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Abstract

In Urban Africa, water and sanitation utility companiesfaoing a huge backlogf sanitation provision in the
informal settlement area#n order to clear this backlog, new investment is requitémlvever, to select
appropriate sanitation technologibfecycle costs need to be assessed. The aim of ggameh was to establish
lifecycle costs for appropriate sanitation technologigaformal settlement areas. Two sanitation optionswer
compared: simplified sewerage, and urine diversion digttdJDDT). Four scenarios for simplified sewerage
were considered; gravity flow into existing conventiosalvers; new-build with pumping and treatment; new-
build with pumping and excluding treatment; and new-build grdiatv with treatment. The study revealed that
simplified sewerage is the cheapest option for Sowdtornral settlement, even when the costs of pumping and
treatment are included. Gravity simplified sewerage withttnent is cheaper than the UDDT system at all
population densities above 173 persons/ha. The total anmatapeohousehold of simplified sewerage and
treatment was US$49 compared to US$113 for UDTHE costs of simplified sewerage could be recovered
through a monthly household surcharge and monthly cross-susidying US$3.0The study concluded that
simplified sewerage system was the first choice for éownformal settlement areas, given the current
population density.

Keywords: Lifecycle costs; Low-cost sanitation; Simplifiesvsrage system; Urine Diversion Dry Toilet.

Introduction

In urban Africa, delivery of sustainable sanitation servindsw income and informal settlements is a growing
challengeThis is due to rapid increase in the size of the udmgulation and rising poverty levels coupled with
weak or non-existent capacity to deliver basic muni@pevices at the local levdtew municipal authorities and
sanitation utility companies irrlbban Africa have the capacity to match increasing derfarghnitation services.
Consequently, levels of access to sanitation are Swh-Saharan Africa as a whole achieved a modest 6%
increase in access to sanitation between 1990 and 201%&ll@weess remains low at 30% and although access
is higher in urban areas, there remain 695 million pewpfeub-Saharan Africa who do not have access to a
household toileff (UNICEF and WHO, 2Q15). Howeveis important to note that generally, South Africa is in a
better sanitation situation than the majority of S#haran Africa, with reported access to improved samitat
66% overall (70% urban, 61% rural). But, this still represantsige number of households without access to
sanitation. Municipal authorities and sanitation utiltgmpanies are increaslggexperiencing sanitation
backlogs, especially in the informal settlements despé& valuable efforts towards addressing the sanitation
challenge. For instance, in 2009, there was a sanitadickiog of approximately 30,016 househaidthe Soweto
area of Johannesburg; Johannesburg Metropolitan Municif@ttyMM) made a commitmetd achieving 95%
basic sanitation coverage by 2011 but this remained an ensrchallengg (Thela, 200fficial Website of the
[City of Johannesburg, 20[L5)Vithout a step change in the rate of delivery of sustainabte appropriate
sanitation, this situation will persist for decades

A major constraint to effective service delivery is itheility of local authorities to sustain services over
time. This is in part because the operational costglmin sanitation are high, and sustained services usually
require a combination of reliable cost-recovery froradeholds and smart delivery of public subsidies. At a more
basic level, there is limited understanding of the ceats of operating both piped (networked sewers) and road-
based (on-site) sanitation systems in urban arease Hosts are higher than in rural areas because of lack of
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space and high population densities means that facileéebto be emptied regularly and faecal sludge transferred
to a central point for processing.

Where local authorities are committed to extendingisesuto informal settlements, they may still lack
information on the real operational costs of the wezigiable options. To address this gap we set out to exami
the full costs of constructing and operating two promisiagitation technologies, which have been considered
by the Government of South Africa for use in urban ar®as approach uses feasibility-level design to identify
the full costs of networked sewers and an ecologicaitensanitation system (urine-diverting dry toilets) in a
typical large informal area in Soweto, Johannesburg. Whesidered capital costs plus operational and
maintenance liabilities over a notional ‘lifecycle’ for each system. We used a novel measure, the Total Annual
Cost per Household (TACH) to compare full economic cosesaoh option. The study enabled a review of the
key factors which drive full costs of urban sanitatiostegns and in particular allows for an assessment of the
‘break point’ of population density at which networked piped systems become more cost-efficient when compared
to on-site systems.

