basis of systematic good scores in the TACH assess-
ment, the results are synthesized in Table 4 3. In this
approach the possibility of self-help is also included
The Table assumes further that a loan is made avail-
able at a cheap rate (10%, a realistic value for socially
relevant loans in Indonesia) and that a 10% down-
payment s required (this 1s arelatively “hard” require-
ment).

From the cash-flow analysis the minimum monthly
payment 1s deduced, which 15 required to cover all
expenditures at the given moments This 15 done by a
trial and error procedure introducing varying monthly
payments in the spreadsheet progiamme until the
cashflow fits. From the 5 alternatives that systemati-
cally score with the lowest TACH, the single leaching
pit is financially most attractive. The double leaching
pit and the communal UASB offer a service at a com-
petitive price (1n terms of monthly payment) which 1s
about 20% higher

From the financial point of view and within our set
of assumptions, only these systems are financially af-
fordable; additional preconditions are possibility for

cross-subsidization, Jow interest loans (maximally
10% interest rate), optimal community participation
and good institutional organisation within the commu-
nity and local government.

A realistic income distribution for an urban context
in Indonesia s given in Table 4.4. Focusing on monthly
income strata of Rp 60,000-70,000 (1. thus covering
three quarters of the total urban population, and pre-
sumably half of the “kampung dwellers”), and assum-
ing cross-subsidizatign from higher income strata o
lower income strata, an affordable payment can be es-
umated to be Rp 1,200-1,800 (1.e. 2-3% of income).
From Table 4.3 it appears that the single and double
leaching pit, and the communal UASB are then to
be considered affordable The leaching pit 15 more
appropriate for lower density areas, and provided
percolation 1s smooth, whulst the communal UASB is
better suited for higher density areas, particularly if
effluent percolation is erther difficult or unwanted
(protecuion of shallow wells).

Table 44  Typical monthly Income distribution in Indoneslan urban
areas, according o two surveys (in Rp) (IHE, AUW and St Borromeus,
1989) )

Percentile Surahaya, Solo, Bandung
eaming Semarang 1986results 1987 results
less than adjusted for 1988

15% 45,000 -

25% 60,0007 -

35% 80,000 - 60,000

50% 120,00D -

70% 200,000

180,000

The financial data that are generated are, clearly,
dependent on variations in time and place of the basic
costs for material, skilled and unskilled labour Rela-
tive fluctuations may shift the price comparisons, as
they were presented in Figure 4.4.

From the calculations, the relative cost contribu-
tions of the production factors can be deducted and can
be used to get an wmnsight into the mfluence of allera-
tions in price levels. Thus is illustrated in Figure 4 6.

44  Cost-efficiency assessment of the treatment
The efficiency of the treatment process applied i the
different sanitation programmes can be measured in
terms of removal of oxygen consuming substances
and pathogens. One can also envisage to include other
water quality parameters, but in this context this 1s of
little value
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441 Oxygen consuming substances

Most sanitation schemes equate health risk with pa-
thogens and thus with black waste water. This ap-
proach has its particular value and emphasizes a
public health strategy (minimzing local health risk). It
attaches less priority to two consequences, of which
the second is of particular relevance:

- black waste water and sullage have a high BOD
content; 1f black wasle water 1s percolated into the soil,
and sullage left untreated, the latter will stress the
receiving aquous environment as its BOD load is
comparable and sometimes higher than that of black
waste water. Reported loads for black waste water are
15 (USA) - 25 (Asian countries) g BOD/cap.d, and for
sullage 5 (low water consumption, some 40 L/cap d) -
20 (urban Indonesia, water consumption 1201 /cap.d) -
35 (urban USA, water consurnption 300 L/cap.d)
g BOD/cap d

— in many situations priority 1s attributed to waste
percolation into the soil over the safeguarding of the
shallow ground water (assuming, possibly wrongly,
that the additional cost for surface management of the
waste water 1s higher than the cost to the society of
providing water supply to the poorer areas). If this
priority would be reversed, it would mean that both
waste water flows should preferably be treated on-site
in order to remove as much as possible contaminants
before conveying them to a receiving water body, or
re-using them. Here the BOD removal efficiency of a
treatment process 1s of importance,

In Chapter 3 the performance of reactors on this
parameter 1s described. Figure 4 7 correlates the effi-
ciency on this parameter with the cost.

UASB CONSTRUCTION COST
(In percentage)

UNSKILLED
LABOUR

SKILLED
LABOUR

Figure 4.6
tank.

UASBs have a clear advanlage over septic tanks, par-
ticularly if they are applied as an on-site “mini” or pre-
treatment plant for the grey waste water, before it is
conveyed in a drain or sewer to areceiving water body.

In other words, if the overall strategy is orientated
towards ground water protection and environmental
protection, then the UASB can be considered a treat-
ment process proper, although its efficiency is too low
to make it a cornplete treatment.

Septic tanks are basically good settling facilities
that also perform reasonably well in BOD removal
from heavily loaded black waste water, but they would
fail for treating more dilute grey water.

4.4.2 Pathogens
None of the considered treatment factlities has a good
removal rate (> 99.9999%) for pathogenic viruses or
bacteria. Any significant removal in on-site options
takes place as a consequence of soil infiltration. The
UASB, however, shows reasonably good performance
with regard to removal of the (settleable) ova of
helminths, notably if only black waste water 1s treated
(RIVM, AUW and St. Borromeus, 1988). This aspect
will be discussed in greater detail in Section 5.3 4.
Consequently, UASB “treatment” is not able to
meet stringent standards However, 1t should be noted
that no alternative is available that does.
4.5 Conclusions
Conclusions are based on the outcome of the simula-
tion study described above, and their validity should
therefore be judged in the light of the used assump-
tons

TOTAL CONSTRUCTION COST

PF TOILET

LEACHING
TRENCH

Relative contnbutions to constructions cost for an individual or shared UASB, and for a total on-site sanitation system with a UASB
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1. A detailed on-site sanitation simulation study was
carried out in an urban and semi-urban context to
investigate (i) which on-site options can be 1dentified
as being technically appropriate, (11) which on-site
options can be identified as economically feasible,
(i) which options can be 1dentified as financially af-
fordable, and (iv) whether UASB technology has a
function in this perspective.

This simulation 1s performed on Indonesian test-
cases, that are thought to be representative for Indone-
s1a, as well as, in principle, for most similar urban and
semi-urban settings m other developing countries.
The study 1s “township-centered,” calculating all costs
for different sanitation strategies incurred within the
physical boundaries of the township.

Individual systems

2, Singleleaching pits are always at the cheapest side
of the alternatives with TACH of Rp 30,000-50,000
depending on conditions, and monthly downpayment
requirement of typically Rp 1,200. Even in the most

500
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Figure 4.7  Cost-efficiency relation as expressed in terms of net
removal of BOD for (i) the LUASB that treats only black waste water, (1)
the UASB that treats all household waste water, {In) the septic tank that
treats only black waste water, and (Iv) the leaching pit receiving black
waste water The mentioned costs are only indicative as they are de-
pendent on a number of Input values, such as interest, relative costs of
labour, matenals, etc.
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cost contributions of

densely populated areas (= 800 cap/ha) pits could still
be constructed underneath existing structures. The
good financial performance is related to a high degree
of possible community participation (up to 33% of
total construction cost). The pit is also a very reliable
and fool-proof technology. a

Counter-indications are (1) very high population
density because of lack of accessability to remove
sludge, although this should not be done more often
than every 4-6 year, (1) poor soil permeability, and
(111) the contamination of shallow ground walter.

The Indian experiénce of Sulabh Int (Sinha and
Ghosh, 1990) however, shows single leaching pits
often fail because owners dislike removing the wet
sludge. Double pits prove to be more appealing.

3. The double leaching pit is financially feasible 1f
population density is below 200 cap/ha for unplanned
and 400 cap/ha for planned area Desludging is re-
quired every year.

Strong technical counter-indications are (i) me-
dwm to high population densities, (1i) high water table
and (ui) poor soil permeability.

4. Septic tanks are always relatively expensive (TACH
of Rp 60,000-80,000). Individual UASBs are always
typically 15-25% cheaper on TACH (parily because
they need a smaller quantity of building materials)
than septic tanks, but they fall nevertheless in the same
higher price category Lined pits also function as
septic tank, but are cheaper than these Best desludg-
mng frequency is once évery 2, 3 and 4 year for UASB,
sepfic fank and hned pit, respectively

5. If overflow from septic tank or UASB is percolated
into the soil, costs are usually typically 5-10% lower
than when 1t is rémoved through an open drain or
shallow sewer system. Generally speaking there are
always financially and otherwise more compehtive
options available. Leaching trenches cannot be ap-
plied any longer for higher population densities. Leach-
mg has the disadvantage of contaminating the shallow
ground water. -

6. Community participation may extend to:

— providing some in-house structural elements, and
unskilled labour for the construction of the facility
uself, as well as for house connections, leaching
trench, and possibly the drain and shallow sewer;

— maintenance of the facility 1tself, and of the drain
and shallow sewer 1If available, in addition owners
must be well-motivated and possibly trained to make
them aware of the importance of the appropriate use ol
the facility and of its regular desludging.
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Shared facilities (5-10 households)

7. Shared UASBs and septic tank systems are, every-
thing taken into account, only 10% cheaper on TACH
than their individual 1ssues. The gain in tank construc-
tion cost is partly compensated by the additional cost
of the sewerage. They are sull 40-50% more expen-
sive than single leaching pit systems

8. Community participation may extend to:

— therelatively limited possiblity of providing labour
and structural elements (pour-flush toilet),

— in the kampung, or at least 1n the close neighbour-
hood. the maintenance of the sewer connection (de-
clogging) and of the tank, as well as organising the
timely desludging. Given the small size of the circle of
owners (5-10), it will not be necessary or possible to
set up a somewhat formal organisation for this latter
purpose, drain and sewer maintenance needs a certain
degree of formal organisation under the responsibility
of the village or neighbourhood headman.

Communal facilities (20-110 households)

9. The scale effect of increasing the number of con-
nected households from 20 to 110 1s modest, with a
gain (1n TACH) of 15% for UASB systems and 18%
for septic tanks. The number of dwellings that can be
served by one unit is limited by the maximal “afford-
able” length of shallow sewer between the dwelling
and the unit.

However, at population densities below 200 and
above 600 cap/ha communal systems may financially
not be effective.

10. The communal UASB is on TACH 3 to 20% more
expensive than the single leachung pit, communal
septic tanks are 16 to 37% more expensive than the
communal UASB. UASBs are again cheaper than
septic tanks.

For the communal UASB, the cost 1s made up for
only one fifth by the reactor and two thirds by the
waste water collection system (shallow sewer, house
connecuion, grit trap) Because of a high portion of
possible self-help (up to 57% of total construction
cost) the overall financial picture of the communal
UASB is attractive as compared to that of alterna-
tives and makes this option affordable. Biogas can
probably not be recovered and used n an economi-
cally attractive and safe way.

11. Communal facilities have the specific advantage
that they can be located near an access road, thus
greatly facilitating desludging

12. Community participation may extend to:
— provision of some_in-house structural elements,
and, in particular for UASB based systems, unskilled
labour (house connection, grit irap, etc.);
— 1n the kampung, the maintenance of the sewer
connection (de-clogging) and of the tank, as well as
organising the fimely_desludging. Given the fairly
large size of the circle of owners, 1t will be necessary
to set up a somewhat formal organisation for this latter
purpose; drain and sewer maintenance needs a similar
degree of formal organisation under the responsibility
of the village or neighbourhood headman i close
cooperation with the authorities responsible for Public
Works and Public Health,
Similarly, 1t can be argued that the local formal organ-
1sation in fact represents a considerable mstitutional
advantage, that may determine the eventual success of
the sanitation programme. It is common experience
that 1t takes much pain to motivate house owners to
invest 1n on-site sanitation, even in a cheap form.
To ensure proper use of it in the long run 1t may be
considered an even greater task given the general
reluctance Lo deal with waste. Motivation and contro!
of facility holders lie with local or provincial authori-
ties who are not capable of individually addressing all
owners. However, if a community (kampung or neigh-
bourhood) could organise itself under the guidance of
the local authority, and appoint (and provide a small
fee for) a part-nme: caretaker from their own circle, the
authority would have to deal with only one represen-
tatrve for every 100 households. In addition, an ap-
pointee can be befter held accountable, both by the
community that pays him and by the responsible
authority.

Environmental protection

13. Most on-site sanitation programmes are defined
by the public health strategy that aims at removing
pathogens from the direct living environment by per-
colating the black waste water into the soil. This
strategy gives no priority to shallow ground water
protection nor to environmental protection because
the drained sullage carries more BOD load than the
black waste water .

The UASB treafing grey waste water, for example
In a programme where waste water 1s no longer al-
lowed to percolate. 1nto the soul, 1s in terms of cost-
efficiency (on BOD removal) far more attractive than
any other alternative. It could possibly play a role as
local pre-treatment before its effluent is further con-
veyed to more advanced treatment or a re-use scheme
(urigatton, fish ponds) An essential prerequisite for
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success is in that case of course a siringently applied
desludging and maintenance of the numerous small
reactors.

None of the treatment alternatives removes patho-
genic viruses or bacteria in sufficient amounts. The
UASB removes fairly well helminth ova, better than
other treatment alternatives. As stated before, this
means that special restrictions mught be necessary for
the disposal of the sludge.

14. The novel option of township based systems using
UASBs will be further discussed in Section 6 2.
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5 Anaerobic Waste Water Treatment at Off-site Scale

51  Introduction
5.1.1 The sewage treatment
In the case of on-site treatment, the treatment process
as such is only a minor and less controllable part of a
more comprehensive programme. When dealing with
off-site treatment, the treatment process becomes an
important link 1n the chain of activities. It becomes
possible to manage and optimize the treatment proc-
ess. As a consequence, this chapter will concentrate
on the treatment as such, more so than was the case 1n
the previous Chapter

As described in Chapter 2, the waste water of (part
of) the city may be collected 1n a sewerage system and
transported to an off-site facility where centralised
treatment and disposal can take place Centralisation
is assumed to bring about higher efficiency thanks to
better management, as well as lower unit costs due to
economies of scale. On the other hand, sewerage 1s
very expensive (at least of the same order of magni-
tude as complete treatment). Centralised treatment
provides maximum control over waste water flows,
the removal of specified waste water components up
to given standards, the handling of side-products like
sludges, and the eventual disposal of end-products.
This 1s of particular relevance 1n re use schemes

5.1.2 The sewage collection

The waste waler collected by separate sewers usually
contains the domestic grey waste water plus industrial
and trade effluents (for example from laundrettes,
shops, household industries, garages and service sta-
uons, and small workshops). Combined sewers may
also carry large amounts of rain water as well as urban
run-off, the latter sometimes containing high concen-
trations of suspended and settleable matter like sand.
Due to the irregular water flow i the combined sewer,
pollutant concentrations (notably BOD, COD, settle-
able matter) as registered at the treatment plant’s inlet
vary considerably (with factors 2 to 10) within short
periods (0.5 to a few hours).

In both cases (separate and combined sewerage)
ground water may seep into the sewer and be trans-
ported to the treatment plant, leading to pollutant
dilution Conversely, if the ground water table lies
below a sewer which 15 not watertight, waste water
may percolate into the soil.

Any treatment facility will have to be carefully
sited and sized 1n function of a number of considera-
tions which take full account of the effects of the sewer
system. From a financial-economic point of view,
optimal site and size will be determined :.a. by the
combined cost — 1n the form of a Net Present Value -
of the sewerage plus the complete treatment facility
plus theland cost. In the case of decentralised treaiment,
1.e not too far from the place of waste water produc-
tion (a township orcity quarter), it should be borne 1n
mind that the plant’s effluent must be conducted
through transport pipes or drains to the point of dis-
charge, thus adding also to the cost.

5.2  Criteria for selecting off-site treatment

reactor types -

This Section outlines_the criteria, which relate to the
determinants brought forward in Chapter 2, which a
waste water treatmenf process has to meet in order to
be feasible. These criteria will be used to determine
under which conditions large-scale high-rate anaero-
bic reactors are compefitive with existing treatment al-
ternatives, or in how far they provide solutions for
problematic situations that have heen left without
adequate answers up to now

Feasibility means in general terms that a plant is-
1) efficient if the basic performance of the plant is
such that the desired effiuent quality can be achieved
at reasonable cost;

1) effective: if the plant can operate satisfactorily and
consistently meet the required effluent criteria under
normal working conditions, which vary as a conse-
quence of the dynamics of the waste water collection
and transportation network; -

iii)reliable. 1f the plant 1s not likely to be severely
disturbed by unfrequent extreme working conditions,
like hydraulic, organic and toxic shock loads, or occa-
sional faulty operation,

1v) technically manageable- if the normal operation
and maintenance can be carried out without extensive
or complicated measures (specialist assistance, long
overhaul periods, sophisticated instrumentation).
Within the purpose of this study, these general terms
are translated into more operational criteria.
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1 Environmental feasibility

(Discussed in Section 5.3)
The treatment process selected will have to meet a
defined effluent quality, according to standards set by
national environmental, water management or public
health authorities. The discharge standards as deter-
minants for an environmental feasibility have been
discussed in Section 2.5. Further, 1t must be possible to
dispose of produced sludge.

2. Reliability
(Discussed in Section 5.4)

It must be possible to design the plant for specified ef-
fluent quality, so that the plant is not sensitive to
normal varations in working conditions (as measured
in effluent quality changes), that the plant’s operation
is not likely to be disturbed by infrequent yet normal
extreme wotking conditions, and that, when it has
suffered damage, 1t 1s fairly easy to repair or restart.

3. Institutional and technical manageability

(Discussed 1n Section 5.5)

In developing countries few governmental agencies
are familiar with waste water management. In order to
plan, design, construct, operate, maintain and finance
waste water treatment facilities, appropriate sectoral
institutions have to be developed. These may be lo-
cated within local or regional government, water re-
sources or river basin authonties, or public utilities
corporations Other influential groups of actors are the
contractors, the professional associattons, the educa-
tional system, and the scientists and technologists
New technologies will rely more heavily on the qual-
ity of those groups, but generally speaking their fa-
muliarity with waste water management is only low to
fair in developing countries.

Feasible treatment technologies should be faurly
simple to operate and mamtam, even under more
extreme working conditions Operation also covers
the management of possible side-products like sludges
The more reliable and wnsensitive (to variations in
working conditions) a technology is, the easier its op-
eration becomes.

4 Cost and financial sustainability

(Discussed in Section 5 6)
The lower the economic and financial costs, the more
attractive a treatment technology 1s when compared
with alternative options

However, even the lowest cost option may not be
financially sustainable. as this 1s determined by the
true availability of funds determined by e.g the capac-
ity and willingness of the served population to pay for
the service. The goal of urban infrastructure provision

should be full cost-recovery, though this may need the
introduction of special financing schemes, involving
e g. cross-subsidization, revolving funds and the use
of labour provided for free by the community. There-
fore, only technologies that meet these crileria, e.g. by
allowing phased investment, can be comsidered fea-
sible. ~

5 Possible application in re-use schemes

It was stated in Chapter | that re-use of partially
treated waste water could n the future gain impor-
tance in developing countries. Re-use covers land
application (sewage farming), aquaculture and piscic-
ulture Depending on the situation, the waste water
will have to meet specific quality requirements. The
opportunities of anaerobic treatment in this respect
will be discussed in Chapter 6.

In the forthcoming Sections, the above mentioned
criteria will be applied on waste water treatment
processes, and the significance of anaerobic processes
will be analysed.

53  Environmental feasibility

Table 5 I synthesizes the quality parameters for weak,
medium-strength and strong sewage or grey waste
water. As rough figures, these values can be thought
representative for most countries around the world.

Table 5.1  Charactanstics of raw waste water (in mg/L) (Metcal and
Eddy, 1984) B
Weak Medium Strong
BOD 110 220 400
TSS 100 200 350
NKj 20 40 85
Ntot 20 40 85
P 4 8 15
Faecal coli 108100 mL 109100 mL

1087100 mL.

— —

Table 5 2 provides typical values for the efficiency of
the most frequently used “proven” technologies for
sewage treatment. The values mentioned are aver-
ages. More details on selected treatment technologies
can be found in Appendix I Performance data of
anaerobic reactors on sewage was described in Table
32.

The purification (rémoval) efficiency of a waste water
treatment process is described using water quality
parameters as listed in Secrion 2.5. Removal of BOD
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(or COD), Kjeldahl-nitrogen (Nkj), suspended solids
(TSS)and pathogens will be reviewed in the following
subsections. In Section 5.3.1 average efficiencies,
their variance and percentile-values are discussed.

5.3.1 Oxygen consuming substances: BOD and COD

a. Efficiency and effectivity of aerobic processes
Generally speaking, plant effluent values are thought
of by legislators and designers as an average value
with a small variance. However, affected by tempo-
rary process deviations inside the reactor, and by
changes at the influent side of the plant (sewerage
dynamuics), large fluctuations i effluent quality do
occur, Trentelman (1981) evaluated the statistical
characteristics of 80 operation years of 42 Duich
activated sludge plants (including oxidation ditches)
and trickling filters. The effluent quality values ex-
pressed as BOD, COD, or any other quality parameter
of full-scale plants are distributed according to a non-
Gaussian distribution pattern which is strongly skewed
to the higher values. It appears therefore useful to
distinguish between average and median values for
effluent quality.

Figure 5.1 indicates the relation between the yearly

" average BOD value from 80 operation years of well-
functioning activated sludge and oxidation ditches
(based on analyses of daily average samples), and the
BOD-percentiles. The average always falls between
the 60- and 70-percentile, stressing the pronounced
right-skewedness A 95-percentile value means that
this value will be exceeded in 5% of the cases (or
during 18 days of a year), it can be seen that these
values are markedly higher than the averages and
medians For example, if the BOD average of an
effluent 18 15 mg/L, the same effluent will in 20% of
the cases (73 days per year) carry aBOD of 21 mg/L or
higher, and 18 days even 35 mg/L. or higher. Con-
versely, if legislation sets maximum effluent BOD at
20 mg/L, plant design needs to be such that the average
(expected) effluent BOD is 8 mg/L, such a measure
would be a technically severe (and expensive) stan-
dard, but would still imply violation of this standard
during 5% of the days.

The variance on petformance of trickling filters 1s
even more pronounced, particularly of installations
with a medium to high volumetric loading. This 1s a
remark typical for trickling filters in general, but it will

Table 52 Performance of major conventional waste water treatment technologies. Values are to be understood as typical averages In all cases
performance can be greatly influenced by process modifications and loading rates, temperature, waste water charactenstics, etc.
Removal Effluent Gas* Z  Sludge _ Ref.
(%) TSS production  preduction
BOD NKj N, P mgl  Lfcapday) kg DMW
kg BOD removed
Primary sedimentation 20-30 1520 O - - - - - 1,2
Activated sludge: Highload 90 25 30 30 25 1735 ° 0.9-1.0 1,2,8
Low load 95 75 55 45 10 20 . 05-07 1,2,3
Oxidationditch g95-98 80-90 50-70 10-20 10-15 Q z 03 1,2,3
Trncklingfilterr  Highload 80 20-35 25 - 45 14 "2 08 - 2,3
Low load 90 60-80 35 - 25 - B 0.4 2,3
Rotating biologicalcontactor  90-95  50-75 - - - . 0.6 - 4,5
Aerated lagoon 70-80 - - - - 0 - 0.03-0.08- 1.2
m¥/cap.year
Ponds system** 8090 - 5090 - 80-75% 0 z 0.03-0.08 1.2,6
removal m3/cap yaar

1 = Arceivala {1981)

2 = Metcalf and Eddy (1984)

3 = STORA (1988)

4 = Ministerle van de Vlaamse Gemeerrschap (1985)
5 = Wijlhulzen and Nelissen (1883)

6 = Arthur (1983)

* 4+ 85% CH_ n case of anagrobic digestion of excess sludge
“~PBart of BAD nutrlents’and TES s ransformied o algae.

wy
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be more pronounced 1n moderate climate zones, as the
filter efficiency tends to be very sensitive to low
(winter) temperatures. In winter time, nitrification
usually comes fo a halt

Little information 1s available on the predictability of
the effluent of waste stabilization ponds. Jurgensen
(1982) reports about a statistical analysis of concen-
trations in unaerated three-stage pond effluents in
Schleswig-Holstein (W-Germany) A median value
for BOD of 7 mg/L is combined with an average of 9
mg/L and a 80-percentile of 15 mg/L. The mfluent
BOD was generally low but was very vanable. aver-
age was 179 mg/L with standard deviation ¢ =230 mg/
L. Obviously the ponds are fairly accurately dimen-
sioned and well-operated, given the low and constant
effluent concentrations and theu narrow margins It is
unlikely that stmitlar good results will be found for all
ponds in other countries. In West-Germany ponds
performed systematically better than other systems.
It should be understood that all of the above per-
tains exclusively to treatment plants under normal
operation conditions, that is, with omission of periods
of malfunctioning (bulking sludge, mechanical fail-

X 80t
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Figure 5.1  Relaton between yearly average and percentiles af
effluent BOD. n 1s the number of operation-vears under normal, undis-
turbed operation, Pertains to activated sludge and oxidation ditch plants
in The Netherlands. (Trentelman, 1981),

ure), or taking into account storm water overflows _
(during rain events excessive water in combined sew-
erage by-passes the treatment plant). “Maifunction-
ing” may pertain'to a few days or a few weeks yearly.
It can therefore be concluded that aerobic treatment,
though reliable, may in fact be less effective than can
be deduced from conventional average performance
figures.

b. Efficiency and effectivity of anaerobic processes
The advantageous position of high-rate anaerobic
processes, as exemplified by the UASB, 1s illustrated
in Figure 5 2 where average efficiency on BOD re-
moval is set out against the required hydraulic reten-
tion time (HRT) The HRT 1s a measure for reactor
volume and thus an indication of capital cost (though
it is acknowledged that the high-rate system is basi-
cally a civil engineering construction, and the low-rate
lagoon options are cheap on the construction side but
need much surface), the graph represents therefore a
cost-effectivity relationship All mentioned competi-
tive systems are known as typtcal “low-cost™ options*
single anaerobic ponds, lagoons (channels) with float-
ing aquatic macrophytes (FAM), series of lagoons and
stabilization ponds. A well-designed and well-oper-

. aled anaerobic reactor appears very attractive; effi-

ciency is imited by a ceiling value, but it 1s substantial
and achieved at a very short HRT. FAM lagoons need
an intermediate HRT for a somewhat higher effi-
ciency but studies report variable results. Stabilization
ponds yield the best and most reliable results at the
expense of very high HRT (typically 20 days or
longer). i

Very few reports that discuss performance of
anaerobic reactors provide sufficient data to arrive at
a sufficiently complete analysis of the variance on
their effluent quality

An available set of data results from the UASB
pilot plant study 1n Cali, Colombia (Haskoning, AUW
and Emcal1, 1989). Effluent quality frequency distri-
bution 1s characterized by considerable variance, and
strongly skewed to the night (to the high values).
Removal efficiencies, on the contrary, are skewed to
the left (to the lower values); this implies that averages
onefficiency yield lower numerical values than medians
do Despite the common tendency to look rather at
averages than at median values, 1t is acceptable to
consider medians, as these are values that are met or
achieved in 50% of the cases (here, in 50% of the
effluent samples, each individual sample in principle
bemng expected to meet the standard) On the other
hand 1t should be noted that in the described case
week-averaged samples are used, which 1 itself will
tend to flatten out extremes. The mentioned report



Environmental Feasiity

we

Qo
. wedibet_ seriea of ponded 7 T,
hadunad o e + v _7!
) - ——— TY . M
80 rl - ¥ i Y ok Yy . x Y - -
— /" use * / v '
2 ] 2 . L2
z ST e T
§60 ot o - o o mm
V4 7w /"
T ¥ snwerctic
14 iy o ponds
§ 40 [ ] 7-.-‘: +
faait pords
y wwearchic +
20 ook pace
E - b sneerohic
E g 3 5 § + FAM
o L W AN T
1 10 100 1000
HRT *ours) -
Flgure 5.2  BOD removal afficiency as a function of the hydraulic retention time (HRT) is the treatment
plant or pond system FAM means floating aquatic macrophytes. (Various authors).
30
——
BOD
“ s *
1=
8
T o F
9 20 "
:
a
Q 13'-
3
' -
.:l 1o
E L N ES
J
Z [
-
o - I s S
[4 20 40 60 80 100 120 140 -
80D effluant (mg/1)

Figure 5.3  BOD effluent of the UASB pilot plant in Cali, Colomina {Haskoning, AUW and Emcali 198§)

. -
——
BOD - start—up
—
- | BOD of gatg
C 40
2
o
g L
s %
a
o
-
5 m%
b
L]
a
€
2 wf
0 i, L
0 10 n 30 « s0 50 70 a0 26 100
BOD removal afficiancies =

Flgure 5.4

BOD removal efficiency of the UASB pilot plant in Cali, Colombia (Haskoning, AUW and Emcali 1989)

=a



64 Anagrobic Waste Water Trealment at Off-sile Scale

claims an average BOD removal efficiency of app.
77%, yet the actual values range from 40 to 90% with
the median around 80%. COD removal values range
from 30 to 85%. with the median around 64%, and the
average around 60% The reactor produced an effluent
with a BOD concentration ranging from 10 to 130 mg/
L, with the median around 45 mg/L, influent BOD
concentration fluctuated around 200 mg/L.