Sanitation Overview in Soweto

Soweto is an urban region covering approximately 150kwated 16km southwest of the Johannesburg
city, in Gauteng, in the Northeast of the Republicafts Africa It is mostly populated by black Africafis (Loo}s,
[200g[Tatam, 201D).

Most of the population of Soweto lives in informal setters with the lack of access to improved
sanitation, and Soweto makes up about 15% of informal setttsrimethe City of Johannesburg (CoJ). Soweto is
the third highest contributor to the population incred¢lbenCoJ and comprises about 43% of the total population
of the city. It has a high population density of about 2000 peopfeikhich is 14 times greater than the national
averagq (Greater Johannesburg Metropolitan Council. ||19@@s, 2008).

Provision of sanitation services in Soweto is mainfyathelent on the government through the CoJMM
(Tatam, 201{)Official Website of the city of Johannesburg, 2011)J has a rapid population growth and increase
in household formation especially in the informal setténtsof Soweto This rapid rate of household formation
leads to increased demand for sanitation services andecedpace for onsite systems such as pit latriftas
limits the ability of the government to deliver the slard package of a Ventilated Improved Pit (VIP) for each
household. This is considered as Level of Service 1 (L icial Website of the city of Johannesburg, 2p10
|Greater Johannesburg Metropolitan Council., J19%@la, 2007)

Since the Post-Apartheid government prioritised theigiav of basic services such as sanitation to
informal settlements that were historically disadvardady the apartheid regime, the CoJMM through
Johannesburg Water (Pty) Ltd has been making strategiesvide and improve the sanitation services in such
aread (Beall et al., 2000a). However, tensions remaivebe the provision of new improved sanitation services
and operation and maintenance of the existing sanitatiditiésciWwhere operation and maintenance funding and
capacity is insufficient systems often fail in the nuedlito long term.

Sanitation Technologies Selection Criterion

The selection of the most appropriate sanitation tdoggdor informal settlement areas is driven by ground
conditions, groundwater characteristics, climatic festeegulations (including environmental protectipublic
health, and building codes), and the ability of the lacaitractors to implement the technoldgy (Kunene, Kdate
[unknowr]) To date, the City of Johannesburg has utilized primardgventional sewerage and Ventilated
Improved Pit latrines (VIP). Some small-scale trialsltdraative on-site sanitation technology options such as
Urine Diversion Dry Toilets (UDDT) have been rollegt.d-or the purposes of this analysis, VIPs were excluded
on the grounds that their capital and operational cbstsldé already be known to the CoJMM, as they provided
them to the households as Level of Service 1 (LOS1). Hawigve important to note that the economic costs of
on-site sanitation facilities such as VIP latrine and Britiversion toilet do not vary significantly. Conviengl
saverage was also ruled out for the network within thdtdog area since previous studies have alrehdwis

that it is far more expensive than the alternative ¢ost sanitation sewerage technologies such as simplified
sewerage system (Sinnatamby, 1198ara, 1996). For example, Eslick and Harrison (2004), in theit gitidy
carried out in eThekwini South Africa reported that, thetahpbsts of conventional sewerage system are twice
those of simplified sewerage system, yet both sewerage syspeovide all the benefits and convenience of
waterborne sanitatiofrurthermore, there is a widely held view that onsit@tation systems including emptying
and transportation of faecal sludge are invariably cheigae sewerage systems. For exaet al.
report an analysis from Dakar indicating that the doedb capital and operating costs of sewers systems
are five times the equivalent costs of on-site staitssystem (including emptying and transportation ofdaec
sludge). However, this study looked at conventional seweragensy including very expensive treatment
options, while requiring less costly treatment systesnshfe on-site sanitation system. To-date, there baga
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a few studies comparing the like-like costs of low-cost simplified sewerage with tho$en-site sanitation
systems. Therefore, to make the best contribution 8®bdecision making and planning for sanitation service
delivery in Soweto, the study examined the relativescoksimplified sewerage and UDDT.

METHODOLOGY
Preliminary survey of literature

The general preliminary survey was conducted through literaeview to acquire the basic information required
for the design and costing of the two sanitation technedoginder consideration. This included both physical and
socig-economic data about informal settlement areas in ®owe

Pilot Sample Study Area Definition and Map Prepar ation

The “pilot sample study area” within which research could be carried out was then defined. This was mainly based
on settlement and topography characteristics. Thetwgleof the sample study area was based on it being
representative of the general conditions in the infosettlement and population in Sowefophysical survey
was also done, to identify locations of different feadweéhin the study area that would be vital in the desigh an

costing of the system. The map of the sample study areahea developed showing the existing physical
features, infrastructures as well as the hydrogeolodieotample study area as recommendgd by Sinnaamby

:
Social and Physical Preliminary Survey for the Pilot Sample Study Area

The proposed sample area was Chris Hanis informal reetitewith a population of 2,000 households. The
average size of households within Chris Hanis inform#eseént area and Soweto at large is about 3-7 people
[Greater_Johannesburg Metropolitan_Council., 1999), althengtiies by Lootd (2008) reported an average
household size of about 4.2 persons per household in Sdwetiie purpose of this study, the highest household
size of seven (7) persons was considered and therefeckjruthe design. The area has a reliable water supply
provided by Johannesburg water, although almost all housels#ds communal standpipe.

For the purposes of detailed design of sanitation sokytimm area covering about 12.9 hectares and
housing 517 households was selected. This represents a single ‘drainage basin” or sub-unit of any proposed sewer
network and is thus a useful unit of analysis for comsparof costs of sanitation systems. The current design
population is 3,619 persons, and population density is 281 persdaash§tith the population growth rate of 4%,
the population size of the studied area was anticipatbd 8277 people at the end of the design period of 25
years, resultingn apopulation density of 719 persons/hectare and a total of 1,3@ghalds.

Furthermore, Chris Hanis informal settlement area wasactaised by, unplanned and irregular
distribution of the households (buildings), non-aligned nammwram roads, moderately flat topography with
elevations between 1586 and 1572 m. The survey also dhbvatthere existed conventional sewerage trunk
sewers of pipe sizes 600mm and 2000mm diameter crossing thimugtutlied area, heading to Bushkoppies
wastewater treatment plant. According to_Johannesbur@r\§fa017), Bushkoppie treatment plant has the
capacity to handle additional sewerage from our study andagaently its capacity has been increaseditect
and treat all sewage from Soweto East, southern subudbbannesburg, and from the industries to the south of
Johannesburg.

Design of Simplified Sewer age System

Simplified sewerage is a low-cost off-site sanitatiomtetogy designed mainly for collecting, and conveying all
forms of unsettled wastewaters from household environnhieigt. basically a conventional sewerage system
stripped down to its hydraulic design basics, so as ta &diothe use of smaller-diameter pipes, shallower depths,
flatter gradients and reduced manholes while maintainingdsphysical design principlds (Tilley et al., 2014
[Mara, 199¢[Sinnatamby, 1993)Simplified sewerage layout is very flexible in that it canitlemented in
unplanned areas with less destruction and restoration siosts it uses both back yard and in-street layout
versions in private land, unlike conventional sewenaljere in most cases sewers are laid in the centreof th
roads. The system also allows in some cases for cortyrparticipation in the implementation, operation and
maintenance of the system. All such system charaitsrésxd modifications to the design features leadtheaed
capital costs of the system, which enables the samitaervice providers to achieve a greater coverage of
sanitation services to its citizens with the existinguailable financial resourcgs (Paterson et al., R&@Ryever,