Figures 5.3 and 5.4 show the frequency distributions
of the week-averaged BOD concentration and the
corresponding removal efficiency for the described
case The high vanance on the reactor’s performance
is borne out. The variance could be in this case related
to the fact that data pertain to sewage from two
different sewers. There is reason to believe that the
observed behaviour is to some extent typical for an-
aerobic once-through reactors (UASB and anaerobic
filter). Aerobic reactors. on the contrary, feature con-
siderable recycle flows, creating relatively intensive
mixing of fresh (pre-settled) and already treated water,
their results are also flattered by the fact that they
commonly comprise three steps (primary sedimenta-
tion, aeration, secondary sedimentation). Nonethe-
less, there 1s certainly a scope for improvement of the
consistency of results of anaerobic reactors as both
design and operation can still be optimized

The experience with the reactor in Kanpur, India, is
still too limited 10 allow for a statistical treatment, but
under the present conditions relative standard devia-
tion on effluent quality can be estimated for BOD at
12% around an average of 50 mg/L, and for COD at
15% around an average of 160 mg/L (Alaerts et al ,
1989). The recent results over 1990 show a sustained
average effluent quality of 40 mg BOD/L. The values
pertain to experimental conditions without diurnal
flow fluctuation, but with irregular halting and chang-
ing of flow. This reactor could thus possibly achieve
better results in terms of more constant effluent quality
than the (smaller) Cali plant.

From Table 5.3 it appears that reporting on the
performance of the UASBs has been up to now some-
what too negatively formulated, by using average
rather than median values. Further, as will be con-
cluded later, the average effluent quality anaerobic
technologies yield in one single step 1s usually above
standards. thus necessitating a post-treatment, this
will certainly lead to a significant reduction of the
variance on effluent quality.

Comparison of Tables 5 2 and 3 2 with regard to BOD
removal efficiencies shows that single-step anaerobic
reactors, at least in the UASB mode, fall 10-20% short

Table 5.3  Synthesis of lyplcal data illustrating vanabulity iIn BOD
removal of 3 freatment technologies.

Technology (Loading) BOD-Effluent (mg/L)

Average  Median X
Act sludge .
(0 1 kg BOD/kgMLSS.d) 8 7 12
Trickling filter (10 dap/m®) 23 20 30
UASB Cali (6 h HRT) 34 32 42

1 Activated sludge ard trickling filter data pertain to situation m The Nether-
Tlands Tn the seventles (Tranteiman, 1981)

2.UASB dala frarm_a_long-term dentorstration plant study In Call, Colombla,
data include influence_of realistic flow fluctuations (Haskoning, AUW and
Emcall, 1989} -

of the performance of the conventional (mostly aero-
bic, and with three “steps™) alternatives. Effluent stan-
dards in Table 2.6 indicate that 1t 1s unlikely that the
single-step anaerobic technology can always meet
them assuming the reactor capable of achieving sys-
tematically 70-80% BOD removal, effluent from a
weak and medium-strength sewage would have a
BOD effluent concentration of 22-33 mg/L and 44-66
mg/L, respectively For a number of discharges on
rivers, particularly n developing countries, the first
effluent quality would be certainly temporarily ac-
ceptable, but the second would in practice be rarely
tolerated. As sewage strength 1s likely to fluctuate in
any sewer, single-step anaerobic reactors can, as a
rule, not be recommended as complete treatment
Anaerobic reactars should therefore be regarded as
(major) pre-treatment, to be extended with an aerobic
or physical second treatment step. This extension may
be implemented 1n a later phase, but all necessary
steps for 1ts construction should be taken from the
beginning, included the provision of the additional
space.

Removal performance for COD in anaerobic plants
1s 10-20% lower than BOD reroval. Although COD
1s a useful parameter for operational control of a
treatment plant, 1t usually bears limited value in the
assessment af the pollution degree of water bodies.

53.2 Kjeldahl-nitrogen

Total reduced nitrogen (Kjeldahl-nitrogen) 1s an 1m-
portant component of the oxygen demand of anaero-
bic effluents. If Kjeldahl-nitrogen is discharged into
warm surface water (with temperature above 12 °C),
the omnipresent minifying bacteria will slowly start to
nitrify, consuming dissolved oxygen (NOD). Western
Furopean sewage contains 60 mg N/L as Kjeldahl-
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nitrogen (median value), representing 60 x 4.57 =274

mg O,/L oxygen demand (NOD). Ths is of the same

magnilude as the oxygen demand for BOD removal
In The Netherlands, regulation requires 75% removal
during summer, nitrification in surface water proceed-
ing sufficiently slowly in winter to avoid oxygen
depletion.

The zero nitrification level in anaerobic reactors
could consequently be a distinct disadvantage, as it
necessitates aerobic nitrification as post-treatment
unless the effluent 1s put to use i re-use schemes
where NOD is of lesser concern. Such situations are,
however, not yet common

The alternative, aerobic reactors, like activated
sludge treatment plants and trickling filters, can be
designed to have a limited or an extensive nitrification
degree, by allowing for a high or a Iow sludge loading
(kg BOD/kg MLSS.d), respectively. Oxidation ditches
and pond systems usually apply such low sludge
loading rates that nitnfication is nearly complete. Of
course, the low loading rate to allow for mitrification
and the additional oxygenation increase the treatment
cost also constderably In this sense anaerobic treat-
ment does not perform much worse than its high-rate
aerobic alternatives (mechanically aerated systems,
and trickhing filters); low-rate ponds however appear
more attractive as they automatically induce signifi-
cant nutrification

When providing aerobic post-treatment for anaero-
bic effluents, the reactor must preferably be designed
for both BOD and Kjeldahl-nitrogen removal, the
latter requiring the largest allowance in terms of reac-
tor volume and aeration capacity In most cases there-
fore, aerobic post-treatment tends to become more
complicated and costly than would be expected on the
basis of the assumption that “only” a small amount of
remaining BOD has to be removed.

5.3.3 Suspended solids

The success of a treatment systern strongly depends on
its capacity to remove suspended matter, urespective
of the question whether this is original, by-passed
sewage material, or washed-out biomass. In addition,
the settling step appears to be very sensitive to distur-
bances (flotation phenomena, bulking sludge) which
regularly affect the performance of many treatment
plants.

Well-functioning aerobic waste water treatment
plants applying suspended growth principles, like
activated sludge systems and oxidation ditches,
produce effluent with, on the average, small amounts
of suspended solids, usually less than 30 mg/L.. Opera-
tional practice in The Netherlands shows that suspen-
ded solids concentration depends notably on the load-

ing of the installation, resulting in better quality with
lower loading rates. Sull, suspended solids concentra-~
tion in the effluent is_very variable, due to poor solid
floc build-up, as well as inappropriate design and op-
eration of the secondary clarifier Trentelman (1981)
calculated that average concentration of Total Sus-
pended Solids should be as low as 14 5 mg/L, to meet
an effluent standard of 30 mg/L. as 90-percentile value
The yearly average values for individual plants vary
from 4 to 16 mg/L for low-loaded (0.02 kg BOD/(kg
MLSS d)) to high-loaded (0 5 kg BOD/(kg MLSS.d))
wstallaions.  ~ ~ 7

Trickling filters are characterized by higher yearly
averages and a higher variability: in The Netherlands
yearly averages vary from 10 to 50 mg/L for low-
loaded (3 cap/m® bed) and high-loaded (20 cap/m’®
bed) plants, respectively (Trentelman, 1981) (see also
Table 52) As a rule, attached growth reactors like
trickling filters and rotating biological disc reactois
are designed on the assumption of minimal loss of
particulate material (in the form of not-yet-seitled pri-
mary particles, or debris from the biomass layers),
quite contrary to suspended growth systems they tend
therefore to be less good 1n net removal of suspended
matter

The Suspended Solids in anaerobic reactors of the
UASRB-type is usually sufficient o meet standards
(compare values of Table 3.2 with those of Table 2.6).
In the case of the Kanpur reactor and the discharge
standards for the Ganges, however, this 1s not the case,
effluent carried an average 160 mg/L. SS, with a
standard deviation of an estimated 20% The reactor
performance 1s likely to be further improved. The
effluent BOD and COD of anaerobic — and aerobic —
reactors can be largely attributed to the presence of the
suspended solids. Any gain or loss 1n removal effi-
ciency for suspended solids will be reflected on BOD
and COD removal efficiency.

5.3.4 Pathogens

Waste water treatment technology in industrialised
countries aims primarily at removal of oxygen con-
suming substances, neglecting the importance of pa-
thogen conirol. In most developing countries how-
ever, large parts of the population make use of surface
and ground water, without paying attention to its bac-
teriological quality. The cyclic transmission route of
excreta related pathogens from human waste (water)
to ingestion, 18 a major reason for the poor public
health situation in many of these countries (Feachem
et al, 1983).
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Pathogens can be ranked in various ways.

— 1n terms of physical characteristics, we can distin-
guish (i) viruses, (ii) bacteria and protozoae, and (iii)
the eggs (ova) of worms and other helmnths (the
persistent protozoan and bacterial cysts also fall 1n this
category); this enumeration also reflects increasing
size of the organism:

- according (o their infective dose, i e. the amount
necessary to infect a person; sorne organisms are in-
fectious at low dose (ingestion of < 10%) Iike enteric
viruses, whilst others require very high doses (inges-
tion of > 10" like Vibrio cholerae;

— according to their persistence in the environment
outside the human body, with survival periods ranging
from less than one day to several years, as 1s the case
with the ova of Trichuris;

— according to the possibility that humans acquire
stgnificant immunity upon first infection; significant
immunity against Salmonella typhi can be developed,
but this is clearly not the case for worms.

Human waste ({faeces) may contain small to consider-
able amounts of various types of pathogens, some of
which are routinely present, and others only 1n the case
of infection.

[t may be understood that still very little 1s known

Table 5.4

about the pathways and fate of all pathogens of con-
cern once excreted. Only rarely do waste water treat-
ment researchers take the pain to select representative
indicator organisms to study treatment efficiency. It

‘must be borne 1n mind that in order to be effective virus

and bacteria remqval in most cases necessitates re-
moval efficiencies of 99.99% and higher, given the
large amounts of these pathogens in waste water
(Table 54), and given the infectious doses. This
required removal efficiency is thus 1 to 3 orders of
magnitude higher than what is expected in the removal
of BOD and suspended solids. On the contrary, helmnth
ova tend to be present 1n much lower concentrations,
and require lower removal efficiencies (90 to 99%).
Figure 5.5 gives the position of anaerobic reactors
as compared to competitive “low cost” options with
respect to removal efficiency on faecal coli The HRT

‘required for the given removal efficiency is an indica-

tion for the cost involved. The graph highlights that
HRT is a key parameter that determines coli removal.
HRTs below typically 20 days tend to deliver insuffi-
cient efficiencies, irrespective of the type of the proc-
ess

Table 5.4 compares the removal efficiencies of
major categories of off-site treatment technologies:

Paossible output of some pathogens in the faeces and sewage of a tropical small town (most data from Feachem efal, 1983) Reported

removal efficiencies that can be achieved Ly well-operated on-sife septic tanks, conventional aerobic sewage treatment (pnmary settling followed
by activated sludge and tnckling filters), pends (25 d retention time}, and UASB

Pathogen Totalnumber  Conc. Best removal efficiancy
excreted per In sewage (%)
infected person
perday Septic Aerobic Ponds UASB
(-/L) tank treatment
a Viruses N
Enteric viruses 10¢ 5,000 99 99_ 99.99 99
b. Bacteria and protozoa B
Faecal coliforms 10% 10¢ 90 99. 99,9999 90
Salmonella 108 7,000 90 d9” 99,9999 90
Shigella 108 7,000 90 gg_ 99.9999 90
Vibno cholerae 108 1,000 90 - 99. 99.9999 90
Entamoeba hystolica 15x10° 4,500 g9 99: 999999 39
¢ Helminths (ova)
Ascarnis 108 600 39 k] 999 99
Trichuris 2x10% 120 g9 " 9939 99.9 99
Hookworms 8x10* 32 99 939 999 99

1 Pathogen amounis and concentrations are astimated fram typlcal data, and use realistic infection rates and water consumption rales
2 Removal data are averages and taken from various sources (see / a Feachem et al, 1983), the data for UASB are based on four years demonstration-scale
plant operation in Bandung, Indonesla (RIVM, AUW and St. Borromeus, 1988} and from experience In Colomhia (Schellinkhout, 1987)
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aerobic treatment, 1.e. primary sedimentation followed
by trickling filters or activated sludge processes, waste
waler stabilization ponds (3 units mn series, retention
time 25 days), and the UASB as high-rate anaerobic
treatment, but without any post-treatment

The Table lists selecled pathogens (viruses, bacte-
na, protozoa and helminth ova) In principle public
health objectives are met when zero numbers of these
pathogens are found in the effluent One faecal indica-
tor organism 1s included. faecal coli. The 1976 stan-
dards 1ssued by the European Comrnunity for recrea-
tional surface water (fairly comparable to much of the
surface water 1n many developing countries) set a
guideline limit-concentration of 1,000/L and a manda-
tory limit-concentration of 20,000/L for faecal coli.
From the figures in the table it appears that no treat-
ment technology delivers an acceptable effluent ex-
cept stabilization ponds with sufficient hydraulic re-
tention time (> 20 days).

Table 5.4 brings about the following mam conclu-
sions:

1. In order to prevent as much pathogen survival as
possible in a community’s environment, only stabi-
lization ponds with the indicated long retention times
of 20 to 30 days are fully satisfactory.

2. High-rate anaerobic treatment systems (as UASB)
and aerobic treatment plants score less well than (long
retention) stabilization ponds, given the low pathogen
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Figure 5.5 Removal of faecal colt from sewage as a function of

hydraulic retention tme (HRT) in different treatment plants The figures
in the graph represent temperature (°C) ranges (vanous authors).

removal rates The differences noted between the
aerobic and anaerobic options are irrelevant from the
public health point of view
3. High-rate anaerobic treatment (as UASB) performs
well only on removal of helminth ova. The major
mechanism for removal 1s entrapment in the sludge.
4. As stated earlier, to meet common effluent stan-
dards on BOD, post-treatment will become 1nevitable.
Any post-treatment will improve the pathogen re-
moval capacity of the anaerobic treatment, bringing 1t
to at least that of (two-stage) aerobic treatment.
In industrialised counfries it is not uncommon o apply
physical-chemical treatment methods for effluent dis-
infection. Filtration, as it is used in Europe for the
removal of phosphorus, appears however to be 1nef-
fective for the removal of bacteria and viruses. Chlori-
nation of effluents 1s fairly often applied n the U.S.A ,
and rarely in Western Europe, chlormnation is a “hard”
approach with questionable results (chemical forma-
tion 1 the water of carcinogenic trihalomethanes;
poor killing efficiency with respect to viruses).

Concludingly, the most atiractive disinfection
approaches are still derived from long-term impound-
ment in shallow ponds, with probably occasional
chemical chlorination as a cheaper alternative. As will
be discussed 1n Sectipn 5.3, ponds are in most cases
expensive, except when land 1s cheap

Since none of the options, except long-retention
ponds, offer a satisfactory solution, 1t is always recom-
mendable to reduce physical contact of the population
with the plant’s effluent. This can be attained in the
following ways
— The plant dicharges very close to a suitable waler
body with sufficient dilution capacity: the effluent can
be transported through a closed sewer which 15 not
expensive given the short distance to be covered. The
closed sewer will obviously minimize contact.
— The plant discharges far away from a suitable water
body with sufficient dilution capacity an expensive
closed sewer or a much cheaper yet open drain needs
to be constructed. In the latter case the neighbouring
communities should be educated to learn to appreciate
the risks involved in having contact with the water.

5.3.5 Sludge production and handling

Any sewage treatment plant produces excess sludge
This is composed of the settleable organic and mor-
ganic matter present in the raw sewage, and excess
biomass created by the continuous growth of micro-
organisms feeding on the substrate The settleable
matter can be removed 1n a separate primary sedimen-
tation basin (the case_in aerobic activated sludge and
trickling filter plants) or together with the excess
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biomass (like 1n most anaerobic processes, and in sta-
bilization ponds).

Aerobic waste water treatment 1s characterized by
a high conversion ratio of soluble BOD nto biomass,
and thus sludge. Sludge is a cumbersome by-product:
it 15 produced in large quantities, is composed of
mostly waler, necessitating relatively expensive de-
watering, and 1t may contain pollutants, notably patho-
gens and heavy metals, that render re use as fertilizer
impossible or difficult. From a public health point of
view, re-use 1S advisable only after treatment like
long-term digestion (20 days) or disinfection by in-
creased temperature or pH

Table 5.5 shows typical data on sludge production.

The excess sludge from aerobic treatment however,
can be easily digested, yielding sufficient amounts of
biogas to make the plant energetically autonomous
and cutting 1ts operational costs by 30%

This fact, and the large share (on dry weight base)
of primary sludge in the total sludge production of any
sewage treatment plant, relativize the advantage of
anaerobic systems that they produce up to 50% less
excess biological sludge (biomass) than aerobic proc-
esses. One third of the primary sludge 1s muneral and
is thus certainly not amenable 1o digestion. Nonethe-
less, the costs related 1o the sludge output of an
anaerobic process are stll relatively modest. and
favourably affect the competitiveness of the process.

An additional competitive advantage resides in the
complicated and technologically difficult nature of the
mentioned in-plant biogas recovery from excess sludge
digestion in aerobic treatment ‘plants. This renders
anaerobic plants more appropriate and economically
attractive in less-industrialised countries

An additional advantage of anaerobic treatment is that
it produces a well-digested and stable sludge, which
will not rot when exposed to air. It has favourable
dewatenng charactenstics whencompared tothe “fiesh”
sludge from aerobic plants At the Kanpur plant,
excess sludge (which included a relatively high frac-
tion of imert matier) could be dewatered within one
week (at ambient temperature of 15-25 °C), with the
sludge turning 1ntQ a very dry, hard and porous mate-
r1al, without smell and not attracting birds or insects.
These advantages are reflected 1n the cost calculations
of Table 5 9 and 5 /0.

As the anaerobic reactor can usually not be consid-
ered complete treatment, 1t has 1o be followed by post-
treatment (Section 6 1).1f this 1s to be a small pond, the
additionally created sludge will be limuted, 1f it is an
oxidation ditch, the amount of additronal sludge can-
not be 1gnored. If the post-treatment is a conventional
activated sludge or trickling filter, considerable amounts
of excess biological sludge will need to be digested
prior to dewatering, rendering the whole plant more

Table 5.5  Typical data on sludge production by treatment plants (sludge ncludes both the settleable marler nngmally present in the sewage,
and biological excess sludge)
. = . B LI Z
Technology Sludge quantity Sludge stability
P bl A
(kg DM/kg BOD remaved)® (kg DM/m?treated) (m®/cap yr)
- FT TRV PURET ] i . iy

Primary sedimentation - 0.15-0.2 (10150 025 low?
Activated sludge

high-loaded 0.9-1.0 02 . low’

low-loaded 0507 01 - - medium’
Oxidation ditch 03 005 medium?
Trickling filter 0.4-0.6 009 - " low!
Primary sedimentation + 1.0 0.2-0.4 . high?

aeroblc sludge after -

anaerobic digestion -
Ponds (long retention) 0.07-02 0.03-0 09 d.03-0.08 _ High?

comprises prmary

sedimentation sludge N
UASB comprises primary 0.4-1.2* 01-02 -z high?

sedimentation sludge -

- - i e -~ &

' Sludge rots when expossed to air, needs digesilon {20 d) prior to dewalerlng in open air

2 Sludge can be dried on sand beds for dewatering

’ DM means expressed as dry maffer, BOD reroved refers to BOD removed In the biologlcal step only, except far ponds and UASB
' Typcally 0 4-0 7, 1.2 was found In the UASB plant in Kanpur, which contained much TSS In influgnt z

cel



Environmenial Feasibilily - Refiability 69

complex and expensive.

The amounts and nature of sludge produced by
other anaerobic reactor types 1s not expected to di-
verge very much from what 1s found with the UASBs.
However, if an anaerobic fiiter 1s used in down-flow
mode, the settleable organic matter from the raw
sewage and from the biomass 1s not allowed to be
digested internally. This will require the washed-out
sludge to be collected in a subsequent treatment step,
and to digest it separately (increasing costs).

If the partly dewatered sludge 1s to be valorised as
fertilizer for agriculture or horticulture, public health
aspects need careful evaluation as anaerobic sludge,
just like undigested aerobic sludge may contain patho-
gens. However, in view of the long average retention
ume of sludge in the reactor, and the subsequent
dewatering 1n open air under exposure to sunrays for
one week or longer, anaerobic sludge may be aitrib-
uted a higher safety degree than undigested aerobic
sludges. Separate sludge digestion 1s relatively so-
phisticated and not always advisable. Generally speak-
ing, the quality considerations pertaining to sludge re-
use are similar to those for waste water re-use (see
Section 6.2.5).

5.3.6 Odours and gases

Gases emanating from the plant are usually difficult to
control. The experience with the UASB pilot and
demonstration plants 15 that odours were 1n no case a
major problem. However, 11 densely populated urban
areas an odour nuisance may arise 1f plants are large.
In this case gases are to be collected and treated by
compost-filters, chemical absorption or burning in a
{lare. If the biogas is put lo use (an option which is
probably feasible only when a large plant can be
combined with an mstitutional gas user like a factory,
or when biogas is used for in-plant power generation)
sophisticated electro-mechanical equipment is neces-
sary to compress, transport, condition and utilize the
gas. In addition, stringent safety measures are manda-
tory and requure a high staff discipline. In other words,
gas management at the plant increases the degree of
complication, which 1s usually not advisable 1n less-
industrialised countries.

Odour nuisance is a problem of some importance at
aerobic plants, emphasizing that 1n this respect an-
aerobuic reactors, particularly 1if they are not large, are
not necessarily scoring less well All conventional
plants suffer from corrostve and malodourous gases
emanating from the raw water intake pat, grit removal
and primary clarifiers In The Netherlands and West-
ern Germany 1t 1s common practice to cover these,
collect the air above them, and treat 1t in (air-)composi-
filters. Activated sludge plants produce aerosols (fine

water spray) which ¢an carry pathogens for several
hundred meters to neighbouring houses Trickling
filters in tropical countries are equally smelly and
notorious as breeding places for mosquitoes, flies and
other insects. Anaerobic ponds generally are fairly
free of malodourous gases, stabilization ponds may
generate scum that can be blown away by the wind,
and, if not well constructed and tended, provide on 1its
banks ample opportunity for mnsect breeding. Finally,
some smells will be caused by the thickening and
digestion of the sludge from aerobic plants.

The effect of large flows of anaerobic effluent
being further treated in aerated processes (and the
gases thus being desarbed 1n larger quantities) is still
insufficiently documented.

In conclusion, the odour problem of anaerobic
reactors could in many cases be of comparable impor-
tance to that of conventional aerobic plants.

54  Reliability

The resiuience of anaerobic process agamst both hy-
draulic and organic shock loads was 1n the described
UASB pilot and demaonstration plants larger than can
be expected from the once-through flow mode and the
relatively short retention times.

5.4.1 Hydraulic variations

Most reported experiences (de Man and Lettinga,
1987, Jewell, 1985; Switzenbaum, 1985; Schellink-
hout, 1988; Haskoning, AUW and Emcali, 1989)
relate to pilot plants that operated on a constant flow
rate. Sewage was 1n all cases pumped at a constant rate
to the pilot plant from the sewer; the sewage compo-
sition 1n the sewer and to the plant did vary in a real-
1stic way n function of diurnal variations and (in the
case of combined sewers) of rain weather conditions,
but flow rate changes did not occur on a regular basis.
In the Cali plant a sudden though small flow rate
change was introduced to better simulate the day/night
rhythm, lowering the hydraulic retention time from an
average of 6 h to 4 h; o negative effect was noted as
long as munimal retenfion time stayed above 4 h. On
the contrary, these muor flow variations were found
to favour the process The ‘conclusions were simiar
for the Kanpur piani, flow was n principle kept
constant during the test period, but it was regularly
mterrupted The experiments with the (cold climate)
reactor 11 Bergambacht included at some occasions
variable hydraulic loadings which were n that case
detrimental to good performance.
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5.4.2 \Variation In sewage composition

Sewers may carry systematically or inadvertently
uncommon compounds and materials that affect plant
performance.

During simulation tests in Bandung with on-site
UASBs, inhibiton of methanogenesis by a strong
cleansing agent used 1n Indonesian households (lysol,
a phenolic compound) was studied. Lysol exerted a
pronounced mhibition at low concentration, but this

mhibition never exceeded 50%, despite an irrealistic

increase 1n lysol dosage. Unfortunately, the duration
and possible recovery of the sludge was not studed,
given the fact that phenol can be degraded anaero-
bically, it is likely the sludge will recover after possi-
bly I to 2 days.

The plant in Cali was fed for a month with sewage
contaming industrial ¢ffluents, characterized by high
levels of heavy metals, phenols, high pH values, elc.
Although this led to less abundant digestion, no sys-
tematic negative effect could be detected. High con-
centrations of fats have a negative effect, being poorly
biodegradable and inducing sludge wash-out because
of flotation. The reactor resisted acid pH shocks for
short periods of time, and to alkaline pH shocks up to
pH 12 for prolonged periods, pH shocks cause a tem-
porary reduction in gas production and some sludge
loss.

The above shows that UASB reactors are not ex-
tremely sensitive, but necessitate careful supervision.

Once-through reactlors possess process-wise less
intermal buffering capability to flatten out possible
high shock concentrations. The more a technology is
low-rate, and thus applies low volumetric or organic
loadings, the more water volume 1s available in the
system to dilute and buffer any discontinuities Gener-
ally, no problems due to lack of buffering capacity
occur, as long as the hydraulic loading can be con-
trolled. Hence high-rate anaerobic systems are more
vulnerable, requinng more careful design and supet-
viston. which puts them 1n an unfavourable position as
potential “low cost” treatment lechnology Finally,
the existing experience shows that the resilience of the
anaerobic reactor tends to improve with the substrate
(BOD) concentration in the influent.

The foregoing factors suggest anaerobic reactors
are betler suited to treat waste water that 1s (1) more
concentrated, or (ii) from separate sewer systems
(because these have no peak hydraulic loads com-
bined with low BOD levels)

The consequences of 1nadvertent faulty operation are
for the moment difficult to assess. as experience with
larger scale reactors 1s lacking At the Kanpur plant,
the flushing of clogged inlet pipes had no marked

effect on plant performance; a faulty excessive sludge
bleeding led to deteriorated effluent quality for one
month. As long as no operational problems arise,
required superviston seems to be fairly simple, and
operation and mmaintenance limited

Once a reactor has failed it is difficult to work or do
repair or maintenance work on its internals (influent
distribution system, gas collection, sludge withdrawal
pipes) without shutting the reactor completely off and
emptying it. Normally this will unply some sludge
loss, as s exposure to atmospheric oxygen leads to
(limited) activity decrease. The experience with the
Calj plant shows the need for annual or bi-annual
internal mantenance an gas collectors and concrete
(corrosion), and for removing accumulated heavy
sludge from the lower part of the reactor. The impor-
tant parts of aerobic plants are generally better acces-
sible. -z

To avoid operational problems, sound design pro-
cedures need to be followed, which are probably more
plant-specific than 1n the case of conventional treat-
ment Once an operational problem develops the tech-
nical supervisor may need immediate assistance from
more expenenced staff since the reactor 1s liable to be
severely disturbed a few hours after the first signs of
an anising problem

A problem of a general nature that also deserves
special attention is the fact that anaerobic treatment
plants that are connected to an already existing com-
bined sewer, through which also storm water is dis-
charged, can accept only part of the total peak flow
under rainy weather conditions, as otherwise the bio-
mass would be washed out from the reactor and
sedimentation processes would be disturbed. Aerobic
plants are more flextble and usually designed to accept
up to 4 tumes the daily average dry-weather flow rate;
the remainder 1s by-passed and thus discharged with-
out treatment This need not necessarily be problem-
atic, because the storm water dilutes the pollution.
However, as was shown 1.¢ by the work of Lager and
Smith (1974) and Alaerts er al. (1982), the front of
those sewer water surges can carry a pollution load
which 1s equivalent to that of an accumulation of
several days By-passing this load means that the
treatment effort of a few days is annihilated.

5.5 Institutional and technical manageability

5.5.1 The political factor

The prerequisite for effective waste water collection,
treatment and discharge 1s the awareness of the public
at large, and of the political deciston-makers, that
appropriate means have to be allocated to plan, con-
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struct, maintain and improve the required infrastruc-
ture. The means involve

(1) funds to start up the operations, pay annually prin-
cipal and interest of loans for the investment, pay
annually recurrent costs, and pay annually the cost of
the institutions agency or corporation that will manage
the infrastructure in the technical and financial sense,
(i) renewed funds after the lifespan of the project
have been completed (initial investment depreciated),
to start new projects to allow continuation,

(i11) considerable managerial autonomy for the msii-
tution in order to ensure realistic planning, decision-
making and implementation of projects, based on
sound management procedures;

(1v) considerable financial autonomy to support the
above, allowing the managing institution to set tariffs
or charges 1o the public (“consumers” of the service),
and earn money in other acceptable ways, to armve at
a full cost recavery of all incurred expenditures on
capital and recurrent items;

(v) managerial autonomy with respect to the internal
organisation of the managing institution, in order to
keep 1t effective, flexible and professional, such im-
plies for instance that personnel and staffing policies,
promotion opportunities, human resource develop-
ment and last but not least salary policies are, within
reasonable limits, determined by the institution’s
objectives and not by external (political) considera-
tions,

(v1) an effective degree of cooperation and ceordina-
tion between, 1If not integration of, interrelated sub-
sectors; this may pertain to the horizontal integration
of planning and management of sewerage, drainage,
solid waste, sanitation and water supply in a given
city. or the vertical integration of, for example, small
organizations into units of viable scale.

These prerequisites are valid irrespective of the type of
sewage treatment technology. Novel technologies may’
be more vulnerable than conventional ones, though. It
is often observed that dedicated staff working under
discouraging institutional conditions still perform their
duty well relying on their individual sense for respon-
sibility and their own technical insights; 1f this staff is
not allowed 1o develpp an operational grasp of a newly
introduced technology, this will soon become aban-
doned.

5.5.2 The managerlal factor

If the political climate is advantageous for sector de-
velopment, the management and senor staff must be
capable of setting up and managing an effective
organisation (Picture 8)

This requires that the organisation is effectively or-
ganised .

(1) internally, 1mplying the complete personnel is op-
timally allocated ta job positions designed to identify,
analyse and solve all problems; 1n addition the person-
nel 1s dedicated to its dunies, and is capable of receiv-
g accurate instructions as well as of passing infor-
mation on to higher lévels (top-down and bottom-up
comrunication), the personnel structure 1s well-
balanced, r.e. a sufficient number of the different cate-
gories is available (in developing countries organisa-
tions often dispose of qualified engineers and other
high-ranking staff, but miss well-trained operators
and technicians); .

(ii) externally, r.a in its orientation towards the proj-
ects, in the sense that 1t is capable of planning, design-
ing, constructing and pperating the different compo-
nents of the waste water management scheme; in
addition, 1t (or a related institution) is effective in the
collection and admimstration of revenues and ex-
penses. The scheme’s components cover the sewer-
age and drainage, treajment, and handling and possi-
bly using sludges and:efﬂtgent.

5.5.3 The societal factor

The community at large must be aware of the impor-
tance of adequate waste water management. [t must be
willing to contribute financially on a regular basis to a
central, governmental (or semi-governmental) author-
ity. This willingness relates to a sense of ownership,
and of respectibility of sanitation In addition, it should
be willing to cooperate, for example in keeping gar-
bage out of drains and sewers, in assisting with clean-
ing of open drains or small-bore sewers located on
therr compound, and in general in abiding by the
regulations.

55.4 The scientific support factor

Firstly, scientists and epgingers in industrialised coun-
tries cope with the fast development of technologies
by reading professional journals, artending meetings
and conferences convened by professional associa-
tiors, and by following recycling or advanced courses.
These initiatives are _insttumental to continuously
upgrade the knowledge of the professionals and pro-
mote 1ntensive exchange of information and expert-
ence. In addition to this formal function, the regular
meetings help to foster self-confidence, a sense of re-
sponsibility and a degree of professional pride. These
factors are very important to sustain the creative effort
professionals are expected to bring up in their search
for better and more economic solutions o environ-
mental problems. 7



This corporative support is often deficient in less-
industnialised countries, or it may even work in a
counter-productive manner if il lakes the form of an
association that is to protect cornmercial or otherwise
financial interests. The latter can happen if the asso-
ciation remains unchallenged by peer organisations of
other professionals with competitive interests (e.g
sanitary engincers can be challenged by chemusts or
biologists, ar by pressure groups).

The reason for such deficiency may be too few
prolessionals per city or region, lack of concem,
insufficient funds leading to absence of opportunities
to apply new techmiques, corporation or insufficient
financial means to erect and sustain a viable profes-
sional association.

Secondly, the capabilities of the engineering,
admunistrative and operational staff depend very much
on the adequacy of the educational system. This
holds, of course. to higher education institutes, but
also to mnstitutes and schools delivering technicians, If
the formal schooling system 1s insufficiently speciali-
zed, e.g. with respect ta the formation of plant opera-
tors and supervisors, sector organisations should pro-
vide for this themselves and organise short courses.

Thirdly, the availability of university expertise is
of critical importance in the introduction of new tech-
nologies. They help to deepen the knowledge of those
responsible for implementation, thus preventing triv-
ial mistakes, and they may serve as relatively cheap
and reliable problem-solvers. In addition, this experi-
ence will help the university to act 1n a professional
way and to translate 1ts new experience in more
appropriate technology transfer.

The absence of these facilities exerts without doubt
a negative influence on the chances that a2 new — or
even a proven — lechnology can be ntroduced suc-
cessfully. If the waste water management sector 1s as
such stll a new concept to a country (like in some
African and South-East Asian countries), the firsi two
items mentioned above are predomnant conditions
for any progress. If waste water management is al-
ready a familiar concept in the country (like (n most
South American countries) and a new technology
needs Lo be tried out, the third 1ssue may take over in
importance. It 1s considered thal, in particular, the use
of anaerobic treatment requires good technical and
scientific backing from university laboratories with a
record of successful research. The experience with the
UASB plants in Colombua, Indonesia and India indi-
cates that the deficient institutional supporting struc-
ture is a prime reason for the failurs of a new technol-

ogy.

Anasrobic Waste Water Treatment al Off-site Scale

5.5.5 The technical standards factor
It 1s often reported that technologies fail not because of
process or conceptual deficiencies, but because the
technical standards commonly applied by contractors
and equipment suppliers are too low In most cases a
correlation exists between sub-standard work and low
bidding prices, if such a low bid 1s accepted by the
principal, physical defects will appear, leading to
abnormal additional operation and maintenance costs.
In the case of the introduction of anaerobic treat-
ment lechnolo/gyi contractors need to be more care-
fully selected. The construction of large concrete
watertight tanks, grit channels, gas and sludge collec-
tion facilities, as well as the selection and 1nstallation
of pumps, valves and other equipment are not com-
monly present with most contractors The proper
implementation of any other sanitary engineering factlity,
however, will require similar skills, and 1t is therefore
in principle not so that anaerobic reactors impair a
__higher failure risk than a more conventional type of
reactor. Even the construction of ponds and lagoons
requires an experieénced contractor, especially 1n areas
with difficult soil conditions The special considera-
tions related to anaerobic treatment pertain mostly to
selection of building materials and mechanical equip-
ment that is to be corrosion proof and gas-tight.

5,56 Management aspects

It was concluded in Secrron 5.3 that anaerobic reactors
alone will often not meet effluent requirements and
then need additional treatment. One treatment facility
will thus consist of two subsequent processes, and its
overall reliability will be partly defined by the second
step. It 1s therefore difficult to compare single anaero-
bic plants with the (complete) conventional alierna-
tives. : -

Nonetheless, 1t may be instructive to mention some
fundamental characteristics of basically anaerobic
and aerobic processes.

Anaerobic reactor technology has been applied
successfully for industrial waste water treatment for
over a decade already The experience from thts side
1s that 1f the plant is well-designed and operating, it
requires relauively Little supervision, however, if it 18
disturbed becanse of influent fluctuations, electro-
mechanical failure or gradual development of poor
sludge, constderable expertise is necessary for re-
dressing the situation If the reactor needs ta he opened,
major costs are incurred.. -

It may be expected that the smaller the community
served by a reactor, the lower the level of supervision
and the more likely the development of operational
difficulties, Iike accumulation in the reactor of inert
and clogging materials. However, there 1s reason to
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believe that routine tasks and visual inspection can be
carried out by less-skilled staff, actual supervisian,
control and trouble-shooting, however, must be car-
ried out by an adequately developed orgamisation.

An important advantage of the aerobic alternatives
is their excellent accessibility, allowing most mainte-
nance whilst the plant 1s functioning Active sludge
can be stored unfed up to a week or two in aerobic
conditions: anaerobic sludge can be stored for several
months, on the other hand.

The better control that aerobic plants allow neces-
sitates also better and more continuous process su-
perviston than is the case with anaerobic treatment. It
alsoinvolves more electro-mechanical equipment posing
more risks for failure and requiring more routine
maintenance. The processes involved 1n both types of
plant are equally complicated, this would also be true
for start-up operation

Lagoons and ponds require minimal supervision
provided they are well-designed; they show the largest
resilience to any disturbances, need limited process
control and electro-mechanical equipment, and may
require regular mamtenance of only the - and outlet
structures and of the embankments, as well as sludge
removal every few years.

Experience of professionals, as available with
consultants, university graduates, or publications, 1s
far larger and much more comprehensive with regard
to aerobic treatment than to anaerobic treatment. In
many developing countrtes design and O & M proce-
dures for conventional plants are nowadays well de-
scribed and fairly standardized. Nevertheless, even n
these countries a wide gap still appears between the
“know-how” and the “do-how,” a consequence proba-
bly of the lack of practical experience with waste
water management in general Experience with an-
aerobic treatment has not yet transpired to the profes-
sional community in industrialised countries, let alone
in the developing countries (except for a few specific
locations — usually related to industrial applications —
in 3 or 4 countries, i ¢ India, Colombia, Brazil and
P.R. China (Picture 8)). It 1s therefore clear that
anaerobic treatment poses an additional risk for fail-
ure, and that any implementation necessitates careful
institutional preparation. Picture § shows the applica-
tion of anaerobic treatment of industrial waste water a
remole area 1n the Philippines.

5.6 Economic and financial considerations

5.6.1 Costing procedures

This aspect will be approached by first identifying the
cost components, and then collecting field data on
construction costs, operation and maintenance (Q & M)

costs, Total Annual Costs per Household (TACH),
and eventually Net Present Values (NPV).

The basic instruments and procedures used to ar-
rive at a correct economic and financial assessment of
a given sanitation scheme are outlined in Appendix 2.
Given the focus on the treatment process, and the
implicit assumption that the society is willing to pay
for an adequate level of service, the financial aspects
are of less importance for a comparative analysis. The
most useful form of analysis will be economuc cost-
effectiveness analysis focussing on the treatment system.
The techniques used are TACH and capital costs per
capita (population equivalent)

In the situation with predominantly on-site sanita-
tion options, as discussed in Chapter 4, 1t is reasonable
to assess the feasibility of anaerobic waste water
treatment technologies by selecting representative
urban areas as case studies, and carry out “mni”
sanitation master plans under standardized condittons
in which the choice of the treatment technology 1s a
key variable. As concluded in Chapter 4, such plans
will not drastically vary from one site to another. In the
situation of off-site treatment, the ecanomic costing of
the complete waste water management scheme will on
the contrary depend very much on local, umque con-
ditions. Amongst the factors that prevent easy com-
parison between different alternatives on one location,
as well as comparison of one alternauve between
different locations, can be mentioned: specific build-
ing regulations and requirements, ¢ g. as defined by
soil characteristics (need for piling, presence of rocky
bottom or boulders, consequences of high or very low
walter table, slope of the terrain, degree of impermea-
bulity, risks for earthquakes, etc ), the presence of an
operational sewerage network in the city, the availibil-
ity of land near the city, legal constraints or possibili-
ties for land acquisition, differences in unit costs, and
so forth. Within one small region or country, like The
Netherlands, 1t is possible to apply a more or less stan-
dardized costing approach which provides an accept-
able basis for compariéon On a larger regional scale.
however, it is impossible to devise a costing procedure
that ensures the same degree of comparability.

A second limitation is the dependence of the eco-
nomic feasibility of the treatment on available infras-
tructure or other opportunities. For example, a city
may already operate a sewage collection and transpor-
tation system that conveys the sewage to a river or sea
outfall Any treatment constructed afterwards can
benefit from the fact that this sewer line probably
crosses areas with very low land prices, favouring
treatment technologies that are land intensive, and.
without this sewer, might have necessitated a very
expensive sewage adduction system.
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Given the poor relevance of one completely analysed
set of off-site treatment alternatives for one location,
1t is instead preferred to collect data from various
sources (different locations, different conditions, dif-

ferent costing procedures, etc ) and deduce generalis-

ing conclusions in the form of trends from these.

As a consequence of the above, focus will be on the
treatment systems and not on the collection systems.
Cost mnformation will be collected pertaining to com-
parable situatsons. In Chaprer 6 a brief calculahon will
be carned out mvolving sanitation programme alter-
natives to “connect” the urban area with the treatment
facility, in order to evaluate the economic feasibility of
intermediate-size township-scale anaerobic reactors,
versus large off-site systems.

5.6.2 Relevant cost components

The discussion of the determinants in Chapter 2
emphasized the comprehensive waste water manage-
ment approach. Despite the Lunitations for compa-
rable costing, it is useful to keep this approach in mind
when interpreting cost figures Generally speaking the
waste water system can be functionally divided into 4
parts, each part divided into 4 major cost components
(Table 5 6).

An important consequence of this approach 1s that it
appears difficult to compare teatment alternatives
with a different charactenstic that has a marked influ-
ence on one of the other components in the table This
is. for example, the case when land-intensive and
land-extensive treatmentoptions, like ponds and UASBs
respecttvely, are compared. Sufficiently cheap land
may not be avalable near the city fringe. A cost
comparison must then include the option of a land-
extensive treatment plant (more expensive in con-

Table 56  Typical definition of main cost components of waste
water management schemes, with exclusion of thase relating to institu-
tional management at the levels of the responsible authonties and the
community, and to scientific support

e s |
Component Invastment
Land Cuwvil Electra- O &M
mech

Sewage collection a b c d

(house connections)
Sewage transport e f g h
Treatmentplant I i k |
Sludge treatment m n o p

and handling

struction and operation) requiring less space and
shorter sewage transportation piping, as the plant 1s
situated closer tq the city, and that of a land-intensive
pond system (cheaper 1n construction and operation)
requinng more bui cheaper space and a longer sewage
transportation piping, as the plant lies farther away
from the city.

As discussed m Appendix 2, the investment required
contains considerable “other” sums related to activi-
ues that strictly speaking are not construction costs
(traffic disruption during construction, costs mcurred
to secure loans, probable average costs caused by
likelthood of failure). It 1s useful to divide the sewer-
age network 1n two parts: (1) secondary sewers, con-
sisting of the house connections and smaller-bore
sewage collection pipes, and (ii} the trunk sewers that
convey the collected sewage over longer distances to
the treatment plant

5.6.3 Costs specific for anaerobic treatment
technologies

Again, reliable field tested information is scarce and
mostly pertains to studies with UASBs.

Table 5 7 compiles plain construction cost data for
a number of UASB plants at 8 locations, 5 in South
America, 2 in Asiaand 1 in Europe. Some of these data
are derived from feasibility studies and commercial
offers (refs 1, 3, 4, 6) whilst others are based on pilot-
plant studies (refs. 2, 5 and 8) In addition, both the
technical design framework (sewage composition and
dynamics, reactorloading) and the costing framework
(costing procedure, unit costs, exchange rate to US
dollar) are not fully compatible with eachother. Hence
results are not completely comparable. Notwithsland-
g this limitaton, it 1s felt that the order of magmtude
of costs as expressed per Population Equivalent (cap,
or PE), per m* treated waste water, and per m’ reactor
volume, 1s a useful tool. In the developing countries
the cost per cap varies from US$ 10 to 30, per m’
treated from USS$ 140 to 300, and per m' reactor

- %olume from US$ 30 1 110. The ratio between the

lowest and highest cost figure is approximately 3, a_
fair value given the wide situational differences. The
costs for the European condition (The Netherlands)
are convmcmglx higher (2 to 5 fimeg the average 1n

‘developing countries) as can be expected from higher

unit costs and lower hydraulic loadings of the reactor
due to lower temperature

Reliable information on QO & M costs is even more
scarce, as up o now insufficient full-scale experience
1s available. As far as staffing 1s concerned,

- daily superv1510n and follow-up of a plant may
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need to be continuous, because of the reactor charac-
teristics described 1n Section 5.4, B

— this supervision is of a more simple nature than
what is required by conventional aerobic plants be-
cause of (1) reduced electro-mechanical equipment,
(ii) less need for process control (sludge recycling,
aeration, sludge settleability, etc.) and (1ii) reduced
quantities of excess sludge,

— 1n most cases the staffing requirements for the
anaerobic plant will be relatively small. However,
anaerobic plants are 10 be considered as pre-treatment.
The post-treatment will usually require full-time at-
lention and control which then can easily cover the
plant’s anaerobic part;

— plant supervisors need to be well-trained for rou-
tine activities, they must be backed by a team of more
knowledgeable operators and engineers who are not
stationed at the plant but can on short notice be called
in and take remedial action;

- supervision is more iniensive than for long-reten-
tion-time ponds.

Maintenance costs are proportional to the plant’s
construction cost Maintenance costs will therefore be
only marginally smaller in the case of anaerobic plants,
anaerobic reactors comprise parts that are sensitive to
wear and tear (gas collection, inlet pipes, sludge bleed
valves. etc.). They will be considerably larger than in
the case of ponds Energy costs are in principle negli-
gible, provided the soil condition allows the plant to be

constructed under ground level, a reactor requiring

‘heights of 4 to 6 m.

56.4 Comparison of costs for treatment alternatives

a. Construction costs S

More informative than determining the cost of anaero-
bic treatment plants at various sites is comparing
them, at one site, with costs for alternative, conven-
tional treatment. The conventional alternatives can be
divided into two distinct categories- (i) high-rate aero-
bic technologies combining high construction and
O & M costs with low land costs (activaied sludge
plants and trickling filters), and (11) ponds combining
(usually) low construction and O & M costs with

relatively high land requirements This divisionis also

relevant in terms of treatment efficacy and efficiency,
nolably with respect to pathogens removal (see Sec-
tion 5 3). Because of these cost considerations and the
high process stability, ponds are commonly thought of
as “appropriate” technologies for developing coun-
tries.

Table 5 8 compiles sets of construction cost data
that are internally maximally comparable, as they are
calculated by the same consultant for the same situ-
ation .

The conclusions from_ Table 5 8 are:
1. Differences m costing procedure and situational
data render quantitative comparison precarious, but

Table 5.7  Construction cost data for UASB reactors, complete with necessary equipment, pumglng station (except Rada’, Baranquitia,
Bandung), grit removal and sludge drying (except Rada’) Excludes land and contingercies
e e REE T e ek soded b ek e W) Il iy L - "

Location Capacity Constructlon cost (US$) per Reference

(cap) cap m?® reactor m?¥d treated_.

P 3 SAIILGE "N vy i

Rada’,N-Yemen 45,000 - 181 ST 197 1
Kanpur, India 41,000 6.3 436 - T2 7
Bucaramanga, Colombia 80,000 27 157 T3 3
Cali Vivero, Colombia 16,000 22 425 1o 4
Sao Paolo, Brazil - 30 600 I 180 -5
Baranquilla, Colombia 5,000 9 180 T 45 T 8
Bandung, Indonesla 2,500 25 - 5 - = - 7
The Netherlands 10,000 53 583 40k T8

100,000 47 528 > 366 T8

1 = Euroconsult (1988)

2 = Haskoning (1990) hased on expetance whh Kanpur demonstration-scale plant (unpubl )
3 = DHV Consultants Fact sheet “Rio Frin, Bucaramanga, Colombla”, undated, includes facultanve pond with HRT = 24 h

4 = Haskoning (1987) (unpubl )
5 = Vigira (1988)
= Incol (1988) (urpubl )
7 Own calculation based on simplified deslgn of ret 4

8 = Willeveen+Bos (1989) excludas purmping station sludge handling and maln plping Another (less emenem:etn estimalor gives pfices 30 to 60% higher

———
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Table 5.8  Sefs of cost data for construction + land. The data are plain tasts, and are not corracted as Net Present Values. Data from different
sources can be compared only In a qualitative way since assumpuons and/or local cnrwmslanoes can bedn‘ferent
Country Treatment - Capacny . Cost Reference
(Cap) (US$/cap)
; - PR 2 ek W s e
N-Yemen Oxidationditch 25 000 I - B 1a
Stabilization ponds 25,000 T 29 1a
Aerated lagoon 25,000 ] 36 1a
Trickling filter 25,000 B 45 1a
Asla, Jamalca, Africa  Anaer pond + fac.pond + mat. pond diverse - 38 1
Aer lagoon +mat.pond diverse - (44) 1
Israel Stabilization ponds diverse - 11-18 1
Ponds with partial aeration ) 27-32 1
Aer.lagoon + polishing pond 50-55 1
Thaland Aeratedlagoons 89,000 ) 11-15 2
Stabilization ponds 89,000 h 11-19 2
Activated siudge 89,000 z 50-50 2
N-Yemen Oxidation ditch 46,000 - 52 3
UASB + oxidation ditch 48,000 z 57 3
Anaer pond +fac pand 46,000 84 3
Colombia Fac pond 16,000 : 4 4
UASB 16,000 4 4
Oxidation ditch 16,000 ’ 17 4
Colombia UASB + pond 80,000 . 26 5
Netherlands Oxidation ditch 25,000 b 217 6
50,000 K 175 6
100,000 i 149 6
Activated sludge 25,000 Z 257 6
50,000 194 6
100,000 164 8
Trickling filter 25,000 ) 236 6
50,000 ' 176 6
100,000 - 142 6
India Activated sludge 3,000 38 7
30,000 : 20 7
Act sludge, incl. sludge digestion 41,000 N 13.8 8
UASB + agerated pond 41,000 . 111 8
UASB + cascade + settier 41,000 - 94 8
Act.sludge, incl. sludge digestion 200,000 B 72 9
Oxidation ditch 200,000 z 7.2 9
UASB + act sludge 200,000 : 6.9 9

-
. PP | . rwﬁf Cpnpr oo s g Ly

18 = Arthur (1983) Calculated casa study prices far 1980 Efiuent requirements. 25 mg BODAL, 10,000 FCH.00 .

1m
2m
3m
4=

S5m
6m

7.
8-

9x

Arthur (1983} Fleld data, in 1979 prices Varylng effluent quality, net pond area. 1.2 0.3 m%¥cap, and2-7 m¥/cap, resp

Orth (1988) Calculated prices for the Chonbun case, The indlcated range reflacts senslvity 1o douhlmg of Iand price

Euroconsult {1988). Efluent quallty 25 mg BOD/L.

Haskening ef af (1985) Only simpiified designs are confpared E¥luent quality for the ditch 20 mg BODZL for pond and UASB el‘fn:lancy of 75% on BOD.
Prices axclude main piping, putnping staticn

Jakma, Coilazos and Schellinkhout (1987). Total efficlency on BOD 90%.
STORA (1988) Effiuent mests Dulch effluent standards. Plants are complete with sludge digestion and dewaterlng and are designed for specified nitrifi-
catton Excl land cost

Arcelvala (1989) (unpublished) Excl. land cost and all coningencies.
Ganga Project Diraclorafe. New Delhi (1989) Indicative calculation, based on experience of Kanpur demonslrabon plant (Iand casl 0.3-0.5 US$/cap, de
pending on the alternative) Effluent at 30 mg BOD/L.

Associated Industrial Consullants, Bombay (1989) Effluent at 20 mg BOD/L. Exclusive af land cost, pUmplng stallon and aJl contingencies



allow to 1dentify trends. Conversely, calculating for
one tllustrative case study may lead to conclusions
that are not necessanly fully transferable to other
situations. A definitive cost calculation for a given
project should in any case be made separately taking
into account all specific circumstances.

2. In some of the described cases oxidation ditches
were a cheap solution as compared 1o the altematives
in the given set: n N-Yemen (in both cases), and in
The Netherlands; in the case of the Colombia set, the
oxidation ditch is more expensive, but delivers an
effluent of much higher quality (on BOD) than its two
competitors.

3. Economies of scale are apparent, notably 1n the
case of The Netherlands. Cost differences between the
three technologies are minimal.

4. The second N-Yemen case shows that the differ-
ence 1n corsiruction costs between one large oxida-
tionditchand a UASB + small oxidation ditch to arrive
at the same effluent quality is negligible

5. Construction cost, including land purchase, 1s
marginally more elevated for pond systems than for
oxidation ditches, and by extrapolation for UASE +
small oxidation ditch. This is in the second N-Yemen
case more pronounced due to the porous soil, requir-
g special measures (lining) to prevent excessive
leakage.

6. Most importantly, the recent comparative calcula-
tions for the two Indian cases (refs. 8 and 9), based on
the new experience with a demonstration plant of the
UASB type, clearly indicate that anaerobic treatment
completed with post-treatment 1n order to achieve the
prevailing sharp discharge standards 1s (BOD 20 mg/
L, TSS 50 mg/L) significantly cheaper than fully aero-
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bic alternauves. -
7. In tropical chimates anaerobic reactors can be kept
small, leading to limited construction (and land pur-

‘chase) costs.

b. Operation and maintenance cost

The construction cost (including land purchase),
however, reflects only part of the tolal cost to build and
use a treatment facility. O & M costs can be elevated
and form considerable portions of the annual expendi-
tures of a plant O & M costs depend strongly on local
conditions (e g labour and energy cost) as well as on
the professionalism and service level strived for by the
management.