it’s important to note that although many studies report community participation as one of the key features
associated with successful simplified sewerage systepractice is not really the case as some communities
not actually enjoy participating in sanitation say perfiogrsimple operation and maintenance tasks such as
unblocking sewers (Tilley et al., 20[1&herefore, in such situations, operation and maintenandesvef the
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system may be delegated to small engineering companggedcialised group of persons trained in appropriate
operation and maintenance procedures so as to identifyeprstdarly enough prior to them becoming severe
hence reducing on the costly repairs (Sinnatamby et9dq|Tilley et al., 2014).

Modelled Simplified sewerage system Scenarios

The simplified sewerage system was designed followingrtbeedure suggested|by Bakalian et al. (1994) and
[Mara et al. (20011) for a design period of 25 yeArs average water consumptiofi100 litre¢ person/day was
considered during the design since the system does noterequch water for its effective operation. Four
scenarios of the simplified sewerage systems wersidened:

() Simplified sewerage discharging collected wastewater r@axisting conventional trunk sewers within
the study area (assuming a gravity sewer system).

(i) Complete (stand-alopsimplified sewerage with treatment plant and pumpingostathssuming the in-
block sewer network and treatment plant are in diffdbasins where the flow of the collected wastewater
by gravity is not possible, and a pumping station is neexlgdttthe sewage to the treatment plant.

(i) Simplified sewerage excluding treatment plant. Assuming rthielock sewer network and the final
destination of collected wastewater are in differentrtzasivhere the flow of sewage by gravity is not
possible, and thus a pumping station is needed to get ttegyasew its final destination (e.g. existing
conventional trunk sewers).

(iv) Complete (stand-alopesimplified sewerage with treatment plant, but excluding pumpstegion
(assuminga gravity sewer system).

After the design of the system, detailed construction Crsvithgs were prepared (See Figure S4). These formed
the basis for estimating quantities and hence congiructi capital costs. The drawing list was similar td tha
recommended lpy Sinnatamby et al. (11986).

Shadow Factors

The four shadow factors used when determining the econastis were also obtained after conducting the cost
survey, and these included the following:

1) Shadow factor of all labour (skilled and unskilled) was fountié1, since the sum of minimum wages,
benefits, and holiday pays were not different fromadbtual labour in the construction market.

2) The opportunity cost of capital was found to be 1% (Kuo.e2@03).

3) The foreign exchange shadow factor was also found todmedlthe used foreign exchange rate as of 2018
March was 1ZAR =0.0844 USS.

4) Lastly, the shadow price for land, water and otheruness was not considered so important in this study
since the studied project did not involve the purchaseicii resources (apart from the AIC of water).

Full Costs of Simplified Sewer age

The full costs of simplified sewerage system were comotiedving the procedure suggestera
[(1999 and Kalbermatten et al. (1982) for economic analysgmpitation technologies. The cost elements which
were taken into account included: capital costs for congtruef new infrastructure; operational costs for running
the system and maintenance requirements for over ffigndeeriod of 25 years (see Table.S2)

Capital costs were estimated on the basis of a Biuzintities prepared from the construction drawings
and making use of appropriate specificatipns (Siglé. g2@15| Barker, 1970)Unit rates for items of works and
labour were acquired by examining the costs of materiadafle in the market in Soweto as well as by
consultation with local consultancy firms, material @qdipment suppliers and review of secondary reports. The
estimated costs included costs associated with planninmndesd supervision, construction of household
connections, block and street sewer works, inspedtiambers, and pumping stations where necessary. Tise cos
of the superstructure and pour-flush toilet bowl were nosidened in the present study as it was assumed that
households could either modify an existing VIP or construichpls toilet inside the house, and costs of the pour-
flush toilet bowl and urine diversion pan don’t vary significantly.