Table 5.9 compiles recommended staffing levels
for countries with cheap labour. Staffing require-
ments, however, may vary widely with country- and
plant-specific conditions. In industrialised countries
staffing level of aerobic plants 1s much lower the plant
1s more automated (higher investment cast) and the
staff better educated Staffing level there (as normal
man-years) typically varies from [-2 for 25,000 cap
installations to 2-3 for 50,000 and 3-4 for 100,000 cap
plants (STORA, 1988).

As could be expected, staff size is larger for UASBs
than for ponds. If anaerobic treatment 1s only a first
step 1n a plant, the staffing specific for the UASB will
become lower, but staffing level will become deter-
mined by the post-treatment (aerobic treatment or
pond). )

w

Vieira {1988) esﬁtimai.’tesi annual O & M costs for
Brazilian conditions at US$ 0.40/cap.

Table 59  Recommended staffing levels for typical installations in areas where lahour is relatively cheap (rormal man-days per day) Figures
should be seen as indicative and preliminary
Plant Piantengineer Supervisar Labourer® - Lahtechnician Total
R —— o — -
Stabilization ponds’
10,000 cap -2 0.2 2 02 24
25,000 cap -2 1 4 1 6
50,000 cap - 3 6 1 10
100,000 cap 1 3 10 1 15
250,000 cap 1 3 17 ) 23
UASB plant?
10,000 cap 02 1 -02 44
50,000 cap 1 5 10 17 17
L e T = bty b P T8

' Adapted from Arthur {1983).
2 Adaptaed from Haskoning (1989)

* Regular assistance and supervision by senlor staff must be provided by resporisible governmenl authority

* Includes watchman, driver. etc.
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c. Net Present Value and Total Annual Cost

A way to incorporate O & M costs in one figure with
construction and land purchase casts, and at the same
time value the effect of the moment of expenditure, 1s
to calculate the Net Present Value (NPV) (see Appen-
dix 2). Another method 1s to calculate total annual
costs, including depreciation of assets. The most accurate
of both is, of course, NPV because it recognizes the
time value of money Table 5./0 brings together sets
of calculations performed for different locations and
probably under slightly different calculation proce-
dures; qualitative canclusions can be drawn

From this table the following tentative conclusions
can be drawn.

1. The order of magmtude of the NPV values for
similar plants are comparable in the different coun-
tries.

2. The oxidation ditch is the second cheapest option in

Table 5.10

the first N-Yemen case, slightly more expensive than
ponds; 1 the second N-Yemen case it is the most
expensive of the considered options Given its relative
position, one may expect that options with “complete
treatment™ (effluent quality 30 or 20 mg/L. BOD)
involving use of anaerobic treatment (UASBs) lead to
NPVs typically on the cheap side, comparable to those
for ponds. The valuation results 1n the India case yield
significant cost ghfferences and are also strong evi-
dence that, depending on a number of circumstances
(notably land cost), either ponds or UASBs + post-
treatment will be cheapest, and that both will be in
many situations cheaper than trickling filters, oxida-
tion ditches and activated sludge systems.

3. The NPV calculation further reinforces the advan-
tage of anaerobic systems of being cheaper 1n capital
cost (Table 5.6)

4. Based on NBV, trickling filters are marginally
cheaper under Dutch conditions than activated sludge

Sets of Net Present Values for construction, land purchase and O & M. The secondicase of N-Yemen ?)ertajns to a total annual cost

(TAC) NPV does not take into account the possible resale value of the land after the plant ife span The more negative the cost figure, the more

expensive the plant.
L .. MO - SO R - 13
Country Treatment Capacity Cost Note
(cap) (US$/cap)
a i " N - JENPRE, 3 ——
N-Yemen Stabilization ponds 25,000 -7 206 1
Oxudation ditch 25,000 T 234 1
Aerated lagoon 25,000 - 30t 1
Trickling filter 25,000 " 328 1
N-Yemen Anaer pond+fac pond 46,000 I TAC-863_. 2
UASB+oxidation ditch 46,000 - TAC-8.80 2
Oxidation ditch 45,000 - TAC-9.52 2
Netherlands Tnckling filter 25,000 T 425 3
50,000 -321 3
100,000 . 254 3
Oxidation ditch 25,000 T 425 3
50,000 -7 365 3
100,000 I 314 3
Activated sludge 25,000 . 474 3
50,000 I 364 3
100,000 _ =299 R 3
India Act.sludge, incl. sludge digestian 41,000 T 437 a 4
UASB+aerated pond 41,000 -264 4
UASB+cascads+setil. 41,000 -200 4
ol . - % R -3 ;v

1 Arthur (1983) NPV includes income from resourca recovary plscicullura and lrrigation Project fife span 25 year ecommlcu!scount rale 12%. Land cost

US$ 5/m*® favouring tand intenisive aptions (Desk study)
2 Euroconsult (1988) (Comm feas. study)
3 STORA (1988). Exchange rate Hfl. 2 1/US$. (Dask study)

[l

4 Ganga Project Directorate, New Delhl (1989) Indicative calculation, based on expetience of Ka.npur danonstration plant (laq_d cost 0.’3 0.5 1IS¥/cap,
deponding on the alternative) Effluent at 30 mg BOD/L Sludge and effluent ara sold (at US$ 3 3/ton and US$ 0.01/m?, resp ) but gas is not valorized (Comrm.

teas study)

e

A



and oxidation ditch plants, However, this difference 1s
not of a decisive magnitude and does not allow gener-
alization of this conclusion. It must be borne in mind
that, contrary to common belief, the activated sludge
plant has very low 10 zero energy costs, since primary
and excess sludges are digested, and the recovered
biogas is utilized 1 gas motors to produce electricity
(integrated plant). Under conditions of most less-
industrialised countries however, such integrationmay
prove 1o be too sophisticated, making this aerobic
option less economic.

Additional information on the relative position of
anaerobic treatment in terms of NPV calculation can
be drawn from a study carried out for Dutch conditions
(Witteveen+Bos, 1988). This study treats all possible
schemes 1n a standardized way. It presumes that the
anaerobic slep 15 Lo be followed by an aerobic one to
attain complete treatment, 1 e BOD < 20 mg/L and
> 75% nitrification in the case of the low-loaded oxi-
dation ditch alternative for 10,000 cap, and 10-30%
nitrification in the other cases (no phosphate or patho-
gen removal). The study also performs sensitivity
analyses on acceptable volumetric loading rates of the
anaerobic reactor, construction costs, amouft of N
removed in the anaerobic reactor, sludge loading rate
in the post-treatment, and sludge disposal alternatives.
A selection of the results is shown in Table 5 11

Table 5.11 shows thal the application of UASBs in
moderate climates provides, at the present state of
knowledge, a reasonable advantage of around 5%
the case of the smaller plants where oxidation ditches

Table 5.11
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are likely to be selected The anaerobic-based option
has lower operational costs. For mid- and larger-sized
plants, of 50,000-100,000 cap, the UASB application
1s more expenstve by 10 to 20% under the given
conditions. If final efffuent of the 50,000 and 100,000
cap plants has to meet the requirement of 75% nitrifi-
cation (oxidation of Kjeldahl-nitrogen), NPVs are 10-
20% above those for plants without this pronounced
nitrification In the case that excess sludge cannot be
disposed of in agriculture or by dumping, but needs to
be incinerated, the economic feasibility of the anaero-
bic-based option improves drastically, and it may
become more attractive in most cases than the refer-
ence scheme. This, however, though soon a reality in
industrialised counmcs may be less realistic in devel-
oping countries.

The good performance of the activaled sludge scheme
1s related to the in-plant power generation from biogas
from the sludge digesters Such integration requires a
high degree of sophisfication that is less appropriate
for developing countries. If no sludge digestion takes
place, the balance shifts in the favour of the UASB
scheme with up to 5% saving in NPV as compared to
the reference. A second beneficial effect for develop-
ing countries is a higher ambient temperature and thus
a shorter hydraulic retention times of app 6 h (see
Table 3.4) 1M this value 1s introduced instead of the 8
h, saving in NPV becomes marginally positive (O to
2%) for the case of The Netherlands.

Concludingly, UASB based treatment achieving ef-
fluent quality of 20 to 30 mg/L is usually economical

NPV cost difference batween (complete) treatment schemes incorporating UASB, and a reference scheme; expressed as percent-

age higher (-) or lower (+) cost of the UASB-based scheme (Witteveen+Bos, 1989) Valid for The Netherands. Indicated are ranges with different
options w.r t. design cntenta and in unit costs, negative values imply that the UASB scheme is more expensive than its reference.

Plant Investment NPV 0O&M NPV Total NPV

(cap)
(UASB + oxidation ditch) vs (reference. oxidation ditch)

10,000 -8.6t0-12.5 26.5 10 26.1 p 6.7t0 4.3
(UASB + activated sludge) vs (reference. activated sludge)

50,000 -9.2ta-21.7 4.710-9.7 - -7f0-18
(UASB + activated sludge) vs (reference: activated sludge)

100,000 1.8t0-107 36i0-46 N -8.810-21.8

Assumpllons -

- Avg hydraullc retention time UASB = 8 h
Sludge Is disposed of In agHculture
UASB removes 0-20% N

Sludge loading in oxidation ditch 0 05 and n act sludge 0 15 kg BOD/{kg MLSS g}

Project Iife span 30 year but electro-mathanical part depreciated in 15 year; financlal discount rate 8%, annual inflatfon 5 but for @nergy §%
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in tropical countries, but not or only marginally cheaper
in industnalised countries with lemperate climate.

The scarcely available pilot-plant data on other an-
acrobic reactor types indicate that they probably do
not perform better (1n terms of removal efficiencies at
a given hydraulic retention time) than UASBs (Table
3.2). On the contrary they may be more expensive than
UASBs; this holds particularly true for anaerobic
filters that are filled with plastic filter material, which
adds considerably to total cost.

In the above calculations two important numerical
values had to be assumed with decisive influence on
the economic feasibility: for land cost, and for dis~
count rate. The sensitivity of results to land cost will
be further discussed hereunder

d. The influence of land cost

The land cost has an obvious impact on feasibilities.
As suggested 1 Table 5.6, any realistic feasibility
study will include all costs related to the full sewage
scheme, 1ncluding the sewerage Of course, if sewer-
age and sewage transportation pipes are already avail-
able and only a new treatment plant has to be erected,
then the feasibility study can limit 1tself to evaluating
only the additional costs related to the new plant For
a new scheme however, an oplimization has to be
carned out: If the treatment is located close to the city
where the waste is produced, land costs are high but
the sewage transportation lines are short and thus
cheap; conversely, if the treatrnent facility lies far
away from the city, land costs are low but sewage
transportation costs high. High land costs favour high-
rate technologies like aerobic treatment and UASBs;
low land costs favour ponds and lagoons This 1s
lustrated by Figure 5 2, in which the typical perform-

[

T — 1
10 15

Land frica m § per m3

Figure 5.6

Biological Filter

ance of treatment technologies is expressed as a func-
tion of the hydraulic retention time (which can be
considered as an indication of land use)

Two situations may be distinguished:

(1) land cost decreases only slowly as a function of
distance to the cify centre, and land below a critical
cost level 1s available too far from the city to allow
affordable sewage transportation (for instance around
metropolises and sprawling urbanised areas like the
Jakarta-Bogor-Tangerang-Bekas: area in Indonesia,
Bombay area in India, Randstad in The Netherlands,
etc ); in this case land consuming treatment facilities
are unfeasible;

(1) land cost decreases sharply as a function of dis-
tance to the city centre, and cheap land is available
sufficiently close to the city’s edge (for instance as is
the case with many towns at a reasonable distance
from other urban areas); in this case land consuming
treatment may be most feasible

To complicate the calculation, it can be argued that the
NPV should include the resale value of the land after
the plant’s lifespan If this is done, vast ponds achieve
low NPVs, as it is common that land near the city
appreciates in 20-30 years 20-50 times, this is al 4 rate
considerably higher than the discount rate (real land
price increases of 5.8 to 8 6% per annum were found,
for instance, 1n 4 representative suburbs of Bangkok
[Chantana, 1987]) Ina way, the waste waler treatment
plant functions for the city government as an invest-
ment in real estale. However, if this resale value 15 dis-
counted and included in the NPV, the cost for its
replacement at another site, including higher transpor-
tation costs, should also be taken into account It is
obvious that such complete calculation becomes pre-

o wrAsraved Lagoon Symem 1%

- T T
0 1 5 7B 10 A1)
Land Prics n § per m?

influence of land price and discount factor on Net Present Value of treatment alternatives for Sana'a, N-Yemen (Arthur, 1983).
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carious as it involves many unknowns. Therefore, this
line of thought is not further pursued here.

The influence of land cost 1s shown 1n Figure 5.6
forthe calculated examples of Sana’a, N-Yemen (Arthur,
1983). At a discount rate of 5% the oxtdation ditch
becomes cheaper than the waste stabilization pond if
land price exceeds US$ 15/m? If the discount rate is
12%. the break-even pomt lies at US$ 7.8/m? For
practical purposes and in most cases, 10to 12% should
be considered an appropriate economuc discount rate;
5% is on the low side. The typical figures for land
prices as applied by Arthur in 1979 can still be consid-
ered pertinent; land price will have risen since then but
for the land categories involved the order of magni-
tude will not have changed. Thus, one can provi-
sionally conclude that a pond system becomes cheaper
than an oxidation ditch when land price falls below
US$ 5-10/m>.

Based an the conclusion from Table 5 9 that one
may expect a UASB + post-treatment to be cheaper in
NPV than an oxidation ditch, it 1s likely that the break-

even land price 1s stll lower if ponds are compared o -

UASB + post-treatment, possibly ranging between
US$ 4 and 8/m’.

As already argued in Section 5352, this way of
comparing land-intensive and land-extensive treat-
ment alternatives can be questioned Cheap land, a
prerequisite for land-1ntensive options, 1s usually avail-
able only farther away from the place of origin of the
sewage, thus leading to higher sewage transportation
costs. If this effect is also taken 1nto consideration, the
break-even land price will in many cases be further

Towered, rendering high-rate alternatives lhike UASBs
even more attractive. -

Table 5.12 campiles 1988/1989 figures for land
prices, in order to facilitate comparison with the break-
even values deduced by Arthur.  ~

The real price of land is sometimes difficult to pre-
cisely assess, as expropriation procedures vary from
country to country. Also, some countries, like Tanza-
nia, do not fully recognize the opportunity cost of land,
insisting that all land is owned by the government. The
price a plot of land commands vanes greatly with
location, accessability, size and shape, and surronnd-
ings. )

Notwithstanding this constraint, the abave figures
clearly indicate that the critical values of US$ 4 to 8 per
m? are certainly on the low side for urban or semi-
urban fringe areas. Even for the rural edge areas
around the cities mentioned in Table 5.11, land prices
may often exceed the threshold cost Exceptions to
this rule are plots that have little intrinsic value, for
example marshy areas near a city or a seashore. Also,
it may be readily assumed that the rural edge of
medwm- and small-size towns is more likely to yield
the low land prices necessary for land-ntensive treat-
ment systems :

e. The influence of the discount factor

The second important variable is the discount rate.
Economic discount rates vary from 5 to over 15%,
depending on how the country values 1ts growth op-
portunities. The financial discount rate reflects the

Table 5.12  Land prices (1988/1989) expressed as US$/m?

Location City centre Around centre - Urban edge _ Ruraledge

Indonesia Jakarta > 300 200-300 50200 <50
Bogor 200 125 50 5-10
Yogyakarta 75 50 25T 7 - 15
Bandung >120 60-120 2045 ~ 625
Ambon 100 7% 25” T <5

Thailand: Bangkok' - >300 25-150 10-40
medium size cities? 50-150 Z - 520

Turkey: Istanbul 150-200 50-75 20-35 10-15

India Hyderabad 200-500 150-200 50-10 10-30
Agra 82 40 20 1-5

Kenya:  Nakuru 45 40 357 15

' Chantana (1987)

? Sindlalr Knight and Partners (1389)
Other data colleclad via questionnaires.
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opportunity costs for capital in a given country, and
needs to be corrected for inflation; 2 to 4% are com-
mon values. In Figure 5.6 the NPV 1s assessed on 1ts
sensitivity towards the economic discount rate. It
appears that the effect of a variation from 5 to 12% has
seemingly a minor effect, much less than the effect of
land price. However. changing of the rate shifts the
break-even land price into a critical range.

The applied discount rate 1n fact attributes a value
to future expenses and income. A low rate gives great
weight to the future transactions; a high rate does the
opposite. In terms of O & M expenses, aerobic tech-
nologies rank higher than anaerobic ones and ponds.
A low discount rate thus favours ponds and anaerobic
technologies; a high rate renders aerobic plants more
advantageous.

5.7  Blogas: a realistic perspective?
The generation of biogas is generally considered a
major asset of anaerobic waste water treatment. This

consideration is certainly true for anaerobic digestion
of sludges. and for the treatment of “strong” industrial.

waste water, contaming more than 2,000 mg COD/L.
The quantity of biogas depends linearly on the amount
of carbonaceous matter (BOD or COD) removed. C
from hydrocarbons, protetns, etc. is after the fermen-
tative reactions incorporated in the CO, and CH,
which emerge in gaseous form. The biogas derives its
energetic content from the CH,; the CO,, making up
10 to 20% of the biogas, increases the efficiency of the
CH, burning process as it is a better heat conductor
than CH,.

The financial feasibility of anaerobic treatment 1s
demonstrated in the case of, for example, an alcohol
distillery with prices representative for Indian condi-
tions, of which some 500 can be found in tropical
countries around the world.

— adistillery of average size produces 500 HL alco-
hol (@ 96%) daily, and continuously discharges 600
m'/d x 90 kg COD/m* = 54,000 kg COD/d.

Of this load, 75% can be removed anaerobically,
the calonfic value and fuel equivalence benefit can be
calculated to be
(54,000 kg COD/d x 0.75 x 0.3 Nm®* CH /kg CODre-
moved) x 0.84 L fuel/Nm* CH, x US$ 0 23/L fuel x
330 d/yr = US$ 0.76 million/yr

The related investment amounts to approx. US$ 0.9
million. This investment 1s thus recovered 1 15 to,
under pessimistic circumstances, 2.5 years

If the same waste water were to be treated aerobi-
cally, the sheer recurrent cost of aeration energy is al-
ready prohibitively elevated.
assuming that on the average 1,000 kWh is required

for aeration to remove 1,000 kg COD, then the annual
electricity bill is -
54,000 kg COD/d x 0 75 x US$ 0.04/kWh x 330 d/yr =
US$ 534,600 ~

However, 1n the case of sewage the picture 1s less en-
couraging Firstly, we deal with “weak” waste waler
with a COD content of 400 to 800 mg/L that conse-
quently can produce only small amounts of CH,. In
addinon, CH, is partly soluble in water; at the given
concentrations this effect is noticeable with 25-65%
remaining dissolved Thirdly, the financial feasibility
strongly depends on_the local opportunity cost of
energy contrary to most industries who have bouler
houses to meet ther heat requirements, usually no
large institutional gas consumers are available in the
sewage plant’s neighbourhood, and the biogas be-
comes no asset but a [iability since it is highly explo-
sive. .

The energy i the gas can be used in following
ways. o B
— the gas 15 burn} in a boiler. The heated water and/or
steam 15 utilized in a factory, hospital or other inistitu-
tion that has a constant need. The financial feasibility
of the gas utilization critically depends on the continu-
ity and stability of consumption, and on the question
whether gas producer and consumer match eachother’s
needs for longer periods. Each hour of the day, or week
in the year that this is not the case will negatively affect
feasibility. As example of such coupling, the biogas
delivered from the sludge digestion at the Bombay
Dadar treatment plant to a nearby hospital can be
mentioned; however, the hospital does not need the
gas continously and does not appreciate either the
regular shut-downs of the sludge digester for mainte-
nance, rendering the investment 1n the piping and gas
utilization equipment uneconomical,
— the gas 1s sold to households via a complex piping
system This option hurts on the cost of gas compres-
sors, piping, safely equipment and house connection
costs. Gas production fluctuates with the COD-load
entering the plant; gas consumption follows a typical
dwmnal pattern This implies that expensive gas stor-
age tanks have to be provided. Extensive salety pre-
cautions are mandatory Also, continuous gas supply
cannot be guaranteed. A scope for “low cost” biogas
consumption can exist in more rural areas with less
densily populated settlements.
— the gas can be converted on-site into electricity
with gas motars. Despite the poor conversion effi-
ciency (20-26%) and the costs involved for the motor
itself, the gas conditioning, and the O & M, this
option 1s attractive. The electricity can be utilized in-
plant, e.g. to power aerators in an aerobic post-treatment,



or to power pumps or other equipment Nonetheless,
this electricity may in many less-industrialised coun-
tries prove to be not much cheaper than electricity
bought from the grid. An example where this approach
is tried out on demonstration scale 1s found in Lucknow
(India) where sewage is flocculated with alum and the
seltled sludge digested 1n order to power pumps that
lift city drainage water over the dyke into the Yamuna
River. The economic feasibility of such a scheme,
however. 1s noi obvious

Sewage is reported to generate in Cali 0 19 m® CH /kg
CODremoved at 25 °C and a height of app 800 m
above sea level (Haskoning, AUW and Emcali, 1989).
This correspords to Q 16 Nm* CH, /kg CODremoved.
It is a low figure due to the fact that 25-65% of 1t
remains dissolved. At the Bergambacht site and n
Sao Paulo similar values were found, ranging be-
tween 0.13 and 0.19 Nm'/kg CODiemoved. At the
Kanpur plant only app ¢ 10 Nm'/kg COD removed
could be recovered, probably because of considerable
sulphate reduction taking place mthis parficular sewage.
Theoretical conversion 1s 0.34 Nm' CH,/kg COD
removed.

How much energy can be derived from a sizable an~
aerobic treatment plant of, for istance, 100,000 cap?
Assuming COD load entering the plant 1s, including
organic solids, 0.6 kg COD/m® x 0 12 m*/d.cap x 10°
cap = 7,200 kg COD/d;
with removal efficiency at 65% and above gas produc-
tion rate. 7,200 kg COD/d x 065 x 0.16 Nm'/kg
CODremoved = 749 Nm® CH /d,
or 749 Nm* CH /d x 35 MJ/Nm® CH, x 0.25 = 6,552
MI(electric)/d corresponding to 6,552 x 106J/d x 2.78
x 107 = 1,821 kWh/d,
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or, at a representative vmt price 1,821 kWh/d x US$ .
0.1/kWh x 330 d/yr = US$ 60,000/yr

This would require installation of a gas motor with
generator of app 100 kW power with an indicauve
‘purchase price (installed but without civil work, ca-

_bling, gas piping, gas conditioning and appurtenances)

of US$ 50,000 (1989 price). In many less-indus-
trialised countries the investment figure may be 10-
30% lower, which, also thanks ta cheaper labour,
enhances the feasibility

Thisexample, withrepresentative and “unpolished”
values, shows that particularly in couniries with ex-
pensive electricity, or irregular or otherwise con-
stramned power supply, biogas utilization via power
production is financially attractive in the case of large

_treatment works. The complete related investment can
be paid off in less than 2 year. However, it will never
provide the decisive argument in favour of anaerobic
technology, though it is acknowledged that 1t assists in
resource recovery, — - )

For treatment plants of 50,000 cap or smaller the
mvestment costs become proportionally heavier. In
general it is not advised to distribute and utilize biogas
at household level 1n so-called cheap or low cost op-
tions since the economic benefit is nil or marginal
whilst safety 1s put at serious risk. An exception to this
advice may be formed by the rural biogas schemes
based on manure digestion where even small amounts
of brogas contribute sigmficantly to comfort, develop-
ment and wood conservation Many such schemes are
reported to have failed, but successful ones exist in
India, PR China, Nepal, Taiwan, eic.

This financial advantage was not taken into ac-
count 1n Section 5 4, but 1t is not expected that 1t will
have a noticeable effect on the rankimgs.






6 The Position of Anhaerobic Treatment in Waste
Water Management Schemes

This Chapter will discuss which additional treatment
(post-treatment) can be proposed to render anaerobic
reactors part of a “complete” treatment plant, and
under which circumstances and in which waste water
management programmes anaerobic reactors can pro-
vide attractive solutions at on-site, off-site or interme-
diate scale.

6.1 Post-treatment options

6.1.1 Needs and opportunities

As was argued 1n Section 2.5 1 1t is for less-industrial-
ised countries best policy Lo design treatment schemes
under the assumption that eventually fairly stringent
discharge standards will be imposed (see Table 2.6).
From Chapter 5 it can be concluded that the weak
points in the performance of a single anaerobic reactor
reside in its (i) good but still insufficient removal of
BOD and COD, (1i) zero nitrification, producing an
effluent with readily oxidizable ammonia (111) poor
removal of pathogenic viruses, bacteria, protozoae
and amoebae, and (1v) relatively wide scatter on efflu-
ent quality characteristics. However, the alternative
treatment options are not always nor on all counts per-
forming better. and in many cases 1t appears that these
were definitely more expensive. Attaching post-treat-
ment to the anaerobic reactor could solve (part of)
above limitations at competitive cost.

This circumstance provides an interesting advantage
to anaerobic treatment because it allows phased in-
vestment. In such a complete plant the anaerobic
reactor 1s the first and major item, responsible for the
larger part of the overall treatment performance. This
15 in contrast to the situation with conventional aerobic
treatment, where the second treatment step (the bio-
logical treatment) 1s most important. This means that
anaerobic-based plants allow achievement of three-
quarters of an eventual “complete” treatment perform-
ance by invesling first in this first phase and i due
time completing it with post-treatment. Aerobic plants
do not allow this flexibility in investment schedule,
since investment in the primary sedimentation 1s com-
paratively small and leads to limited result. The two-
phase aerobic plants (A-B plants) do not possess this
facility either, as their (attractive) economiic feasibil-
ity 1s based on sludge digestion resulting from a

complete plant. Only ponds or lagaons would provide
the same facility.

6.1.2 Simple aeration
Depending on the soil characteristics and other eco-
nomic considerations, the reactor will be constructed
above or under ground level If it is constructed above
ground level, sewage will have to be pumped to the
waste water inlet/distribution boxes on top of the
reactor After passage through the reactor the water
flows over the outlet weirs at aheight of 4 to 6 m above
groundlevel. This potential energy can be used to have
the water sprinkled out and trickling down an open
wooden structure, or in a cascade. The falling droplets
strive for equilibrium with the surrounding air, and
desorb dissolved gases, like ammonia, hydrogen
sulphide and more complex gaseous constituents, and
absorb oxygen The desorption leads to a reduction of
oxygen consumption in any subsequent biological
oxidation (as takes place e.g 1n a matural way in the
receiving water body). It is presently still impossible
to quantify this effect precisely; but it can be assumed
that a few percemntages of BOD are removed this way.
The amount of oxygen absorbed can be calculated to
be 154 mg O,/L, depending on spray height, tem-
perature and geometric variables The combined ef-
fect thus leads to a reduction of the subsequent oxy-
genation requiremient of 5-10%, in an easy-to-con-
struct aeration tower at a relatively small cost The
construction would involve a number of water distri-
bution pipes with spraying slots on top of a wooden
open structure which rests on a flat concrete collection
floor, operation and mamtenance are miimal

The obvious disadvantage of aeration is possible
odour nuisance. According to the experience wilh
demonstration plants, odour nuisance remains limited
if the reactor effluent is strred unnecessarily, it is
probable that effluent aeration will necessitate meas-
ures to collect and treat (or dispose of through a high
stack) the exhaust gases.

6.1.3 Biological post-treatment: activated sludge,
oxidation ditch

If the anaerobic reactor 1s constructed under ground

level, post-treatment could consist of an activated

sludge or oxidation ditch system Given the prefer-

ence for more simple and reliable technology, the
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oxidation ditch seems most advisable, as 1t 1s a low-
rate and not-too-complex system; it has the additional
advantages of (i) low production of excess sludge
which 1s stabilized, and (ii) relatively large reactor
volume and low sludge loading, thus flattening off
variations in the effluent quality of the anaerobic
reactor.

The oxidation ditch also provides full nitrification
of the effluent (all ammoma oxidized into nitrate)
which is positive in an environmental protection strat-
egy. The ammonia 1s the major oxygen consuming
constituent in the anaerobic effluent and thus deter-
mines the size (and cost) of the post-treatment In the
following example the required brutto oxygen de-
mand (taking into account all efficiency losses related
to mechanical aeration) 1s calculated for the case of
zero and full nitrification n a plant for a population of
100.000. Assumed Population Equivalent values are
50 g BOD/cap.d and 10 g Kjeldahl-N/cap d, the an-
aerobic reactor 15 assumed to 1emove 75% (a high
estimate) of incoming BOD and to convert all Kjel-
dahl-N into ammonia
— Zeronitrification, in a high-loaded activated sludge
system: brutto oxygen adduction required is' 0.05 kg
BOD/cap.d x 0.25 x 0.9 kg O,/kg BOD x 1.75 x
100,000 cap = 2,000 kg O_/d, this involves an energy
consumption of i
2,000 kg O/d x 0.67 kWh/kg O, = 1,340 kWh/d.

— Full nitrification and sludge stabilization, in a low-
loaded oxidation ditch

brutto oxygen adduction required is [0 05 kg BOD/
cap.d x 0.25 x 1.2 kg O,/kg BOD + 0.0l kgN/cap d x
5 kg O,/kg NJ x 2 8 x 100,000 cap = 18,200 kg O,/d;
this 1nvolves an energy consumption of 18,200 kg O/
d x 0.67 kWh/kg O, = 12,000 kWh/d. )

When comparing these energy consumption figures
with the expected energy production (see example for
the same plant size in Section 5.9), 1t appears that the
high-loaded activated sludge system has the advan-
tage of consuming only a little less than the electric
energy produced by the anaerobic reactor. The techm-
cally and environmentally most appealing option, the
oxidation ditch as post-treatment, consumes several
times more energy than the reactor can provide

The related capital investments for these two alter-
natives are not necessarily in the same proportion as

' Assumplions 0.251s the remaining fraction of the BOD load in the effluent, if
the reaclor has an efficiancy of 75% In the first calculation 1 75 1s the required
ovar-oxygenalion capacity in order to provide the sloichiometrically needed 0 9 kg
0,/kg BOD. in the second caleulation this figure 1s igher (2 8) because of the Jang
hydraubic retention times involved

their energy consumption. Total costs expressed as
NPVs were calculated for similar situations in Secrton
5.6 4 ¢, where the predominant importance of the
nitnfication was already made apparent. Also, excess
sludge from activated sludge systems needs further
aerobic or anaerobic digestion, both options add to
cost and operational complexity rendering them pos-
sibly less attractive in less-industrialised countries.
Concluding, for any selection it is mandatory to
identify the priorities a treatment scheme has to fulfill
(assuming warm ¢limate and conditions of less-indus-
trialised countries).
— 1f no need for nitrification exists, the plant size is
above 100,000 cap, and sufficient engineering experi-
ence 1s available fo manage a camplex plant, a UASB
+ activated sludge plant with sludge digestion 1s
advisable (provided 1t proves more feasible than the
fully aerobic option);
~ 1f mutrificafion is required, large plants (> 100,000
cap) may benefit from the UASB + activated sludge
option but the UASB + oxidation ditch is a feasible
competutor, smaller plants (> 50,000 cap) will need
the UASRB + oxidation ditch (provided in both cases
they prove more feasible than the fully aerobic op-
tion), -7
— if no need for nitrification exists and plant size is
< 100,000 cap, the UASB + oxidation ditch is sfill
most likely the feasible option because of the sludge
problem (provided it proves more feasible than the
fully aerobic option and an option involving ponds).

Insufficient experience exists with respect to the pos-
sible simultaneous digestion inside the anaerobic reactor
of the excess sludge from the aerobic treatment, The
UASB reactor type could m principle accept this
sludge, reactor types with a filter material may be
prone to clogging. A major possible difficulty would
be a too poor settleability of the sludge causing exces-
sive wash-out of particulate matter.

6.1.4 Biological post-treatment: trickling filter

If the reactor 1s constructed above ground level, the
available head 1n the overflowing effluent can be used
to have 1t trickle down m an aerobic trickling filter
(height 3 to 6 m) The trickling filter has the advantage
of not necessitating mechanical aeration.

When a trickling filter treats sewage, the fasl bio-
mass growth on the filter medium must be kept m
check to avoid clogging, this is done by having the
filter’s effluent settled in a small settling tank (equipped
with sludge raking bridge) and recirculating the efflu-
ent over the filter, thus increasing the hydraulic scour.
For the filter to function at a reduced efficiency (40-
50% on BOD) such setthing tank with its appurte-
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nances may not be necessary, this would render the
system more appropriate for smaller plants m less-
industrialised countries. However, little is known about
how such a filter behaves when 1t is fed with the UASB
effluent which is highly reduced and carries a BOD
concentration of typically 30-70 mg/L, well below
that of common sewage. In warm climates, a single
pass through the filter may, depending on volumetric
loading rate, consistently allow removal of 20-40 mg
BOD/L plus a fair degree (50%) of nitrification with-
out biomass growth exceeding the scouring capacity
of the nominal flow rate. At any rate, the filter will
have to be carefully designed to combine both objec-
tives

Also here odour problems may arise. Finally, the
trickling filter produces an unstabilized sludge which
needs further treatment. Similar considerations, as
with activated sludge systems, are valid here.

6.1.5 Ponds

If land price permuts, the anaerobic effluent can be
“polished”™ 1n a facultative pond Such a pond would
remove the excess amounts of BOD, oxidize ammo-
nium, and mineralize on its bottom any sludge settled.
Accumulated sludge needs to be removed only once
cvery two years. In view of the large volume it con-
lains. 1t will also help to level off the peaks in the
anaerobic effluent; these are often related to wash-out
of sludge, which can readily settle in the polishing
pond. As 1s the case with the oxidation ditch, the pond
will have to be designed on 1its Kjeldahl-N load.
Retention times will be at least 1 day.

Ponds or channels with floating aquatic macro-
phytes can also be considered for post-treatment
Their particular benefit relates to the pronounced
removal of the nutrients (P and N) by the microbes
associated with the macrophytes. The advised reten-
tion time is then not lower than 7 days

If the eventual objective is also to induce sufficient
pathogen removal, a series of 2 to 3 ponds with total
retention time of 20-25 days will be necessary, as
bacterial and viral decay is primarily dependent on
total retention nume. In this case the insertion of the
UASB in the treatment scheme serves no purpose

6.1.6 Other options

Other options include, for example, 10tating (aerobic)
biological discs and the'rope contactor. The discs have
the reputation of being user-riendly, reliable, simple
in operation and construction, and thus appropriate for
less-industrialised countries. Nonetheless, the avail-
able experience 1s relatively limited, and often pertain-
ing to small pilot-planis It is even more limited 1n the
case of the rope contactor (recently developed by

NEERI, Nagpur, India). -
Although 1t 1s acknowledged that these alternatives
hold considerable potential, 1t 1s felt that conclusions
would not deviate much from those pertaining to other
attached growth reactors like trickling filters.

6.2 Anaerobic reactors In waste water
management schemes

6.2.1 Centralised off-site option, Common sewerage
The usual situation one encounters is location of the
treatment facility as close as possible to the discharge
point (in river, lake, estuary or sea); this discharge
point, of course, 1s to be located not too far from the
city where the waste 1s produced The plant is con-
ceived to accommodate as much of the city’s waste
water as possible in order to make use of the economy
of scale, and the higher quality of centralised opera-
tion and surveillance.

The application of high-rate anaerobic treatment
has no particular consequences for the overall scheme
and the related costs. The sewage needs to be adducted
in a regular sewerage system.

6.2.2 Decentralised off-site option

a. Multiple discharge points
Anaerobic reactors, notably UASBs, allow for decen-
tralised erection: sincé the UASB 1itself has relatively
few moving parts, is fairly simple in construction and
operation, and consumes little space, the economy of
scale is less pronounced. The advantage of this decen-
tralisation must then be found 1n lower costs incurred
1n the construction and/or operation of the sewerage.
However, removal efficiency of UASBs on oxygen-
consuming substances like BOD and Kjeldahl-N, is,
generally speaking, too fow to warrant direct dis-
charge of the anaerabic effluent A scheme which
envisages, for example, separate treatment of the
sewage of parts of the city (“townships”) and leading
dhe effluents ta the recetving river along separate
discharge lines 1s likely to hurt on the fact that post-
treatment will eventually be required (Figure 6 1) As
provision of post-treatment increases the plant’s
complexity as well as the total need for land, central-
1sation becomes again more advantageous. An excep-
tion to this statement’is the situation where between
city border and recewving water sufficient and cheap
land 1s available to allow provision of small polishing
ponds ’

However, 1n two specific cases decentralisation
may open up interesting perspectives. These will be
discussed hereunder.
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b. Decentralised UASBs at “township’-level as
pre-treatment (Case b)

Particularly 1n the larger cities. the sewage transporta-
tion system may turn out to be expensive as a conse-
quence of the fact that the sewage, which has to be
conveyed over long distances, carries a load of organic
material and grit which tends (o settle 1n the sewer.
This accumulating sludge may cause serious blockage
problems and hence capacity reduction of the sewer
pipes. In order to flush this sludge, the maximum water
velocity in the sewer should regularly exceed the so-
called scouring velocity; this can be attained by de-
signing the sewer at a relatively steep slope. This
implies deep trenches, more frequent intermediate
pumping stations, and hence much higher costs.

An alternative that merits further study 1s to pretreat
the raw sewage locally, removing all settleable mate-
rial. The effluent can then be transported through
cheaper trunk sewers that are less sloping (laid as
shallow sewer) and may need manholes for mainte-
nance at less frequent intervals as it 1s lIikely that if
clogging occurs it will be caused by material that is
easier Lo remove.

Figure 6.2a depicts the typical exemplary situation
which is used here to carry out a tentative calculation
of construction costs mvolved 1n such an option. Each
sector with houses (township, comparable to, for
cxample, the Indonesian kampurg) is served by shal-
low sewerage bringing the sewage to a small plant
consisting of a degntting channel and a UASB. This
plant can be located on a small plot of land on a comer
of the sector: 1t contains a house for the plant caretaker
and there may also be a sludge-drying bed provided.

City
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The effluent 1s partially treated, is clearer, does not
contain (much) settleable matter, and 1s safer 1n terms
of pathogens concentration (helminth ova are removed
to a certain extent). It is converted 1n a form more ap-
propriate for further conveyance. In addition, the col-
lected sludge goes through a stabilization process 1n
the anaerobic reactor, making it easier to handle it as
well. The overall BOD removal efficiency achieved
within the system, 1 ¢. before the optional post-treat-
ment outside the city, can amount to 70-80%.

This degree of decentralisation can only be achieved
by a compact anaerobic reactor, like a UASB. It is
assumed that odour nuisance is limited
The cost estimation for the waste transportation and
local treatment part (thus excluding the optional cen-
tralised off-site post-treatment) is given in Table 6.1.
The sanitation programme consists of the sewage
collection within the township, its local treatment and
its further conveyance to a place outside the city. The
basic design assumptions for the conveyance used
here are.
(1) sewage COUCCUOH (from household tolocal UASB):
— average area sérved per sector

300 m x 300 m = 9 ha,
— population served per sector:

[200 to 250 cap/ha] x 9 ha = 1,800 to 2,250 cap;
— raw sewage callecting sewer:

max. length 200 m, slope 1 : 175,

pipe diameter 20 cm (to allow manual cleaning),

average excavation depth 1 5 m,

— sewage {grey waste water) production.
50 L/cap d, peak factor 2;
number of households (hh) per sector* 250 ta 320;
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Two approaches to locate sewage treatment plants In the conventional cenlralmednbﬁon (left) the choice of treatment technology

is not decislve The decentralised option (nght) could avoid substantial sewerdge construction, BuTreqmres relanvely small, easy-to-operate type
of technology, the UASB or similar anaerabi: treatment may qualfy for this.
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(1i) pre-treated sewage transportation (from local UASB

to centralised post-treatment)*

— number of sectors (townships) in city 20,
trunk sewer: length 3 km, slope 4.2 to 1.2%0, pipe
diameter 0.15 to 0.35 m, average excavation depth
5.4 m, but depth varies from 1.5 to 9.3 m, assuming
level area.

The cost estimate 15 given in Table 6.1.

c. Decentralised pre-treatment in shared UASBs,
sewer option (Case c)

A second alternative way of “conditioning” the raw
sewage, or at least its black waste water component, is
to collect via shallow sewers either the grey or the
black waste water 1n shared underground reactors of
small size, in a setting comparable to the Cimindi set-
up (see Section 3 5.1). Again the overflow 1s drained
via a sewerage system ol a simplified design as no or
few seltleable solids are to be carried through this sew-
erage. This degree of decentralisaton can only be
achieved by a compact anaerobic reactor like the
UASB. The BOD removal efficiency achieved within
the system could attdin 60-70%. It 1s assumed that
odour nuisance 1§ limited.

The typical “formalised” case area used for the
coslt calculation here is depicted 1in Figure 6 2b The
design basis is as in case a, but with
— number of households served per unit' 10,

— sewer between shared UASB and trunk sewer:
max. length 200 m, min. slope 1 500, pipe diameter
15 cm.

The cost estimate is recorded 1n Table 6 1.
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Flgure 6.2 (a) Formalised tayout of the studied case with township-
level decentralisation applying UASBs.

6.2.3 Centralised treatment, sewage conveyed in
drains + sewer (Case d)

A fourth approach that aims at lowering the overall

costs of the sewage collection, conveyance and treat-

ment scheme is to acknawledge the fact that the

highest costs reside in the callection part (sewerage
laterals). Therefore, instead of laying expensive sew-
erage in the often densely populated urban areas, it can
be envisaged to use open or covered surface drains to
collect (beside the storm water) sullage as well as part
of the black waste water, 1n the form of the overflow of
septic tanks and leaching cesspools with failing perco-
lation facilities. This mix{ure is certainly unwantied
from a public health point of view, but it can be argued
that this situation has already existed for long pertods
mn _numerous high-density settlements that are not
served by closed sewers, without being clearly corre-
lated to endemic diseases. The achieved overall BOD
removal within the system is limited to 20-30%.

The water collected in the drains flows over 1nto a
regular sewer at the edge of the high-density settle-
ment. During ramnfall, the drains discharge rain water
into the sewer as well, hut the overflow structure at the
sewer’s mlet 1s constructed in such a way that only a
specified maximum flow 1s allowed nto the sewer
Excess water, which is thus mixed with sewage, 1S
drained in gutters along the main streets.

This approach has not yet been implemented often,
1t is being tried out 1n two sites in Indonesia, i.a. in the
Setiabudi area in Jakarta. The eventual treatment
takes place centrally, the treatment technology chosen
should preferably be capable of handling the full
sewage mixture, which is considerably diluted In thss
sense anaerobic treatment is less appropriate.

(shallow)
trunk sewer ar drain

-~--— shallow sewer
o shared UASB -

(b) Formalised layoutofthe studied case with decentralisation applying
shared UASBs (one unit per 10 households)
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Costs have been tentalively estimated for a “formal-
ised” layout, on the same basis as in the cases b and ¢
of the previous Section. They are reported in Table 6.1.
Design basis is:

— existing in-township drainage and on-site waste
disposal infrastructure is upgraded, cost' 10% of cost
of new infrastructure using open lined drains and lined
pits,

— flowaccepted by sewer: dry-weather flow (DWEF) +
storm water (4 x DWF);

~ trunk sewer is of conventional design, because
sewage carries settleable matter and grit. slope 2.6 to
1.15%o0, pipe diameter 0.3 to 0.7 m.

It appears that the higher flow rates necessitate much
larger pipe diameters than in case c, but the corre-
sponding velocities are sufficiently elevated not to
need the same steep slopes.

Cases b and ¢ involve total construction costs of app.
7.5 and 7.8 US$/cap, against 6.3-9.2 for case d Given
the tentative nature of this calculation, the differences
are not really significant. The important pomnt how-
ever is that within an environmental protection strat-
egy cases c and certanly b score markedly higher than
case d, at competitive cost. From an operational point
of view, case b has the crucial additional advantage of
allowing professional control over a much smaller
number of treatment facilities, which increases overall
reliability.

6.2.4 Centralised treatment, sewage conveyed in
drains (Case e)

A vanant on the “Setiabudi” scheme 1s the collection

of dramnage and storm water, sullage and possible

overflows of on-site sanitation facilities, in an open or

covered drainage system in the city. The collected

water is then conveyed out of the urban area in an
open, relatively wide channel with limited slope. The
water 1s in dry weather conditions definitely to be
regarded as waste walter, and is led to a treatment
facility. Since this transportation drain is compara-
tively cheap and easy to maintain, it is now feasible to
bring the waste water sufficiently far away from the
city where land price 1s low and ponds are economi-
cally atractive. _

Two such schemes were designed and built 1n the
pertod 1987-1989 in Khon Kaen and Nakon Ratcha-
sima, Thailand The schemes were started in 1989, but
experience is still limited The crucial concern per-
tains to the public health impact of a publicly acces-
sible open dramn; of course, the public is discouraged
from making use of the drained water, but the question
remains whether the local community, in particular
the poor and rural people, will be able to recognise the
risks mvolved. By extension, the question is in how far
any positive expeijlence can be extrapolated to other
countries with a different culture

The schemes, however, have considerable advan-
tages with a clear, overall economic benefit. (i) the
waste water is collected and transported in relatively
cheap and easy-to-construct drains that are also easily
accessible and thus cheap 1n maintenance, (ii) as a
result, the centralised treatment plant, of a land-inten-
sive type (ponds) combining efficient and effective
operation with low costs, can be located away from the
city on cheap land, and (111) the open drain functions as
unintended primary treatment

6.2.5 Anaerobic treatment in waste water re-use
schemes

“Sewage farming” was ane of the first methods adopted

in Europe 1n the 19th century to dispose of raw sewage.

High land costs 1n these countries quickly rendered the

Table 6.1 Construction cost estimates for waste water conveyance and local (pre-)treatmemi(excludedland casts) for three waste water
conveyance schemes (cases b, ¢ and d) as applied on a formalised urban layout Casts as for Indonesian conditions (US$/cap)
| ST S S N
Scheme component Caseb Casec : Cased
Township UASB Shared UASBE  _ On-site + drain + sewer
T N R SO NNt SRR - -Sdetlils - St - N
Collection system
- Inunplanned area 47 4.9 0.4
- inplanned area 44 47 ) 0.4
Trunk sewer 3 3 E 55-88
(3 km length)
Removal efficlency 70-80% 60-70% 20°30%

on BOD as can be achieved by the
available local treatment

ML B - T, . N TN WU 1
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Table 6.2  Recommended micrabiological quality guidelines for sewage meant for imigation purposes{WHO, 1989) Figures are meantasdesign
goals, not maximum permissible values, . . . _ .
Re-use Exposed group Fagdcal coliforms Intestinal
nematodes
(-100mL) (ovall)
Crops eaten uncaoked, sports fields, parks Workers, consumers, public <1,000" i <1

Cereal, industrial fodder crops, pasture. trees ~ Workers

Localized, no exposure to workers or public

None required

ra standard required <1

o standardrequired no standard

' For publkc or hotel lawns with which public comes into direct contact, < 200 faecal coliforms/100 mL. -

method unfeasible however. In many arid countries on
the other hand, both industrialised and non-industri-
alised, sewage farming became increasingly popular
as an instrument of water conservation. In almost all
these cases the sewage 1s treated prior to its re-use mn
an attempt to reduce the health risk to the public, the
consumers and the agricultural workers. Re-use of
treated effluent for irrigation and greenspace watering
1s practiced in Spain and other Mediterranean coun-
tries, North Africa (Tunis), Israel, Jordan (Amman),
Saudi Arabia, Kuwait, Peru(Lima, Ica), Mexico (Mexico
City), South Africa, Australia (Melbourne), the USA,
and notably in India. In addition 1t has economic
importance for pisciculture and aguaculture in India
(Calcutta), several Eastern Asian countries and West-
ern Germany (Munich) In these cases emphasis lies
on nutrient re-use rather than on. water conservation.

In this context pathogen removal 1s the most rele-
vant yardstick for waste water treatment performance.
Removal of BAD and suspended matter are of much
less urgency; suspended solids should be low enough
to allow easy transportation of the sewage and should
not cause stltation of the wrrigated soil (blocking of so1l
pores) Treatment may even be sub-optimal as the fer-
tlizing value of the sewage (notably its P content) 1s
reduced: during aerobic treatment some of the N
content and a considerable portion {10-30%) of the P
content are incorporated in the biological sludge (bio-
mass)?. Conventional sewage treatment thus redugces
the intrinsic value of the re-used sewage, and adds the
high cost of the treatment and sludge handling. An-
aerobic high-rate treatmént has here an advantage
because it produces less excess sludge and leaves

?  Atanimgaton rate of 2 mAr, which is commonly required in semii-and regions,
typical sewage concentrations of 15 g NAL and 3 mg P/L cormesporid to annual
nitrogen and phosphorus apphcation rates of 300 and 60 kg/a, resp Such nutri-
ent inputs can eliminate the need for comntercial lertilizer (WHO, 1989)

nearly all nutrients in the effluent. Neither treatment is
capable of complete removal of pathogens (see Table
5 4). There exists therefore often a_tendency to apply
ponds with sufficient retention time as treatrnent be-
fore re-use; they have, as discussed in Sections 5.4 and
5.5, the advantage of being in principle cheap n
constructon, easy in operation and reliable

The nisk associated with a particular pathogen
depends on its number excreted by humans, 1ts infec-
tive dose (depends 1.z. on host immunityy), its capacity
to multiply after excretion, its latency (time between
excretion and its becoming infective; pertains to
helmunths only), its persistence in the environment,
and the possible transmission routes involved (may be
via intermediate hosts).

Quality guidelines were formerly based on the wish
to eliminate any potential risk to health, they were
wnfluenced by approaches of the water supply sub-
sector in the sense that only bacterial indicators were
considered and that sometimes very strict drinking
water quality standards were applied. Recent epide-
miologic evidence however, shows that possible dis-
eases are caused notably by helmths, that are con-
ventionally not monitored; therefore new guidelines
need to be set up using a quite different concept. Based
on this data and comparison with other standards, e.g.
for bathing waters, recommendations have been con-
densed 1nto two major parameters as described in
Table 6 2. - -

These new guidelines are by consequence stricter with
respect to helminths, but relax previous recommenda-
tions for bacterial contamination. The intestinal nema-
todes (a broad category) should serve as indicator
organisms for all the large settleable pathogens, in-
cluding amoebic cysts. No bacterial guideline was
considered necessary in cases where farm workers are
the only exposed population, since there is little or no
evidence indicating a risk to such workers from bacte-
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ra. The recommendations would 1 @ call forahelminth
removal efficiency of 99.9%; however n regions _
where intestinal helminths are not endemic, a 90%
effictency would suffice.

As for pisci- and aquaculture. tentative recommen-
dations include
— for pond water: average faecal cohforms < 10Y
100 mL;
— for the waste water flowing to the pond average
faecal coliforms < 10°-10/100 mL,
— for both. zero helminth ova

The above discussion is highly relevant to the question
whether anaerobic treatment can have a specific place
in re-use schemes. Under the old guidelines this ques-
tion was to be answered negatively, unless the anaero-
bic treatment was only pre-treatment prior to compre-
hensive disinfection or impoundment. The new guide-
lines focussing on ova removal lead to the following
conlusions*

(1) if the 1,000 faecal coliform/100 mL standard
needs to be achueved, and

— land price is low (say below US$ 3-5/m?), a series
of ponds with long retention time (typlcally 25d)is
advised:

— land price is higher, a UASB followed by a smaller
pond senes 1s optimal;

(ii) if no bacterial standard applies, and

— land price is low, a series of ponds with retention
time of 8 to 10 days 1s advisable to meet the helminth
standard;

— land price 1s higher, a single UASB, or a UASB
followed by a small polishing pond (retention time
1 d) is optimal; the difference depending on whether
intestinal nematodes are endemic.

It is often proposed to achieve good bacteriologic
quality by chenucally disinfecting the raw or partially
treated effluent. This practice is not recommended for
general purposes, given the need for careful and cau-
tious operation, the high dosages and hence high

recurrent costs, the doubts about the efficiency of the
disinfection in the complex mixtures waste waters,
and the concern about the generation of carcinogenic
trihalomethanes.

Besides the public health related criteria few other
guidelines restrict the re-use of (partially) treated
waste water in irrigation FAO (1985) has published a
comprehensive guideline in which four problem cate-
gories — salinity, Infiltration, toxicity and miscellane-
ous — are used for evaluation of conventional sources
of irmigation water (Partially) treated sewage falls in
the category of water for which a slight to moderate
degree of restriction is advised This restriction is due
to the relatively elevated concentrations of total dis-
solved salts (>450 mg/L), chlorides (>4 meq/L).
boron (> 0.7 mg/L) and nitrate (> 5 mg NO,/L). Only
rarely would the sewage be characterized by concen-
trations rendering 1t unfit for irrigation None of these
criteria are acmal]y positively affected by “normal”
sewage treatment; biological aerobic treatment would
even rather lead to an increase i NO, concentration
as compared [0 raw sewage. -

In general terms aerobic treatment would be le.ss
optimal than anaerobic treatment, as 1t does not per-
form significantly better mn pathogens removal, and
needs a higher cost. It 1s also important to realize that,
in the set of anaerabic sewage treatment technologies,
UASBs perform best, as they possess a remarkable
capacity for removal of settleable matter and thus, to
a reasonable degree, of helminth ova. The additional
value of the UASB pre-treating the sewage for irriga-
tion or aquaculture, 1s 1ts function as “conditioner”:
excess suspended and oxidizable matter which is not
useful is partially removed, reducing development of
septic conditions or other problems during transporta-
tion and the first hours after application

Finally, excess éludgé from an aerobic or anaerobic
reactor has a high nutritional valye as well and can be
applied as fertilizer. The sludge, !f not digested an-
aerobically for at least 25 days, may contain pathogens
and hence need to be handled with care.
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7.1 Background

1. The report reflects the findings of the feasibility
study undertaken to assess the appropriateness of an-
aerobic treatment sytems in sanitation programmes
for urban and peni-urban residential areas in develop-
ing countries.

The study focusses on the treatment and disposal of
domestic liquid waste flows: toilet waste water (black
waste water) and sullage from kitchen and/or bath
Together they form the grey waste water. When also
storm water from urban run-off is included (applica-
tion of a combined sewer system) the sewage is called
combined sewage.

2. Substantial information on performance and cost
data of high-rate anaérobic systems (1., with hydrau-
lic retention time typically below 10 h) applied at field
conditions were obtained from DGIS funded research
projects in Colombia, Indonesia and India. In these
projects the Upflow Anaerobic Sludge Blanket reac-
tor (UASB) was investigated. With some restrictions
the validity of the presented conclusions may be gen-
eralized to other anaerobic technologies as far as they
have a proven record of reliable performance under
field conditions in developing countries. Other col-
lected information pertains to different reactor types
and anaerobic ponds

All statements hereunder are based on the expe-
rience with several pilot and demonstration plants
with a reactor volume of 50-1,200 m?, that have
operated on domestic sewage under steady-state
conditions for prolonged periods (at least three
months, and up to a few years).

7.2  Determinants for sanitation programme
planning

3. In sannation programme planning the available
sanitation technologies can be distinguished into two
major categories: on-sfte sanitation at household
level and off-site sanitation at city level. An interme-
diate-scale sanitation opens new perspectives and
may be more cost-effective in less-industrialised
countries; 1t aims at pre-treatment at on-site level for
a number of households (*‘shared” treatment) or for a
township (“communal” treatment) followed by trans-

portation through cheaper shallow sewers ar open
dratnage networks to a central place outside the city to
allow for final treatment and disposal. Anaerobic
treatment facilities could play an important role in
intermediate-scale sanitation

A sanitation programme (or system) comprises all
elements like waste water collection, treatment, ¢on-
veyance, and sludge disposal. It must fit a strategy
that meets braader obgectives. Within the programme
anaerobic treatment may be more or may be less
feasible than any other competitive treatment. Feasi-
bifity must be understood 1n its technical, economical,
financial and nstitutional sense. Conversely, the in-
troduction of a new treatment technology may have an
effect on the other components of the programme, for
example on the design criteria for the waste water
collection system. It may create new opportunities for
sanitation programme's. Therefore, the feasibility of
treatment technology cannot be properly assessed
without investigating its effects on its comtext too.

4. This study cannot provide decisive information re-
garding the master choice for an on-site or off-site
approach

5. The study outlines the determinants for sanitation
programme planning in urban and pert-urban residen-
t1al areas of developing countries. These determinants
define whether on-site, intermediate or off-site sanita-
tion 1s most appropriate for a given situation. They are,
(1) the availability of some kind of sewerage system,
(1) site-specific conditions with respect to urbanisa-
tion pattern, population densities, soil permeability
and stability and the existing service levels for infra-
structural facilities like water supply,

(i) environmental considerations withrespect to ground
water or surface water pollution and its public health
umpact,

(1v) institutional requiremernts to allow proper match-
ing of the responsibilifies for operating, maintaming.
financing and care-taking between government and
community,

(v) socio-cultural and soc10-economic constraints and
opportunities that define the potentials for community
involvement in construction and operation and main-
tenance, and for cost recovery,

(vi) economic and financial cost analysis.
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7.3 The feasibility of anaerobic systems at
on-slte level

6. On-site sanitation can range from individual sys-
tems serving one household, to shared facilities serv-
ing up to 5-10 households or public facilities where
several households share one sanitary facility Com-
monly the liguid wastes from the toilet are disposed of
on-site by soil percolation systems, whulst sullage is
drained away over the surface 1n gutters.

At on-site level sanitation should provide solutions to
disposal of toilet waste as well as sullage Toilet
wastes are characterized by low flow (up to 40 liter per
capita per day), high strength (in terms of COD or
BOD) and health risks because of theiwr pathogen
content. Sullage 1s larger in volume (up to 200 liter per
capita per day) and has lower concentrations of COD
or BOD. Its total BOD load (kg per day) is comparable
to or even higher than that of toilet waste, its pathogen
content 1s negligible.

7. Anaerobic systems prove to be technically suitable
for treatment of (black) toilet waste water, separately
or in combination with sullage (grey waste water). In
the latter case the removal efficiencies of the UASB
for COD, BOD or TSS are lower than mn the first
because of the ugher proportion of soluble BOD in the
influent and the stronger fluctuations in hydraulic
loading rates. However, when efficiency is calculated
over the total waste water output of the household, the
efficiency of the reactor treating the grey waste water
is somewhat higher than that of the reactor for the
black waste water only. The pathogen content of
reactor effluent is however still too high

Common practice is fo let the reactor’s or tank’s
effluent percolate 1nto the soil. In this case, the better
BOD removal performance of anaerobic reactors over
that of septic tanks is irrelevant. If the overall sanita-
tion strategy 1s to protect shallow ground water as
source for drinking water, tank effluent is allowed to
drain away in gutters over the surface, eventually
reaching a surface water; in this case the advantage of
BOD reduction gains relevance. None of the on-site
options yields a good removal efficiency on patho-
gens, with the important exception of the on-site
UASB reactor treating black waste water which has
shown to be capable to remove substantially (up to 90-
99%) helminth ova.

8. The need for regular care-taking of anaerobic sys-
tems 15 comparable to that of septic tanks; it can in
principle be provided by the community. Desludging
and overall monitoring may be partly a governmental

responsibility. A difficulty in the management of such
sanitation programme lies mn the high number of-
facilities distributed over a wide area of which parts
are sometimes hardly accessible to carts and trucks
that would remove the sludge. In addition, success
strongly depends on the commitment and discipline of
the owners. Recent reports from many countries stress
that 1n practice the tank 1s often disconnected from the
percolation bed after failure (clogging) of the bed; the
cost for a new bed encourages owners to short-circuit
the tank’s effluent to the public open drain. Anaerobic
upflow systems produce a markedly better quality
effluent (in terms of BOD) and tend’to have lower
sludge production rates than conventional septic tanks.

9. In a large number of representative case-studies
(based on Indonesian kampungs) indicative cost cal-
culatrons show that single leaching pits will be usu-
ally the cheapest alternative amongst the technically
feasible options. It features a TACH of Rp 30,000-
50,000 (US$ 18-31) depending on conditions, with a
monthly contribution from the owner of typically Rp
1,200 (US$ 0.75). The double leaching pit 1s finan-
cially feasible if population density is below 200 cap/
ha for unplanned and 400 cap/ha for planned areas.
People usually prefer double pit systems because of
easier (dry) desludging.

Shared facilities are only 10% cheaper in TACH
than thewr individual issues, the gain in tank construc-
tion is partly compensated by the additional cost for
connections. TACH reflects capital investment and
operational and maintenance costs.

Public facilities are always cheapest, as they pro-
vide toilet and treatment 1n one building for a number
of families. However, 1n many countries their effec-
tive use is constrained by local socio-cultural patterns
and poor institutional guidance. With in¢creasing wealth
they are generally quickly abandoned for facilities
providing more privacy.

10. For a population density between 200 and 600 cap/
ha a larger communal facility may be financially
affordable, providing a toilet in each dwelling but
treating the waste of 20-110 households 1n a central-
ised UASB type reactor. The effluent cannot be perco-
lated any longermto the soil and must be drained via
a gutter or sewer. A high proportion of self-help (up to
57% of construction cost) can help to keep cost low. In
areas with a sloping terrain the number of population
served can be higher. This option would provide the
important advantage of reducing the total number of
reactors/tanks coﬁsiderably and having them located
near a road with good access, thus greatly facilitating
desludging. In addition, a local institutional organisa-
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tion can be formed in wich the owners pay a modest
sum to an appointed caretaker, who thus can be held
accountable and can be effectively supervised by a
local government authority

74  Feasibility of anaerobic systems at
Intermediate scale

11. In densely populated residential areas the collec-
tion of waste water in small-bore or shallow sewer
systems or open drains, with subsequent local treat-
ment, may become cost effective because (i) the col-
lection of the raw waste water takes place in cheaper
sewer systems that can be adequately maintained (de-
clogged) by the local community (provided an institu-
tional set-up is effectuated), (11) the reactors’ effluent
can be conveyed in trunk sewers or drains of cheaper
design because much less settleable solids are to be
carried, and (iii) a reasonable degree of treatment (say
60-70% BOD removal) is achieved. Liquid waste
flows are collected from townships with up to several
thousands of households. Treatment at this inferme-
diate scale or township level (also termed commu-
nity-on-site treatment or COST) does not allow for
many conventional off-site treatment technologies as
costs and complexity are prohibitive. Anaerobic sys-
tems appear to allow scaling down to this intermediate
scale 1n technical as well as m operational and eco-
nomic terms The effluents can be further centrally
post-treated outside Lhe city.

This is an example of the situation where a novel
treatment technology might creaté new types of sani-
tation programmes. This opportunity warrants further
research

Prerequisites for the success of intermediate scale
sanitation are proper matching of mstitutional respon-
sibilities for the collection and treatment systems
between local community and govermment, and care-
ful planning and management in order to reduce public
health risks associated with sludge removal and the
possible presence of sewage in open drains.

Also communal, and possibly shared on-site treat-
ment tanks/reactors can play a useful role in cheaper
sanitation programmes in which thetr (partially treated)
effluents are collected tn shallow or small-bore sewers
oropen drains, and conveyed outside the town for final
treatment.

7.5 Technical feasibility of anaerobic systems at
off-site level

12. The comparative analysis of conventional off-site
treatment systems and high-rate anaerobic systems
was done on the basis of (i) the removal efficiencies

for oxygen consuming substances (BOD, NOD]},
nutrients (N and P), total suspended solids (TSS) and
pathogens, (i1) the treatment efficacy, reflecting proc-
ess stability, reliability and sturdiness and (iii) sludge
production rates.

13. The crtical importance of an effective organisa-
tion of the sanitation and waste water managemernt
sub-sector, involving the political, managerial, socie-
tal, scientific and technical standards factors, was
discussed. However, 1t was found that most of these
considerations are generic for all treatment systems.
The introduction of new high-rate anaerobic treatment
would nevertheless require a particular effort from the
side of scientific support (problem-solving), and train-
ing of engineers, technicians (operators), and contrac-
tors - - .

14. Off-site anaerobic sewage treatment efficiency is
lower than that of comparable aerobic treatment.
Depending on the sewage characteristics, BOD (as -
BOD, ) removal of typically 65-80% can be achieved
at an optimal hydraulic retention time of (average over
24h) 6h COD removal is generally 10% lower. Kjel-
dahl-nitrogen removal 1s munimal, at 5-10%. Further
reactor optimalisation could possibly increase BOD
certain sewage types (more concentrated sewage,
more organic suspended matter).

Corresponding effluent quality is, based on the
situation for the pilot plant in Cali, Colombia (typical
BOD, = 200 mg/L), 30-35 mg BOD/L as median
value, but the 80-percentile value (value exceeded in
20% of all cases) lies at 45-50 mg BOD/L. With high-
strength waste water (hke in Kanpur, India) these
values are expected to be 5-10% higher.

As anaerobic effluent is unlikely to meet the efflu-
ent requirements that are most likely to be enforced 1n
developing countries that embark on comiprehensive
waste water management programmes (BOD < 20 o1
30 mg/L, or occastonally 50 mg/L), anaerobic treat-
ment 1s to be considered an effective pre-treatment,
necessitating, possibly in a later phase of the financing
schedule, an aerobic post-treatment.

15. Competitive conventional aerobic treatment, like
activated sludge systems and trickling filters, yield

higher median removal efficiencies (85-95% on BOD,
o) and, definitely at low loading, substantial nitrifica-
tion (30-95%). Competitive so-called low-cost treat-
ment systems, like anaerobic and stabilization ponds.
and ponds with floating aquatic macrophytes, perform
comparably or better than high-rate anaerobic reac-
tors, but require very long hydraulic retention times



9% Summary and Conclusiens

(8-25 days, agamst 6 hours for the UASB) and thus
land. — B B -

16. Anaerobic treatment performs better and at lower
cost with increasing waste water strength; aerobic
treatment is less sensitive Lo this factor, and will
actually consume less aeration energy (a major cost
component) with decreasing waste water strength.

17. High-rate anaerobic sewage treatment facilities
are characterized by a relatively variable effluent
quality as a consequence of their once-through, single-
step operation. Long-retention ponds have usually a
constant effluent quality if well operated. Conven-
tional aerobic treatment systems consist of at least two
steps and feature high internal recycling rates, leading
also to more constant performance (though their efflu-
ent 1s more susceptible to variation than commonly
thought). If post-treatment 1s provided to the anaero-
bic treatment, the variability of the effluent quality
will be considerably reduced and could possibly match
that of conventional systems.

18. The anaerobic process (on demonstration plant
scale)appears to be relatively sturdy and reliable, 1n
the sense that sudden changes in the influent can be
well accomodated. An actual retention ime of 4 his a
minimum that can be allowed for only a number of
hours dayly.

It should be noted that in most pilot plant studies the
reactors were fed most of the ime at a constant 6r only
moderately varying hydraulic load. Potentially dis-
turbing conditions (peak hydraulic loads) have there-
fore not yet been fully accounted for.

19. The anaerobic process is sensitive to low tempera-
tures. Therefore, it has probably less perspective m
regions with a predominantly temperate climate, with
sewage temperature systematically below 20 °C. It is
expected that a properly functioning reactor, with an
active sludge, can accomodate during a few months
sewage with regularly “colder” sewage, for example
night-time sewage with a minimum temperature of 18
or possibly even 16 °C. The claim that anaerobic
treatment of the (in fact dilute) sewage can be made
effective at systematically low temperatures has not
yet been substantiated at demonstration scale.

20. Rain water should therefore be kept out of the
sewer system whenever possible, to avoid dilution,
temperature reduction and hydraulic shock loads.

A consequence is that in situations with combined
sewerage all storm water surges must be by-passed,
creating considerable uncontrolled pollution discharges.

If separate sewerage is applied, this problem should
not occur. Aerobic treatment usually can accept up to
4 times the dry weather flow, and performs therefore,
on a year-average basis, better than anaerobic treat-
ment when treating combined sewage.

21. It 1s advised tq operate an anaerobic reactot th such
a way that it does not frequently need to cease func-
tioning and be emptied. This holds true for UASB
reactors (empty reactor velume, underneath the gas-
sludge-liquid separator), but is of particular concern m
the case of anaerobic filters, of which the reactor
volume 1s filled with packing material. Active anaero-
bic sludge needs not necessarily to be protected from
oxygen (air), and can be stored in open air. Restarting
the reactor with fresh sludge takes one to two months,
not much longer than 1n the case of aerobic processes.

22. Anaerobic upflow reactors functioning on com-
bined sewerage may after a few years suffer from
accumulation of heavy grit and sand at the bottom of
the reactor, if no special precautions are taken.

23.In general excess biomass production in anaerobic
processes 1s half the amount produced in aerobic
lreatment processes Because of the contribution of
settleable material in the sewage (primary sludge) to
the total sludge production of a plant, the net differ-
ence 1s smaller but still significant. The sludge pro-
duced by an anaerobic reactor 1s siabilized and easy to
handle (5-8 times more concentrated/thickened. much
easier to dewater) when compared with sludge from
aerobic plants If aerobic post-treatment is provided,
this comparative advantage could become less impor-
tant.

24. Post-treatment can constst of an activated sludge
system (in more industrialised countries), an oxida-
tion ditch, a trickling filter (possibly without secon-
dary clarifier — more surtable for developing coun-
tries), or a pond system. The design of the post-
treatment will strongly depend on the requirements for
nitrification and public health criteria (pathogen re-
moval). If full mtnfication is mandatory, post-treat-
ment will become a major part of the plant.

Ponds are suitable for post-treatment if land s
relatively cheap (< US$ 15/m?); a retention time of 1
day 1s reported to allow attaining low discharge stan-
dards. Otherwise the more high-rate processes need to
be selected Cost calculations pertaining to The Neth-
erlands show that the oxidation ditch would be be
suitable only for small to medium plant sizes (10,000-
50,000 cap). In the other cases activated sludge sys-
tems are economically more suitable.
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25. On some counts upflow anaerobic treatment has an
advantage over downflow and filter reactors. On no
count it has an appreciable disadvantage.

26. If land cost is low (< US$ 3-8/m?) pond systems are
a technically and economically attractive alternative
to any other type of sewage treatment as they can gen-
erally meet all discharge standards.

7.6 Potentlal use In resource recovery schemes

27, Re-use of (partially treated) sewage deserves more
attention than it receives now Especially the high
potentials of anaerobic effluent are to be further ex-
plored. Anaerobic effluent from a UASB type reactor
will carry zero to small amounts of helminth ova
(much less than most other treatment systems with
comparable retention time) and still contains rela-
tively high levels of the nutrients N and P, given these
factors, this particular effluent may be advantageous
in crop production schemes (urigation and aquacul-
ture). Potentials for fish production exist, and integra-
tion of fish production and waste water treatment
deserves further study.

Anaerobic treatment with UASB reactors has a
technical and economic advantage over competitive
treatment processes as “pre-treatment” before land
application or other re-use, because at fairly low cost
it reduces organic matter content to a reasonable
degree, and removes settleable matter and the most
important pathogens in this context (helminth ova).
Integration of additional natural punfication proc-
esses and recovery of resources may further contribute
tothe attraction of sanitation programrmnes incorporating
anaerobic technology.

The above recommendations are equally relevant
in the case of intermediate scale treatment, with an-
aerobic treatment at township level or with communal
or even shared facilities provided effluent 1s collected
and drained to the re-use location

28. Biogas recovery and direct use for heating or other
domestic purposes se¢ems to be feasible only at large-
scale off-site treatment plants where an institutional
consumer of the biogas can be found Small-scale
utilization of biogas in an urban environment hurts on
problems related to the biogas handling (piping, com-
pressors, storage) and safety measures. Biogas from
sludge and manure digesters can be more easily util-
ized 1n small villages where the value of energy is
high, consumption low and the safety risks much
smaller. Valuation of the biogas by electricity genera-
tion is economically feasible in larger waste water
treatment plants but unlikely to become a decisive

argument in favour of anaerobic treatment in view of
the costs involved for handling the biogas and its _
conversion into electricity.

7.7 Economic/financial analysis

29. For both on-site and off-site treatment options,
construction and O & M (operation and maintenance)
costs were determined, after which economiic costs
were calculated for all relevant alternatives.

In the case of on-site sanitation, Total Annual Cost
per Household (TACH) for comprehensive sanitation
programmes covering cornplete townships, including
the treatment, was calculated and taken as the main
yardstick to compare alternatives for the representa-
tive case-study.

In the case of off-site sanitation, only the treatment
alternatives were considerad, the cost of sewering the
area being too sensifive to local physical and eco-
nomic conditions; costs were expressed as Net Present
Values (NPV) or Toial Annual Cost (TAC) and are
mostly borrowed from other sources spanning numer-
ous cases . -

30. For the on-site case-study financing requirements
were calculated, and compared against assumed but
realistic income distributions, to assess the affordabil-
1ty of the different programmes.

31. Economic cost assessment under various condi-
tions shows that, for treatment performance up to
effluent quality of 20 mg BOD/L, anaerobic treatment
(in a UASB reactor) completed with post-treatment, is
often competitive withconventional alternatives Pond
systems however, are always cheapest 1f land price 15
low (typically below US$ 3-8/m?). Small to medium-
scale treatment plants (10,000-100,000 cap) may n
many cases benefit from application of UASB, par-
ticularly if post-treatment consists of an oxidation
ditch or a pond. For larger plants, in particular in the
more industrialised countries, conventional treatment,
like activated sludge, will tend to be cheaper.

32. A case-study calculation has shown that, for ex-
ample in such intermediate scale schemes, 1t 1s techni-
cally and ecohoﬁucally possible to introduce shared
(by up to 5 households) and communal (10-110 house-
holds, if terrain slopes, more households can be con-
nected) reactors.

Financially, the most attractive options are the
simple indnvidual leaching pit (with effluent percola-
tion into the soil), and the communal UASB (with
effluent drained away in sewer or open drain)



[e°] Summary and Gonclusions _

7.8 The landscape-matrix

33. Based on these conclusions a landscape- and se-
lection matrix is presented in Table 7.1. The matrix
sets strategies against sife conditions that together
determine cateégories {nhiches) of sanitation pro-
grammes and treatment technologies In the matnix,
the most feasible solution is indicated in bold type,
with special reference 1o anaerobic treatment. “Most
feasible” means here, with respect to those determi-
nants that have been defined earlier (Secrion 2.3) and
that can be applied as criteria: economic, financial,
institutional (including opportunities for community
involvement) and socio-cultural.

The determinants together with the opportunities
created by the different sanitation technologies help to
better identify the relevant stralegies, site conditions,
and the criteria to evaluate feasibility

34. The sanitation strategies are formulated n terms
of

(1) environment (surface water) protection at differ-
ent levels:

— medum quality standard for discharges into sur-
face water (BOD 50 mg/L);

—~ sharp quality standard (BOD 30 or 20 mg/L);

— very sharp quality standard (as above, but with
substantial nitrification to further reduce oxygen con-
sumption); this is presently the case 1n most industri-
alised countries;

— advanced quality standards (ditto, but with com-
plete control of eutrophication (N- and/or P-removal);
this will probably become the situation in many indus-
trialised countries in the near future);

(1i) public health protection: aiming at optimalisation
of pathogen (notably bacteria) removal from the
immediate habitat (therefore preference for percola~
tion of on-site treatment effluents into the soil), and
environment in general (therefoie off-site treatment
systems that feature high pathogen removal like long-
retention ponds);

(iii) ground water protection: aiming at safeguarding
shallow well water for its use by the poor local com-
munity as drinking water (hence effluents from on-site
sanitation facilities to be drained away over the sur-
face or in sewers, or cartage of might-soil),

(iv) re-use potential: 1n irrigation and in aqua- and
pisciculture, the former requiring less advanced pa-
thogen removal,

(v) sludge fate.

The site conditions that appeared to strongly deter-
mine the feasibility of treatment technologies, were
formulated as follows:

(i) at one extreme, the “easiest” site, characterized
by an uncongested condition; whether 1t is planned or
unplanned bears ljttle relevance because 1t is assumed
to coincide generally with richer areas in which sew-

_erage exists or can be provided despite a high cost, or

areas that may be less wealthy but 1n which drains or
sewers would not represent a prohibitive cost. At the
other extreme, the most “difficult” site to work 1n 18
typically congested and unplanned or partly unplanned;
this generally would coincide with poorer urban quar-
ters that are less well to do. Under such condition
sewerage or adequate drainage becomes too expern-
sive or [echmcally unfeasible. In between a third
situation is acknowledged which would possibly fea-
ture low-cost sewerage or other simple alternatives;
(u) 1f sewerage 15 feasible, selection of off-site treat-
ment technology will further depend on land price
outside the city or town;

(i) if sewerage is not feasible, further distinction can
be made for a number of situations, depending on
average househald mcome level. In the case of the
lower income range the selection may still sometimes
depend on the (assumed) strength of a potential local
stitutional framework.

35. Concludingly, anaerobic sewage treatment has 1n
developing countries with a tropical or sub-tropical
climate in a number of situations a clear perspective.

In industrialised countries, or developing countries
with a more temperate climate, application of anaero-
bic sewage treatment miay in a few cases be valuable,

but economic gairs could be only marginal.
7.9 Needs for further research

36. Relevant further research and development sub-
Jects are.
— Studying mn more detail and with realistic unit
prices the overall cost of anaerobic treatment plants; to
be done preferably for two or three representative
cases (cauntries), and including sensitivity analysis
and comparison with alternatives.
— Implementation at demonstration scale of a sanita-
tion programme incorporating anaerobic sewage treat-
ment at the levels of communal treatment (10-110
households) and of townships, including the, possibly
country-specific, development of appropriate sewer-
age and drainage systems to collect and convey waste
water; special attention to be given to the financial,
institutional and socio-economic aspects.
— Development of multi-stage and hybrid (upflow
and filter principle) anaerobic reactor types in order to
increase removal performance, pamcularly at lower
temperatures.



Needs lor lurther Research

— Development, and demonstration of the feasibulity,
of post-treatment for anaerobic sewage reactors, nota-
bly ponds, cascade, oxidation ditch and trnickling filter

— Research on the public health impact of sewage or
partially treated sewage in open drains 1n settlements.
— Research and demonstration of techniques to col-
lect effectively sludge from on-site treatment facili-
ties; to be included are charagternization of the sludge
from different tank/treatment types, methods to dewa-
ter, methods to disinfect the sludge and turn 1t 1nto a
useful fertilizer, marketing of this fertilizer, setting up
a workable institutional framework to manage the
desludging activities with full cost-recovery, and methods
to treat the produced supematant before it can be dis-
charged.



Table 7.1

Landscape and selection matrix for wet on-site and off-site low-cost sanitation programmes and treatmnet technologies in tropical developing countries with special reference to the posibon

of anaerobic freatment. The treaiment technologies and programmes that are probably most feasibile in a given strategy with respect to the deterinants (economic, financial, mstifubanal,

socio-cultural are dicated.

Site condltion

Planned or unplanned uncongested area

{medlurn to high Income)*

Unplanned congasted area
(low to medlum incorms)’

Sewerage feasible Low-cost sewerage/ Sewerage not feasible
drainage feasible
Land price near town Houssehold income/month
<sUSS S >OS%5 <USE35 >US§ 35
Local instit. framework
strong weak
Estmated size of target population 25 25 25
In the world (% of tatal population) 5-10 15-20
Strategy
A Environmental protection
I BOD,,=50 mg/L pond UASB communal or township UASB on-site black ww percolated; and sullage properly
{for referably grey ww.) dramied away In existing drain and treated off-site
I BOD, <20 mg/L series of ponds UASB + post-treatment’ communial or township UASB +  ditto
- off-site post-treafment ! ‘
W BOD,, < 20 mg/t serles of ponds UASB + past-treatment? cnmmunal of tawnship UASB +  prahibtuvely expensive  unfess subsidized
75% Hitrifiotion of full aerobic treatment  off-site post-treatment
tv BOD,, < 20 mgA. as il but with appropriate tertiary ireatment  prohibitively expensive profubltively expensive  unless' subsidlzed
75% pitrification .
. eufr \ fc. control
B. Fublichegith series of pands; or dilution In river effluent of communal or fownship {dovhle) leachingpit, . (dduble} gggubla)
: ! wﬁa garveyed in clpsed sewer  putilc® wollet leahing pit or ching pit
l ‘ +afftsfte past-treament ¢ ‘ o sept.tank e e
| i‘\‘): ‘i L“I;L w‘-lm“ [ L;\ Yl -w\q- ik TR TRR P N R P r FE N BN YRR TR VR EIT L LI L Mtrenchlw.w ﬂg‘e
C. Groundwater protectlon goinA goto A gotg A cartage; public tollet near township + sawer;
“éi} . , S | o o i shexe dai.l)ﬂSBWﬂ'\ gtfilent conveyed via apen drein.
D. Re-us o ‘ i ' ‘ AR
! inimgalion porids {(HRT =9d)  UASB munal or tewnship UASB only sludge can be re-used; toilet near drain ‘
_‘\ (+ olf-slte pond) ‘ | S
II, ¥ aAue- end pisciouite seribs of ponds IUASE + serles of porids  comimunal or‘tm&ishak; UASB+' dhto’ ‘ B
(HRT = 25d) ‘ off-gite series of pon ‘ I |
X. Sudge fate off-site dewatered, ppesbly after digesbon,  tank desludgediand sludge phts emptied and tanks desltdged by carts (private ar
sludge sold as fertilzer ar dumped lacally or centrgly dewatered; gavt oy.); stabilized and disinfected, dewaterad,; sold as
as fertilizer or durnped fertilzer ar dumped; shared? tanks easier desludged
1 Congested area means typical populahon density of > 500 cap/ha, without mulb-storeyed buikdings Monthly income s here considered (o be lypicaly US$ 35-70
2  Post-tregtment may include pond, physscal or asrobic freatment de on land cost.
3

i

*Communel” means Fm 10-110 househoids, “Shared" maans for 2-5

holds, “Public® tilef laciities aim typically at 5-50 houssholds, and o not provide for individual house connections

8
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Waste Water Treatment Technologies

A1.1  Septic tanks

Al1.2 Pitlatrine

A septic tank is a closed tank, in which the black or _ _A pit latrine 1s basically a hole in the ground in which

grey waste water from one or several houses (up to
fifty households) is treated. The treatment process in
fact is only pre-treatment, since it consists of sedimen-
tation and to some extent anaerobic stabilization of the
settled sludge. BOD removal 1s limited to 30%, TSS
can be 70% at maximura, The liquid fraction leaves

the septic tank still carrying the bulk of the BOD and

the pathogens The volume of a septic tank for one
household 1s usually 1-3 m*. The liquid can be dis-
posed of by a leaching pit or leaching trench (infiltra-
tion into the soil), or into some kind of sewer system.
Infiltration into the so1l is a good solution as long as the
amount of waste water does not exceed the natural
capacity of self-punification and dilution.

Dependent on the capacity, the tank must be
desludged 1n a period of one to several years. The

amount of produced sludge vartes from 20 to 60 luers

-per user per year. When the tank 1s not regularly
desludged, solids may wash out and clog the soil
infiltration system This 1s the reason that 1n practice
many septic tanks discharge directly into the surface
water or storm water dramn, although the effluent is
certainly not surtable for this purpose

Although the system is sumple as it 1s, great care
should be taken when designing a septic tank The
tank 1s usually made of concrete, but also asbestos-
cement can be used. The system is used all over the
world but designs vary considerably: the tank can be
divided into two or_more compartments, and the vol-
ume per user is dependent on the ambient temperature.

Design details can be found 1n: Pickford (1980),
ENSIC (1982); Laak (1986); and Van der Graaf ef al -
(1988).

faeces, urine and optionally also sullage are disposed
of. The volume is about one cubic meter or more The
liquid fraction of the waste percolates into the soil, and
eventually reaches the ground water. Solids accumu-
late 1n the pit and are stabilized, resulting in a sludge
formation of 20 to 0 liters per user per year This
means that every two or three years the pit must be
desludged, by hand or by vacuum truck.

In the double-pit concept, two pits are alternatingly
used, thus leaving the sludge 1n the full pit to become
mature and free of pathogens.

Indian experience (Sinha and Ghosh, 1990) indi-
cates that single leaching pits are less appealing than
double pits, because most owners object to remove
(manually) the still wet sludge. Double leaching pits
are therefore recommendable in low cost options.

_The liquid fraction infiltrating into the ground can
cause pollution of|the ground water, especially with

“pathogens and nitfate, when population density ex-

ceeds the natural capacity of self-purification and
dilution. )

Two examples of pit latrines are shown on page
102. (Figures taken from Kalbermatten (1982))

Sullage inlet -
e _— S .
. N Zr I N7
= ] i
T T
T
septc ATT Ty -
tank Z
: Soakaway

Figure A1.1 Septic tank (Kalbermatten, 1978).



102 Appendux 1

A13 Waste Stabilization Ponds
b nggag%mpﬁ cess layout, design and per-
"~ 7777 formance exists. Most pond systems, however, are
built up from the following elements:
1. Anaerobic lagoons. These are lagoons, very high
loaded (50-500 g BOD/(m? day)) so that the entire
lagoon is anaerobic and the anaerobic stabilization 15
the main microbiclogical process. Further, sedimenta-
tion of suspended matter takes place. Because no
aeration 1s necessary, the anaerobic pond can be as
deep as 1s technically feasible, usually 2<4 m This
_/-_@; —d means that on a relatively small surface (compared to
7 \ S other pond types) the bulk (50-80%) of the BOD is
f 7— Squattung
‘_\ plate removed. However, post-treatment of anaerobic efflu-
from pit ent n aerobic lagoons is necessary.
d Concrete aa 2. Facultative lagoons, in which excessive algal growth
e soit cement and oxygen dlffu51on over the surface prov1des enough
t “oxygen to maintain aerobic conditions in the upper
Pt ] layer of the pond Near the bottom of the lagoon
¢ suspended matter settles and conditions are anaerobic.
The loading is about 150 to 500 kg BOD/(ha day).
3. Maturation ponds: Low-loaded lagoons (50 to 150
Unlined pit kg BOD/(ha day)) in which the effluent of facultative
lagoons 1s polished: Kjeldahl-nitrogen 1s oxidized and
pathogens die off to a great extent due to the long
retentron time.

{ Base

The above-mentioned characteristics apply to ponds
under moderate ar warm climates. The process is
rather dependent on témperature Pond systems are
simple to operate, provide an effluent of good quality
and do not require expensive technology or high
1 6: A ——"___  energy inputs. However, large areas of land are neces-

NN sary, and land price determines the economic attrag-
tiveness. The capacity of the system depends strongly
on the climatic conditions, such as temperature and
sunshine. Dependent on the load, the waste stabiliza-
tion ponds must be desludged regularly Well-main-
tamed lagooning systems do not give nuisance caused
by odors or mosquitos

Ptan

Offset pit design

Further details can be found in Arthur (1983),Water
Science and Technology, Vol 19, no 12, (1987), and
Flgure A1.2 Pit latnnes Arcetvala (1981).
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A1.4  Aerated lagoons
An aerated lagoon is a lagoon provided with a me-
chanical aerator, and n this way it 1s the intermediate
between the activated sludge process and a lagoon.
Several types of aerated lagoons can be distinguished,
dependent on loading rate and sludge recycling. Aer-
ated lagoons are very practical solutions as they are
compact (compared with algal ponds), and sull very
simple (compared with activated sludge plants).
However, the effluent quality 1s not so good. No
nitrification takes place and BOD removal is below
80%. Only the very low-loaded types (with sludge
recycling) usually meet the discharge standards.

FLOATING- OR FIXED-1YPE
VERTICAL AXiIS AERATOR

TN 2 -
IRLET CH. ] - -
Wit sc:?ﬂ AEROBIC SUfigr  EFFLUEW
AND Y NOTCH
—n- o o~
INLET l

CHAMBER

Figure A1.3 Aerated lagoon (Arcevala, 1981)
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A1.5 The Activated sludge process

The activated sludge process has existed for nearly
one hundred years and 1s very popular in industrial
countries for 1ts high efficiency and applicability on a
large scale. .

The process consists of a large aeration tank, m
which the waste water 1s mixed with sludge consisting
of active bactenia. The mixed liquid is aerated and the
organic material 1s rapidly degraded (partly oxidized
and partly integrated into new biomass) The sludge

loading is 005 (extremely low) to 1 kg BOD/(kg _

MLSS.day). .

In a separate tank the sludge 15 decanted and re-
turned to the aeration tank. The continuous production
of sludge (0.6 to 1 0 kg DM per kg of removed BOD)
requires special installations for the treatment of ex-
cess sludge. thickening, digestion and dewatering.
_Primary sedimentation is also an important step in the
treatment process, and 1s another source of sludge.

The basic process 1s shown n the figure below.
Many process  modifications have been developed
during the years: e.g. two-stage processes like the
German “A-B Verfahren”; plug-flow reactors with ta-
pered aeration; Schreiber-process

Dependent on the loading and the process circum-
stances, the efficiency 1s about 90 to 95% removal of
BOD. To improve effluent quality and to reduce
operation costs, the modern activated sludge plant
requires advanced pracess control. Nitrification/deni-

-trification will avoid eutrophication of the receiving

surface water and will save on costs for electricity
Phosphorus removal as an additional treatment step
can be incorporated at various stages of the process.

excess sludge [ @ l ®

Figure A1.4 Flow sheet of an activated sludge treatment plant.
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9 Sludge thickening

10 Sludge digestion

- 11, Sludge dewatering

- 12 Sludge disposal
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A1.6 Rotating Biologlcal Contactors
Rotating biological contactors (RBCs) are discs, ro-
tating with the lower part of the circle in a shallow tank
through which the waste water flows (See Figure
A/.5). The disc is covered with an aerobic biofilm,
which is alternatingly exposed to the air, taking up
oxygen, and to the waste water, absorbing organic
matter. The process requires less energy than the acti-
vated sludge process (energy consumption is 500
kWh/1,000 kg BOD removed), but more land 1s nec-
essary. A well-funcuioning RBC 1s reliable and effi-
cient; it can be a complete treatment, or can be used as
a post-treatment step. The effluent quality can be very
high and 1s determined by the organic loading (1n kg
BOD per m® disc surface) and by the number of stages,
usually 3 or 4. Sludge production is low, 0.6 kg DM/
kg BOD removed, and the sludge volume index 1s well
below 100 mL/g. Organic matier dissolved or sus-
pended in the waste water is rapidly adsorbed by the
biolayer and later degraded. Because of this, the
system is capable of dealing with peak loading as well
as periods of starvation. Because of the module-type
of the RBC, it is a suitable system for upgrading
existing treatment plants As disadvantages are men-
tioned the sensitivity for temperature and toxicants,
and the slow start-up The techmque is still young, and
therefore not so widespread.

More information can be found in: Ministerie van
Vlaamse Gemeenschap (1985); and Wijlhuizen and
Nelissen (1983).

= e
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Figure A1.5 Schematic drawing of an RBC unit

Appendix {

A1.7  Oxidation ditches

Though it is_stricily speaking a modification of the
activated sludge process, the oxidation ditch is often
seen as a rather specific waste water treatment lech-
nology. )

The waste water is, without pnmary sedimentation,
pumped 1nto a closed loop (carousel) and mixed with
the activated sludge. The contents of the aeration tank
are mixed and aerated by rotors or cones. In this way
the ditch 1s of a completely mixed type for waste water
and sludge, but nat for oxygen. The position and speed
of the rotors facilitates a precise control of the oxygen
concentration at the various places in the diich (See
Figure Al 6). This provides high process flexibility
and possibilities for nitrification/denitrification within
one tank. Oxidation ditches are low-loaded, sludge
load approx 003 kg BOD/(kg MLSS.day). Conse-
quently the sludge is_aerobically stabilized in the
aeration tank and the sludge production is small.
Anaerobic sludge digestion is not feasible. Relatively
speaking, construction costs are low compared to op-
eration and maintenance costs

Compared to activated sludge plants, no primary
sedimentation is necessary and sludge handling is
more simple. Therefore, the process requires little
supervision and 1s very popular for small towns.

Effluent quality is excellent with regards to re-
moval of BOD, TSS and ammonium. .

INFLUENT -

GRIT REMOVAL

FINAL CLARIFIER 3

e
PAOGE

YENTURY

s( ¢
SURFACE AERAIORS
L} é

EFFLENY

Figure A1.6 Layout of an oxidation ditch
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A1.8 Trickling filters
A trickling filter is a bed filled with a coarse carmer
material (lava stones, plastic filter media). Waste
water 1§ percolated through the filterbed downwards,
and on the carrier a biological layer will develop,
consisting of bacteria, protozoae and some inert mate-
rial. Aeration takes place through a spontaneous (due
to temperature dilferences) or forced awr flow through
the filter. Primary sedimentation 1s necessary to avoid
blockage of the distribution device. Secondary sedi-
mentation 1s alsonecessary, since excess sludge growth
(parts of the biofilm) is washed out with the effluent
When ambient temperatures are sufficiently high, and
the organic loading is not too large, nitnification can
take place, and effluent quality is quite good -
An advantage is the simple operation, but a disad-
vantage is the limited flexibility of the process and the
limitation on removal of nutrients (denitrification and
dephosphatation)

Figure A1.T  Flowsheet of a trickfing ﬁlte'r

A1.9 The use of macrophytes in waste water
treatment

A considerable amount of research is spent on the use

of macrophytes 1n waste water treatment schemes.

Reddy and Debusk (1987) give an overview Ponds

with macrophytes can have vartous functions in the

treatment process.

—- Removal of nutrients and heavy metals by the

plants;

— Input of oxygen 1nto the system by means of trans-
port of oxygen from the leaves to the roots, and from
the roots diffusion into the water;

— Production of a potentially useful resource, namely
biomass. This vegetal material can possibly be used as
animal fodder, as a saurce of biogas, or to improve the
fertility and structure of the soil (raw or composted).

_ A comprehensive ﬁ?n'ogr’aph on the water hyacinth "

(Eichomia crassipes) is written by Gopal (1987), who
considers 1t mainly as a tertiary treatment step Other
information can be obtained from the proceedings of
the congress 1n Piricaba, Brazil (1987) about macro-
phytes in waste water treatment. (In* Wat. Sci Techn.
Vol 19, no 10 (1987).) Still, some researchers claim
good results treating raw domestic waste water in
macrophyte ponds. (Orth, 1987, see Specker and Van
Buuren, 1988) Publications are not clear on the fate of’
pathogens in the waste water

Some drawbacks and unanswered questions still
exist about macrophyte ponds.
— Inmany cases the use of harvested biomass was not
technically or economically feasible
— In Brazil the ponds appeared to be the 1deal envi-
ronment for the growth of mosquitoes.

1. Influent punps

2. Screening

3. Grit chamber ~

4" Pnmary sedimentation tank

5. Trickhng filter

8 Secondary sedimentation tank
(humus tank)

7 Effluent recycle

8 Sludge thickening

9 Sludge digestion

10 Sludge dewatering -

11 Effluentdischarge

12. Sludge dispusal
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Appendix 2

Economic and Financial Assessment of Sanitation Projects:

An Overview

A2.1 Introduction
This appendix is intended to provide information
useful for engineers and others who are interested in
assessing or justifying a sanitation project in financial
Of economic terms.

An understanding of the approach to economic and
financial evaluation will enable a more detailed and
comprehensive description of the costs and benefits of
a project or projects. This, in turn, will enable a more
convincing and realistic presentation of the recom-
mended projects.

It is important to note that there is a clear distinction
between the roles of economic and financial analys:s.
Economic analysis assesses the proposed project from
the point of view of the economy or society as a whole
Financial analysis examines the proposed project from
the point of view of one of the organisations/actors in
the project, usually only the implementing organi-
sation.

This section describes the approaches to economic
and financial analysis relevant to anaerobic sanitation
technologies. These approaches have not always been
consistently applied and consequently, support for
such projects has lacked a useful dimension.

In this section the aspects of economic and finan-
cial analysis which are relevant to the appraisal of
anaerobic wastewater projects are discussed. The ap-
proaches outlined will also be usaful to assist in
comparative analysis when alternative systems of
sanitation are considered.

A2.2 Economic analysis

A2.2.1 Elements of the analysis

The basic elements of economic analysis are costs and
benefits. The value of a project to the community, and
usually its economic priority are determined by com-
paring the benefits produced by the project to the costs
incurred 1n its implementation.

1) Basic concepts
Some essential concepts are needed before the ap-
proach 1s outlined in detail. These are:

) “With" and "Without” cases
A project is assessed in terms of the difference 1n costs
and benefits to the comemumity “with” the project,

versus the situation “without” the project. It should be
noted that the “without” case 1s not the same as the
present situation, or the “before” case. The present
situation may get “beiter” or *“worse” mn the future of
the “without” case
Thus is usually very important 1n the case of sanita-
tton projects, as the future costs to the comrmunity
“without” the project will be substantial, in health and
~clean up costs, and may not be reflected in current
costs These future savings are a legitimate benefit of
a sanitation project. The usual problem 1s the difficulty
in assessment of this benefit.

ii)y Mo inflation )
In assessment of economic costs and benefits, no
adjustment is made for inflation after estimates are
made for the current money value of benefits and costs
of coneructjonLoper‘atlons and maintenance. Costs
and benefits are given in “constant” money terms,
using the year in which the costing is expressed as a
base (i.e. constant 1988 US Dollars, constant 1989
Thai Baht)

It is important to be consistent in these costings,
and this 1s often difficult in sanitation projects where
records of past investment and costs may not exist.

iiiy Opportunity costs

One of the most difficult concepts with respect to
economic evaluation fs that of the opportunity cost of
a resource/input used for the project. This may be
defined as the value of the next best use for the
resource. It 1s very difficult to come to grips with the
fact that something 1s a cast to the project even if 1t
does not cost any money.

The most common and usually the most problem-
atic inclusion of an opportunity cost 1s the cost of land.
Government land used for a project has a cost, even if
it 1s given free to the project. For this reason, free land
used for extensive systems of wastewater treatment
constitute a hidden subsidy and a cost to the commu-
mty (the government could have rented the land).

iv) No interest payments

Capital investments afe incorporated into the analysis
at the time they occur. Interest payments on loans
which are used to finance capital expenditure are
transfer payments and do not constitute a cost to the

07 _
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community as a whole. They are thus excluded from
the analysis

v) Assessment period

The period over which the project is assessed is
chosen to reflect the cyclical nature of many invest-
ments, and the difficulty of realistic prediction of costs
and benefits too far into the future Selection of an
appropriate assessment period 1s particularly impor-
tant for investments 1 sectors such as samtation
where technology 1s changing very quickly. In these
circumstances, the mvestment pertod should not be
too long. Such circumstances favour low cost alterna-
tives which hold open future options

An example of an economic analysis is shown in

Table A2.1 which 1s located at the end of this appen-
dix. The project described is an anaerobic sanitation
project with a capital cost of 12.25 m, expended over
fourteen years as shown Section A2.2.7 sets out this
example in detail.

2) Definition of costs and benefits

1) Costs

The analysis attempts to 1dentify all the inputs into a
project and to cost them. This costing attempts to
reflect the value of those wnputs to the community
This is achieved by “shadow pricing” money costs of
inputs using the techniques set out below. The outputs
of the project are also examined and any which in-
volve a cost to the community, for example pollution,
are included on the cost side of the analysis Where
shadow prnicing will result 1n little relative change in
the components of costs and benefits, the accounting
{money) prices are sometimes used. Furthur details
will be set out in Secrion A22.2 below

1i) Benefits

The analysis also attempts to 1dentify the benefits of
the outputs of a project. Again, these outputs are
“shadow priced” in order to reflect their real benefit to
the community, unless accounting prices will ade-
quately reflect these benefits. Benefits counted to the
project include all those which result from the project,
both directly and indirectly. Furthur details will be set
out in Section A2.2.3 below

Thus a sanitation project has direct benefits to the
community measured in money terms by the willing-
ness of people to pay for the service However, addi-
tional benefits in reduced pollution may accrue to
people who live downstream of the project. These
people will not usually pay for this benefit, which 1s
nevertheless a benefit to the community as a whole.

Such benefits should be counted as a benefit of the
project.

A222 Costs -

It 18 now necessary to look at costs in more detail.
Costs may be divided in many ways, but for the
present analysis they will be divided imitially 1nto
capital costs, operation and maintenance (O&M) costs,
and other costs. -

1) Capital costs
Capital is usually defined as the produced means of
production Costs incurred in order to provide the
means of production are capital costs. Thése costs are’
usually for equipment or facilities such as sewetage
treatment plants, septic tanks, sewer pipes, comput-
ers, pump trucks, etc. which are the means of produc-
tion for a sanitation service Note that capital costs
include all costs that are required to bring the capital
into production Thus, they include land costs (even if
the land is “free” 1t has an opportunity cost), and other
“set up” costs, such as management time and tratning,
Before undertaking an analysis of a proposed sani-
tation system, several aspects of capital costs should
be confirmed These are.

1) Plans and standards used
It is important that capital expenditures should be
undertaken to a strategic plan. This plan should set out
over time the appropriate level of technology required
to reach the target groups identified by the plan.

Standards adopted should also have been assessed
to ensure they are appropriate for the size and distriby-
tion of the population served, and the level and distn-
bution of income of that population

The implications of inappropriate choice of tech-
nology or standards are sertous, as these costs must
ultimately be borne by the users directly or by the
government. If a_high cost choice requires higher
taniffs, lower demand will often result in wasted re-
sources and an inequitable distribution of services.

In the case of samitation technologies, this implies
that cheaper anaerobte technologies may be the pre-
ferred option when affordability constrains demand.

iiy Constructioniprocurement supervision and
schedule - -

Once a plan 1s agreed, the construction and/or procure-
ment of capital equipment must be undertaken. The
design and supervision of these activities is also a
capital cost. More importantly, the quality and availa-
bility of skilled people to undertake these activities
must be assessed. Delays 1n, and lack of skills for,
these activities will lead to cost overruns and ad-
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versely affect the viability of the project.

Where such resource constraints are a potential
problem, technologies that require less skills to design
are to be favoured in order to mimmise the risk of
problems n this regard. Some anaerobic technologies
have this advantage.

iii) Treatment of capital costs

Capital costs are_included in the cashflow when they
are incurred In economic analysis, no adjustment is
made for inflation and current estimates are used.
Shadow pricing is used on these costs.

2) Operations and maintenance costs

i) Documentation

O&M costs are much easier to identif'y in concept than
they are in reality. The total expenditures on the
operation and maintenance of plant, equipment and
buildings, and staff wages are relatively easy to 1den-
tify in most finance systems.

The problems come when an attempt 1s made to
separate out:

— any major upgrading on a capital item which should
be counted as capital expenditures,

— planning work, for supervisors and designers, which
should also be counted as capital expenditures, and
— O&M expenditures on one piece of capital equip-
ment from those on other items. The design of finan-
cial systems should enable them to distinguish such
expenditures.

ity Treatment of O&M costs
O&M costs are included in the cashflow when they are
incurred. In economic analysis, no adjustment is made
for inflation and current estimates are used. Shadow
pricing is used on these costs.

3) Other costs

i) Types of other costs

The other major type of cost considered in economic

analysis is the “externality.” External costs are usually
costs of project outputs which are not costed 1 the
project expenditure, Such costs are often related to
pollution or disruption

This 1ssue is, of course, particularly important for
sanitation projects. If a particular type of treatment has
a high probability of failing on a regular basis and
causing pollution, this 1s a cost to the community The
cost of periodic clean up should be attributed to the
project. Another example of such costs can be seen 1n
the type of sanitation scheme which requires exten-
sive excavation through city streets. The large scale

traffic disruption which results 1s a real cost to the
community, but 1s often not costed to the project

it) Treatment of other costs

Externalities are mncluded 1 the cashflow when they
are mcnrred 1f 1t 1s.possible to estimate this, for
example in the case of traffic disruption during con-
struction. Where thisis not possible then an annual-
1sed amount covering estimated costs should be in-
cluded. In economic analysis, no adjustment is made
for inflation and current estimates are used.

Shadow pric’ﬁg‘fs’ifséd on these costs.
A2.2.3 Benefits

1) Revenues

Revenues are an wdicator of the value people place on
the outputs of a project The revenues derived from a
project are of two types:

— once off sales income, for example in a property
development project where property 1s sold, or con-
nection fees 1n reticulated services,

— revenues derived from the use of the service. which
usually amounts to the fee or tariff charged multiplied
by the number of users

In both cases revenues are determined by demand,ixfi:

__the number of sales, or users of the sgrvice, Demand is,

in tumn, determined by the price charged. The two
major 1ssues involved 1n a discussion of revenues are
thus demand and tanff levels.
1) DemandiAffordabiliry
Whether or not someane buys a product depends in the
first instance, on his or her income. Such considera-
tions as reliability and design are also important, but
income determines whether or not 1t is possible to buy
the product. )

In general, the lower the price of a product, the moie
people will buy 1t. This elementary fact is often ig-
nored by those who design systems to the require-
ments of established standards. The cost of these

_standards wn relation to the income of the users is often
1gnored. (Note this is not always the case For ex-
ample, 1f the purchase of a lower cost sanitation
technology shows the buyer to be poor, this may not be
accepted by people who will feel ashamed at havingto

_settle for something perceived as second best See
“willingness to pay” below.)

Such considerations are not important 1f there is a
cross-subsidy from government to the service author-
ity, but fiscal restraint 1s now often required on the part
of central governments, and there 1s a push for more



110 Appendix 2

efficient use of resources. The use of general subsidies
is thus decreasing, and the concept of “user pays” is
being implemented. From an equity viewpoint, the
concept of “user pays” has much to recommend 1t,
provided a range of service choices 1s available/fea-
sible. Where such choices are not possible, effective
institutions to implement cross-subsidy schemes are
required to achieve an equitable solution

If the user 1s going to pay, it is thus important to
know what he or she can afford. Thus, surveys of
household income and expenditure are an important
tool in determining demand. Producing a scheme that
is affordable to the target group is a major achieve-
ment, but 1s not sufficient There must also be a
“willingness to pay” on the part of potential users. In
other words, the target group must be willing to spend
money on the samtation system offered, thereby not
spending that income on, say, children’s’ education.
Again, attitudinal surveys can assist here.

In this respect, commuruty participation in decision
making is important, as representatives of the commu-
nity often have a better grasp of the trade offs that are
possible, and the likely levels of demand under differ-
ent pricing (tariff) policies, than system designers

i) Tariffs

Determining appropriate tariff levels 1s a trial and error
process. In this process various elements must be
balanced. These are such elements as affordability,
cost recovery policy, and appropnate level of technol-
ogy. Once again, community participation should be
introduced where possible to assist mn this process.
This issue will be examined m more detail in Section
A2.3.3.

ui) Treatment of 1evenues

Revenues are included in the cashflow when they are
eamed. In economic analysis, no adjustment is made
for inflation and current estimates are used. Shadow
pricing is generally used on revenues

2) Other benefits

1) Types of other benefits

The other major type of benefit considered in eco-
nomic analysis 1s, as with costs, the “externality”.
External benefits are usually benefits of project out-
puts from which the project derives no revenue. Such
benefits are often related to health or amenity This
1ssue is important for sanitation projects.

If a particular type of treatment has a high probabul-
ity of producing substantial health benefits, this is a
benefit to the community. The problem 1s quantifying
these benefits.

Muluplier effects may also provide other benefits. .
These effects measure the stimulus or flow on effects
of a project. For example, an investment of $100 in a
treatment plant is made. This $100 is spent by the
bulding contractor. He or she will spend some of the
profit on a Mercedes and some on a bigger house;
some of the costs will be for workers’ wages, some for
materials, and some for imported equipment. The
payments for the Mercedes and the imported equip-
ment leave the economy, 1n economic terminology
they are “leakages”, but the remainder of the spending
by the contractor will be respent 1n andther round of
spending by Lhos:é who receive the money. This proc-
ess continues over several rounds of spending, de-
creased each time by the leakages (mainly imports and
saving). The result of $100 in investment may thus be
an additional $20 increase in the National Product. We
say that the multiplier 1s 1.2.

If multiplier effects are significantly different for
different technologies, then they may be important n
economic appraisal. This may be the case, for ex-
ample, when comparing two technologtes, one of
which has a high import content, the other of mostly
local manufacture.

Note that external benefits counted in “other bene-
fits” must not be part of what the users pay for, which
15 counted above. If this 15 the case, only the benefits
which accrue to those outside the service area may be
counted as additional benefit. It should be further
noted that benefits counted to the project must satisfy
the “with/without” test. This means that additional
benefits counted ln the “with project” case must be in
addition to those which the community would have
received anyway, 1e 1 the “without” case. Thus an
mvestment of $100 in a market may have a multiplier
(flow on or linkage) effect through the constructign
industry of 1.1 times the original mvestment. How-
ever, any invesiment which requires construction will
have the same multiplier effect and thus the benefit is
not “additional” to the community.

In general, multiplier effects should be treated with
caution and only used where the case for addilional
benefit 1s strong

u) Treatment of other benefits
Other benefits are included in the cashflow when they
are incuired, 1f it is possible to estimate this. In
economic analysis, no adjustment is made for infla-
tion and current estimates are used.

Shadow pricing is used on these benefits.

A2.2.4 Shadow pricing ]
In order to obtain an overview of this subject, it is nec-
essary to review some of the key concepts involved.
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These are the objectives of shadow pricing and the
treatment of traded and nontraded goods

1) Objective of shadow pricing

The objective of Shadow Pricing is to establish the real
value (to the community) of resources used and bene-
fits realized by a project. In order to do this, shadow
prices are formulated to exclude anything included mn
the money (or accounting) price of resources or bene-
fits that represents:

~— atransfer payment, i.e. a payment which 1s not for
a resource transfer, for example, sales tax, a subsidy
or interest on loans

— a “distortion” of the market, where goveérnmeénts
deliberately interfere in specific prices, usually by
fixing the price of a good directly, by giving tariff
protection to a good, or by fixing the exchange rate. In
economic terms the Shadow Pricing used 1n this analy-
sis results in an Efficiency Price.

2) Traded versus nontraded goods

A good is “traded” if it is available as an import to the
country. Distortions of the market to do with exchange
rates and price fixing can, approximately, be elimi-
nated by taking the border price, i.e. the c.i.f. price of
the import, as the efficiency price. The efficiency price
of nontraded goods, such as water and sanitation serv-
ices, are also estimated.

A detailed example of the derivation of efficiency
prices for nontraded goods is beyond the scope of the
present document. It is sufficient to say that these
factors are determined by assessing the taxes and
distortions 1n the domestic economy, and then con-
verting this assessment into an conversion factor which

is applied to the accounting price When conversion -

factors are estimated for both traded and nontraded
goads the efficiency prices are given by the formula:

Efficiency Price = -
Conversion Factor x Accounting Price

Various types and levels of conversion factors are
available for use in a variety of situations These fac-
tors can be specific to particular inputs and outputs,
particular sectors, or general as with the Standard
Conversion Factor (SCF). The SCF is often used as a
rough approximation because it can be easily calcu-
lated.

3) Application of shadow pricing

Other factors can be applied to the determination of
shadow prices in addition to the efficiency price out-
lined above. Adjustments for social pnorities, for
example benefits to low income groups can he made.

Benefits derived from the economic concept of con-
sumer surplus can, with great caution be added to the
analysis. These are, however, heyond the scope of the
present discussion. -

A2.2.5 Assessment

1) Cost Benefit Ana:lysis and Cost Effectiveness

Analysis
The assessment of a project requires some basis of
comparison either with alternatve projects. This is
provided by the techmiques of Cost Benefit Analysis
(CBA) and Cost Effectiveness Analysis (CEA). The
economic assessmengof a project using CBA requires
the determmation of costs and benefits to the commu-
_nity over time. These costs and benefits are set out
over time 1n a cashflow format. This format allows the
use of CBA techniques and the “return” on the project
can be calculated

Where benefits are uncertain or where certain lev-
els of outputs must be attamed, CEA can be employed.
The effectiveness of a project can be measured by
compariig the cost of various projects which will
achieve a given set of quantifiable outputs - not neces-
sanly benefits CEA establishes the least cost method
of achieving a given project outcome.

2) CBA techniques
Two techniques will be discussed. These are the
Benefit Cost Ratio (BCR) and the Internal Economic
Rate of Return (IERR). These techniques both require
the use of a cashflow format, and discounting

Discounting is the economic technique used to
reflect the time value of money, that is, the fact that one
dollar today 1s more valuable to a person now than one
doliar 1n a weeks” tume. The choice of appropriate
discount rate(s) is a political decision, but if none is
suggested the rate applymg to current long term gov-
ermment bonds is a first approximation. The discount
rate is'applied to the streams of costs and benefits, or
to net benefits, to determine their present value.

The discounted value of net benefits (benefits-

"costs) is referred to as the Net Present Value (NPV).

This measure can be used as an assessment technique,

the project being viable if the NPV 1s positive at the

chosen discount rate. The BCR is another way of
presenting this result (see below).

In general, a high discount rate may erode the
relative benefits of technologies, such as some anaero-
bic technologies, where there 15 a low O&M cost over
time. This is because, at the higher rate, future costs
have a lower present value.



112

1) Benefit Cost Ratio

The BCR is the ratio of the Present Value of the bene-
fits of a project to the Present Value of the costs. Bath
Present Value calculations use the chosen discount
rate to express future benefits and costs in terms of
their value in the base year. If the BCR is greater than
one the project should be undertaken.

ii) Internal economic rate of return

This is the discount rate that sets the BCR to one. The
higher the present value of the benefits, the higher this
rate will be. Governments may have established stan-
dards for rates of retumn. If none exist then a first ap-
proximation will be a minimum rate of that retum
applying to long term government bonds.

3) Sensitivity

The CBA and CEA techniques set out above are
useful, but it must be remembered that this analysis
takes place in an uncertain world. At the outset, our
assumptions of discount rate may be inaccurate. Thus
it is useful to examine the effects of variations in this
rate. This will usually not have a great effect on the
ranking of projects, but may make considerable differ-
ences in the content of an investment programme 1f
fixed BCR criteria are to be applied.

Estimation of costs and benefits, and the elements
which make up these items may be uncertain. This
uncertainty should be reflected by testing likely vari-
ations of these elements. Such tests are called sensitiv-
ity tests and are usually carried out by varying the
assumed level of an 1item by a reasonable percentage
and assessing the outcome on the' BCR and IERR.
Where such variations cause a project to fail estab-
lished criteria, they have identified an area of risk for
the project. The question of what measures should be
taken to reduce that risk then arises.

4) CEA techniques

CEA techniques use cashflows to set out costs, and
then apply Cost Effectiveness Ratios (CERS) in as-
sessment. CERs measure the Present Value of Costs
incurred to achieve given levels of outputs. These
levels usually express mimmum standards of techni-
cal performance and of service. The lowest cost proj-
ect which achieves these minimum levels should be
the one chosen for implementation.

Difficulties occur with this approach when widely
differing outputs are derived from projects. The need
for trade ofls among outputs raises the very difficult
issue of weighting of these outputs Sensitivity analy-
sis should be carried out to determine the sensitivity of
the ratios to changes in costs and outputs.

PRIORITIZA';'ION

Extreme care must be used in ranking projects using
the outcome of the abave assessments (see World
Bank Staff Wodung_f’aper No. 239, “Social Cost-
Benefit Analysis,” Part 1, Appendix D). For mutuaily
exclusive projects, where sufficient funds are avail-
able for any of the projects, the BCR can be used to
prioritize. For - priorifization across sectors, or ACross
projects which are not mutually exclusive, other tech-
niques, involving explicit or implicit weighting of
criteria are nsed. These techmques are beyond the
scope of this discussion

A2.2.6 Monitoring

Monitoring of “QOther” economic benefits and casts
constitutes the most significant aspect 1n this stage of
&conomic analysis. Most monitoring of actual expen-
diture and revenue, the basis of most of the economic
analysis, will be carnied out using the financial analy-
s1s. The external costs and benefits in particular may
have a significant effect on the outcome of a project
from the community’s viewpoint.

Thus, these aspects of a project should be moti-
tored, and, after an appropriate time, the performance
of the project should be evaluated agamst the pro-
Jected performance.

A2.2.7 Example

As seen from Table A2.1 at the end of this appendix,
the two major divisions of an economic analysis
cashflow are Casts and Benefits. These are set out
over the assessment period of 20 years. Our example
shows capital costs lines 1 and 2. These lines represent
the money costs and therr shadow-priced equivalents
respectively.

Lines 3 and 4 show O&M costs and their shadow
prices. “Other costs” 1s shown in line 5 and refers to the
costs of traffic disruption during construction. Shadow
pricing has been incorporated in these costs.

Table A2 ] shows shadow priced revenues on line
{1 These are derived from the projection of demand
on line 7 and the tanff rates shown on line 9. Line 12
shows the other benefits which are derived from this
project -savings in  health costs. These have also been
shadow priced. The BCR (line 15) 1s the ratio of the
Present Value of ine 13, Total Benefits, to the Present
Value of line 6, Total Costs. The IERR (line 16) is
calculated on Net Benefits (line 14)
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A2.3 Financlal analysls

A2.3.1 Elements of the analysis

The basic elements of financial analysis are expen-
ditures and revenues. The financial analysis of a proj-
ect can only be determined in relation to a specific
group, usually the implementing organisation. Thus is
done by comparing the project revenues accruing to a
particular group, to the expenditures mcurred by them.
The analysis is often carried out in two stages; initially
comparing the expenditures and revenues (profitabi-
lity analysis), and then considering the financial op-
tions available for project financing. Related 1ssues of
liquidity and determination of tariffs/pricing are also
important The final financial analysis is carried out
when the financing package 1s known/selected. An
example of financial analysis carmed out for the same
project as described in Section A2.2 1s shown m Table
A2.2 at the end of this Appendix The example is
explained in Section A2.3 7 below. S

1) Basic concepts
Some essential concepts are needed before the ap-
proach is outlined in detail. These are:

i) “With” and “Without” cases

As with economic analysis, a project is assessed in
terms of the difference in expenditure and revenue
“with” the project, versus the situation *“without” the
project.

ii) Inflation is incorporated

In financial assessment, inflation 15 apphed to bath
revenues and expenditures. In other words, we esti-
mate the actual money paid and received by the project
over time. Usually, this must be limiled to applying an
estimate of the inflation rate to expenditures and
revenues, especially after the first few years. It should
be noted that differing inflation rates may apply to
different components.

Thus, if inflation is expected to be 10% per annum
for maintenance expenditures, and that their current
level, costing 100, will be maintained for two years,
then the cost of maintenance will be 110 next year and
121 the year after that. The choice of waste water
system may be influenced by the level of inflation.
Where this is high, systems that can be corstructed
quickly or which contain high proportions of local
mput will be preferred. Simularly. systems which
expose the user to high and uncertain levels of O&M
expenditure are risky in an inflationary environment.

iii) Financial arrangements are central
Capital investments are incorporated mto the prof-

itability analysis at the time they occur. From pro-
Jected revenues, the financing requirements can be
determined. Interest and principal payments on loans
which are used to finance capital expenditure or work-
ing capital are incorporated in the financial analysis.
The choice of system may be determined by the level
of financing available for a particular systems. This is
dangerous because inappropnate systems which have
high levels of financing and/or subsidy for capital
expenditures, but heavy O&M requirements, may be
chosen over systems which are sustainable in the long
term .

iv) Assessment period

The period over which the project 1s assessed is
chosen to reflect the cyclical nature of many mvest-
ments, and the financing structure. The assessment
period for the financial analysis may not be the same
as the period chosen for the economic analysis. It is
often taken as the period of loan repayment after the
last major capital expenditure.

2) Definition of expenditures and revenues

i) Expenditures

The analysis attempts to estimate all the money mputs
to a project. Furthur details will be set out in Section
A2 3.2 below.

1) Revenues

The analysis also attempts to estimate the money
income of the project. Furthur details will be set out in
Section A2 3 3 below.

A2.3.2 Expenditures

It is now necessary to look at expenditures in more
detail. As in the economic analysis, they will be
divided mitially info capital costs and operation and
maintenance (O&M) costs.

1) Capital costs -

Capital costs were explamed in Secnon A2 2 2 above.
Once-off training programmes and activities related to
the design and mstallation of capital equipment are
also capital costs In reality, however, capital 1s often
not paid for in full by the implementation authority
when 1t 1s purchased. It 1s either financed over the life
of the item, or central government grants pay substan-
tial amounts of the expenditure.

Before undertaking an analysis of a proposed sani-
tation system, several aspects of financial analysis
relating to capital costs should be confirmed. These
are:

AR T
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i) Loan terms

The terms of loans, their length, grace period if any,
interest rates must be established. The amount of an
expense covered by the loan must also be established
as alternative sources of external finance or reserves
will be necessary to make up the difference. Note 1t is
possible to obtain loans from commercial sources for
working capital, where greatly increased O&M ex-
penditure 1s required 1n the event of an expansion of an
existing system. Where reserves will not cover the
difference between finance and expenditures, such a
course should be considered.

ity Subsidy (grant versus soft loan)

While soft loans are in effect subsidies, there is in
practice no difference 1n treatment from ordinary
loans discussed above The documentation and timing
requirements for subsidies may be important in deter-
mining the cashflow of a project, however.

iii)y Cross subsidy

Cross subsidy of one activity from another is difficult
to Justify in terms of equitable sharing of the costs of
development according to the amount of resources
consumed If however, such a course 1s undertaken,
careful recording of the extent of subsidy should occur
n order to prevent “creeping” increases in subsidies.

iv) Debt service policylcapacity to finance

The level of debt to (net) cashflow, and to assets
should be determined and checks placed to ensure that
such ratios are not exceeded. These policies will vary
with such things as the level of community partici-
pation, past revenue collection performarice etc, and
may 1nfluence the choice of system. Where a sanita-
tion system, for example, has a high level of commu-
nity participation and the community has shown itself
to be capable of servicing debt, then a higher level of
loan funding may be appropriate.

v) Treatment of financing costs

Financing costs (capital and interest payments) are
included 1n the cashflow when they are incurred. They
are not, of course, adjusted for inflation as the mongy
payment does not change over the repayment period
unless special factors apply. Whete such variations on
traditional principal/ interest repayment occur, the
repayment schedule is usually just incorporated mnto
the cashflow after calculation.

2) Operations and maintenance expenditure

1) Administration cosits
These costs are often ignored. This 1s not serious

where they comprise a small amount of total costs, but
where this is not the case, they should be accounted ar
they will constitute a hidden subsidy. Certain sanita-
tion technologies have high administration costs over
the life of the project. These should be included in the
analysis of the project.

ii) Trainingleducation

These costs are often ignored and should be treated as
above. -7

iit) Subsidy

The same issues as discussed for capital subsidies in
1) (ii) above apply to O&M subsidies.

iv) Treatment of O&M expenditures

O&M costs are included in the cashflow when they are
imcwrred. Adjustment is made for inflation of each
component where practical. There anaerobic proc-
esses have more predictable construction costs and/or
depend less on tmports, they are less “nisky” with
respect to inflation This may be an important factor in
the choice of a system

A2.3.3 Revenues

1) Revenues

_Section A2.2.3 on_economic assessment discussed the
two major issues mvolved in determination of reve-
nues -demand and tariff levels. In financial analysis
several other, related, 1ssues become 1mportant. These
are:

1)  Cross subsidy and Cost recovery policy

Cross subsidy in rates charged for services has two
mmplications. The first is that the people eligible for the
subsidy must be easily identifiable. The second is that
the rate of review of the various rates must be regular,
especially in times of inflation. Cost recovery policy
is, of course, of prime importance i determining tariff
levels required This element relates Lo subsidies dis-
cussed under the expenditures above.

i1) Required retu:rn on investment
Again, tanff levels will be dependent on minimum
levels of return set by the government.

iii) Legal issues

Primary importance must be given to confirming that
the implementing agency does m fact have the re-
quired legal authority to set Tarilfs, to cut service to
non-payers, to enter properties to maintain and protect
1ts assets etc. Revenjue collection in sanitation projects
1s notoniously difficult.
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The health corsequences to the community from cut-
ting off the service often make this option difficult.
The need to link sanctions in this area to other services,
for example water supply, is recognised.
iv) Tariff review B

Given the legal power to carry out such periodic
reviews, the authonity must be willing to carry out the
reviews in order to counter cost inflation Sanitafion
tariffs may be of several different kinds. The most
common are:

— a household charge either on a flat rate basis or
based on property values,

— a base rate per household plus a service fee, for
example for every pump oat of a septic tank, and

— a surcharge on the waler bill. A connection fee 1s
also often charged for reticulated services.

The documentation and data collection requirements
of various systems of setting tariffs referred to above,
must be carefully assessed for ease of tariff review.
They must also be considered from the point of view
of the need to identify groups which will receive the
benefit of cross-subsidy and to determine the level of
that subsidy.

Each of these systems also has equity consequen-
ces for various groups of users. For example, a flat fee
will usually discriminate against the poor, but 1t is
probably the simplest method to administer.

v) Collection mechanismsleffectiveness

Given the legal power to collect revenues, the author-
ity must be willing to collect revenues, penalise non-
payers, and police 1ts collection staff. Further, 1t must
examine the effectiveness of its collection systems in
terms of revenue collected per expenditure on collec-
tion. Alternative systems should be explored where
performance is questionable.

Each of the tariff systems discussed 1n (iv) above
have their own requirements for collection systems
and the effectiveness of these systems depends on the
sanitation technology chosen and on the cultural context
of the system.

v1) Treatment of revenues -
Revenues, reflecting projected demand and tanff/
price levels, are included 1n the cashflow when they
are incurred. Adjustment is made for inflation of each
component where practical.

2) Net Revenues

Net Revenues are normally the “bottom line” of the
cashflow, and assessment of the project is carried out
at this pomt. However, in certain cases other “lines™

1) Depreciation,

must be added to the analysis. Taxafion, in particular,
has a great potential impact As most sanitation au-
thorities are public bodies, taxation 15 usually not an
1ssue, Where any riet revenue 1s subject to tax how-
ever, this will have a significant effect on the return to _
the authority In this case all deductions from taxable
net revenue should be assessed The most significant
are usually i

ii) Interest expense, and

iii) Superannuation charges.

A2.3.5 Assessment

1) Cost Benefit Analysis and Cost Effectiveness
Analysis :
The financial assessment of a project uses the same
basic techniques as economic assessment These are
Cost Benefit Analysis (CBA) and Cost Effectiveness
Analysis (CEA) The financial assessment of a project
using CBA requires the determination of expenditure
and revenue. and these are set out over time in a
cashflow format This format allows the use of CBA
techniques and the “return” on the project can be cal-
culated. Where there are no or uncertain revenues, or
‘where given levels of outputs must be attained, CEA
can be employed B
" 'The effectiveness of a project can be measured by
comparing the expenditure of various projects which
will achieve a given set of quantifiable outputs - not
necessarily revenues. CEA establishes the least ex-
penditure method of achieving a given project out-
tome. E

2) CBA Techniques

The two techniques used 1n economic analysis will
again be used. These are the Benefit Cost Ratio (BCR)
and the Internal Rate_of Return (IRR). These tech-
niques both require the use of a cashflow format, and
discounting. The choice of appropnate discount rate(s)
18 a political decision, but if none is suggested the rate
applying to similar yestments in the private sector,
or where there are no similar investments, the prime
commercial lending rate are first approximations.
Governments may have established standards for
acceptable levels for IRRs.

If none exist then a first approximation will be a
minimum rate of that return applying to similar invest-
ments in the private sector, or the prime rate for bank
lending.

3) Sensitivity
As in economic analysis, these tests of the project’s
assumptions are useful. The same ranpe of tests should

"5



COSTS
1 Capital-sxpenditure
z ~shadow price [SCF)

3 Ohit-pxpenditere
4 ~shados price (BCF)

1 Other coats (e land)
& Total costs
BENEFITE
7 Usery
8 Tarifi-target
3 -actual
10 Revemwe-actual
11 ~shasow price {5CF)
12 Gther benefitsfeg health)

13 Total Benefits
14 MET RENEFITS

13 BCR @ 5 discounta
16 [ERR»

'I”abJe A21 Sanitation kwesunen

[T

)
16

168
144

34

4

w

el

YEAR

t 2 3 [ 3

1,300 1,%0 70 1,000 ™
LM LI%0 475 00 479
%0 202 2% U6 7

34 182 203 1) Bl

400 300 100

L7 1AW 78 Ly 308
40 3 85 70 B0

N b 8 0 12

(56 7 20 7B 90

144 %7 8 453 844
130 18 13 3 1]

174 307 517 (] 924
13,A12) (1,323} 1462t [a06} 13
¢

tpmgranme E?;onomnu assessnwnt !E
l e ik a4 el o oak

1,000
900

259

1,159

85
1
1,224
1,102
o

1,163

a4

1%
1,504
1,33

n

LA

48

300
1%

301

LIS

]

14
1.8600
1440

el
It

430

uz
o8

104

1%
1,44k
1,498

1,378

818

10

343
kN

76l

18
L7
1,570

gl

14634

ot

Ul ke

450

7
32

A2

"3
16
1,808
{627
8

1,2

7ha

0
430

330
MY

763

e

1,788,

rous]

430

333
hral

T

[
1
2,000
1,800

94

336
i)

20

1,924

£dd

il

I
hyal

bies
130
1&

2,480
1872

1,470

fo4,

P

18

hbid
3z

Rvud

18
2,080
1,872

(70

1,44

g
130
! 1b

2,080
1,872

1,970

L2t

Lapita) :Imeip-n
Standerd Convers

o W{8CF .

352

3

3

1e
2,080
1,872
|

98

all fimn in ”? s

inflation poa =

9 b
[ ]
|3
m
LEA R
% 1w
m 1%
2,08 208
182 1,8
% 4%
LM 3,50
Lo 2,04
8.0t
. = 112,790
Faptar |
i

¢ Xipupddy



EmmmbmdFmamalA&sessmamolSanﬂaﬂonPrmecLs AnOveMew

be carried out, with the addition of a test of variations
1n the rate or rates of inflation.

4) CEA Techniques

Caost Effectiveness Ratios measure the Present Value

of Expenditures incurred to achieve given levels of
outputs, These outputs must achieve minimum levels
The least cost projects which achieves the minimum
levels should be the one chosen. The same difficulties
as 1dentified in economic analysis occur with this
approach when widely differing outputs are derived
from projects. The need for trade offs among outputs
raises the very difficult 1ssue of weighting of these
outputs

Sensitivity analysis should be carried out to deter-
mine the sensitivity of the ratios to changes in ex-
penditures and outputs.

PRIORITIZATION

Financial priorifization is conceptually easier than
that applied to economic analysis. In theory, any in-
vestment that makes an acceptable rate of return is
financable, and therefore worth undertaking.

Difficulties arise when the high financial return,
say to a municipality, is dependent on a subsidy from
the central government. The project may not be finan-
cially attractive (even if economically justified) to the
central government. Problems of administration may
also constrain the number of projects which can be
implemented.

The same techniques used for cross-sectoral priori-
tiszation (see Section A2 2.5), involving assessment

of projects against agreed criteria, are required to

prioritize in these more complex cases

A2.3.6 Monitoring

Monitoring of financial flows is essential to the viabil-
ity of the project. Key elements requinng effective
monitoring systems are-

— Times of critical cashflow (when revenues and ex-
penditures are similar) and provision made for such
risks,

— The targets for expenditures ¢ g. wages, number of
users, total revenues, levels of tarff etc , and;

— The target levels and timing of expenditures and
revenue enhancement measures (higher taxes and/or
fees)

After an appropriate time, the performance of the
project should be evaluated agamst the projected
performance. Central monitoring of implementing
organisations, especially where central government
loans or subsidies are 1nvolved, 1s often required, and
will use this financial data

A23.7 Example

An example of an financial analysis is shown in Table
A2.2 which is at the end of this Appendix. This ex-
ample uses the same project described in Secrion A2.2
and which 1s subjected to an economic analysis in
Table A2.1. )

Qur analysis 1s carried out to find the financial
return to the local government which must finance the
pertods of negative cashflow from reserves (line 13).

As seen from Table A2.2, the two major divisions
of a financial analysis cashflow are Expenditure and
Revenue These are set out over the assessment period

of 20 years. Our example shows capital expenditures

in line 1. These expenditures are adjusted for inflation
of 6% in line 2, and the cumulative debt service
obligations of the project are shown 1n line 3.

Line 4 shows total O&%M expenditures. These are
adjusted for inflation in Iine 5. Note that the debt
service obligations in line 3 are denived from the
Finance Cost table at the bottom of the page. Each
yearly capital expenditure is assumed eligible for at
loan at 10% interest over a 25 year period. Note also

that the a.moun[s of ca.ch ycarly loan are given | by the
loan repayments a[ t the bottom of the Finance Cost
table is the same as the amounts shown in line 3.

Table A2.2 shows revenues on line 11. These are
derived from the projection of demand on line 7 and
the tariff rates adjusted for inflation on line 10. The

constant cost tariffs shown on line 9. The BCR (line

15) is the ratio of the Present Value of line 11, Total
Revenue, to the Present Value of line 6, Total Ex-
penditure. The IRR {line 16) is calculated on Net
Revenue to Local Government (line 14).
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Glossary

Aerobic
Anaerobic
Attached growth

BOD

Black waste water

CcoD

Combined sewer _

Communal systems

Community participation

Conventional sewerage

DM

Drain

In presence of oxygen. By aerobic treatment is meant

the biological oxidation of organic matter in the waste

water by microorganisms. -

In absence of oxygen. Anaerobic treatment is the bio-
logical breakdown of organic matter in absence of
oxygen. See Section 3.2.

Biomass 1s growing attached to some carrier material,
like 1n a tnickling filter or rotating biological contactor

Biological Oxygen Demand. An indication of the con-

centration of biological degradable matter in the waste
water Expressed in mg/L. (Oxidation of reduced ni-
trogen 1s not included.)

Toilet waste water. faeces, urine, water used for cleans-
ing and flushing.

Chéemical Oxygen Demand. Indication of the total

amount of chemically degradable organic matter in the
waste water Expressed in mg/L. Reduced nitrogen is
not mcluded. .
Sewer designed or used for the discharge of waste
water as well as storm waler.

Waste water collection and treatment facilities, de-
signed to treat the waste water of 10-100 households.
Households have their own private toilets, connected
to the communal tank by a small sewer system.

Participation of beneficiaries in the choice, implemen-
tation and management of samtary facilities. Commu-
nity participation should improve the acceptance and
bring down the financial costs.

Sewer systems, designed along conventional Euro-
pean and American standards with respect to gradient,
diameter and depth.

Abbreviation of Dry Matter (expressed as weight).
Equivalent to dry sohds

Gutter or canal that serves originally for the discharge
of storm water, often misused as a sewer.

119_



Glossary -

Economic costs

Efficiency

Effluent

Eutrophication

Financial costs

Grey waste water

Influent

Institutional aspects

Kjeldah!l-nitrogen NKj

Maintenance

Micro-pollutants

Net Present Value

NOD

Nutrients

Costs as seen from the point of view of the entire eco-
nomic community, usually the nation

Percentage removal of pollutants i waste walter by a
treatment.

Outcoming flow of waste water. The flow of treated
waste water as 1t leaves the treatment plant is usually
meant. However, with “industrial effluent” the flow of
raw waste water as 1t leaves the factory 1s meant: the
used process water. From the point of view of the
treatment plant we call it influent.

Enrichment of 4 surface water body with nutrients
necessary for growth of algae (usually phosphorus and
nitrogen are meant). Eutrophication can lead to exces-
stve algal bloom: the result 1s the degradation of the
ecosystem and a lesser suitability for drinking water
supply, recreation, fishing.

Costs as seen from the point of view of the organisa-
tion/actors 1n a project

All waste water, Eroduced in toilet as well as kitchen
or bathroom

Incoming flow of waste water

All aspects regarding planning and management of the
sanitation structures and activities.

Nitrogen present 1n a reduced form (ammonia, amines
and organic nitrogen), and thus representing a ceriain
oxygen demand.

All activities to kéep the sewer system and treatment
plant 1n a good shape.

Contamunants, toxic in low concentrations, like heavy
metals and pesticides.

Total Benefits from a project over the entire Iifespan,
translated to the current price level (reckoning with in-
flation and interest)

Nitrogen Oxygen Demand. Amount of oxygen neces-
sary for the oxidation of the reduced nitrogen.

Chemical substances necessary for all biological growth.
Here nitrogen and phosphorus, the nutrients that limit
algal growth are usually meant. Excess of these nutri-
ents in the surface water can cause algal bloom.
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Off-site Away from the residential area’ off-site disposal means
that by means of a sewer system waste waler is trans-
ported out of the housing environment.

On-site On-site disposal means that the waste water 1s treated
or disposed of, in or around the house, 1n the direct
living environment.

Operation Operation concerns the daily activities at the treatment
plant to maintain a satisfying treatment process.

Pathogens Micro-organisms (helminths, protozoa, bacteria, vi-
ruses) that can cause a disease 1n man or antmal. Many
pathogens are spread by human excreta and therefore
waste water can contain large amounts of viruses,
bacteria and helminth eggs.

Public facilities Public toilet facilities, serving 2-50 households that do
not dispose of own toilets.

Sanitation Management of human waste, especially human ex-
creta.

Separate sewer Sewer system designed for the discharge of waste
water only. Storm water is discharged i another way,
e.g dramns.

Sewage The waste water as 1t is callected in the sewer system:.

domestic waste water with possibly infiltration water,
drain water and sometimes industrial effluent.

Shallow sewer A sewer system, laid on ground level, usually with re-
duced diameter Simple to construct and maintain but
vulnerable.

Shared system Waste water collection and/or treatment facilities,

serving 2-10 households Each households has its own
private toilet with an individual connection to the
disposal facility

Sludge load ‘Amount of BOD (or COD) applied per unit of active
biomass In the treatment reactor.

Small-bore sewer Sewer system with reduced diameter and closed joints.
Swuitable for the transportation of waste water, not con-
taining settleable solids. Requires solids and fat traps.

Socio-cultural aspects Aspects regarding attitude, habuts, religion and prefer-
ences of the users of samitary faciities (and of the
authorities!).

Sullage - Waste water flow originating from household activi-
ties: cooking, laundering, washing, bathing. Toilet
waste 15 not included.
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Glossary

Suspended growth

UASB

Configuration (of a reactor) in which the active hio-
mass is suspended 1n the liquid, and not attached to a
carrier, e g. activated sludge or UASB.

Upflow Anaerobic Sludge Blanket Reactor type for
the anaerobic treatment of waste water. See Chapter 3.
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