Operating costs included the costs of operating pumpdtigrss (e.g. fuel and labour) and the costs of
operating the sewer network. The cost of operatingiéteork is low since excreta flows through the system of
pipes. However, there is a cost associated with the mbagidiional water required for flushing toilets to eresur
effective operation, when compared to the predominant WiRse area. While this is low compared to that
required for conventional sewerage, it is still highenttiee requirements for most onsite sanitation systems. It
was assumed that an additional 10 litres/person/day woulddoéred due to the use of the system, mainly for
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toilet flushing. The estimated additional water quantggd was valued using the cost of production of water at
the end of the project lifecke (AIC of water per rf). At low levels of consumption, water for domestic use is
heavily subsidized in South Africa, however in the estingatihthe economic costs, the actual average cost of
production of water in Johannesburg was used.

The maintenance costs of the piped network were attrbased on the length of the designed sewer
line.| Bakalian et al. (1994) found that in Sao Paulo Stai®as reported that there were approximately 75
obstructions per 1000km of sewer each month. Using thatcasservative estimate of blockages, the total
blockages likely to occur annually were estimated dependinigeototal length of the designed sewer. This was
then used to estimate the annual cost of hiring sewerngadachine as well as the annual fuel cost of running
the rodding machine while unblocking the sewers. The analb@alit cost associated with preventive maintenance
works was also estimated. In the system where pumgtigrst were required, the regular maintenance and pump
replacement costs were also considered.

Full Costsof Urine Diverson Dry Toilet (UDDT)

The UDDT was designed according to the principles suggesi@kégener and Samwel (2015) and
[Rieck et al. (201R). Thereafter, detailed construction CADvithgs were prepared, on which the estimates of
capital costs of the UDDT were based for a design gesfal2.5 years each. Similar to simplified sewerage
system, full costs analysis of UDDT were conducted folmathe procedure suggested996) and
[Kalbermatten et al. (19$2Fhe capital costs included construction costs for thet\and soak pit as well as
planning, design, and supervision costs. Similar to the dietplsewerage cosii), the costs of the supper-
structure and urine diversion pan/ toilet were noticlemed as it was assumed that households could either modify
an existing VIP latrine or construct the UDDT and vaulidaghe house. The operation costs included mainly
costs of emptying and transportation of faecal wastedatrhent at an appropriate treatment location every two
years, but not the costs of the treatment itself. tidstment costs are assumed to be negligible singmtetis
assumed to take place in the vault of the toilet itgfi¥ien the sufficient retention time for thorough mafén
inactivation. The fuel costs incurred during emptying andsprartation of faecal waste were not considered
separately during the economic costing of UDDT but instieadixed costs charged by the desludging operators
for emptying the containment system were considered.i$Hiscause most of the desludging operators in the
developing countries charge a fixed fee from the householdébr emptying operation irrespective of the fuel
costs, but usually based on the volume of the faecal wasptied or capacity of the cesspool truck and the
distance to the treatment plant or legal disposal locatiastly, general cleaning and minor maintenance costs
especially for repairs of the vault and soak pit weresictered. However, after 12.5 years, another UDDT vault
and soak pit was assumed to be constructed sincedbgclié of each UDDT was assumed to be 12.5 years

Costs Analysisfor sanitation technologies studied
For ease of comparison, total annual capital, operati@hnaaintenance costs as well as benefits
associated with the usé both sanitation technologies, were converted to a Présdm (PV) (Eqn. A).

_ FC Egn. (A) Where PV = present value ¢fC
@+

FC: = future benefits or costs incurred in yéand r = the discount rate

t

The sum of the PV of all total annual costs for all ggar 1- 25) represents the total cost of the project assuming
a project period of twenty-five years. This was dividedh®y PV of the total number of households benefiting
from the system to derive the Average Incremental Qd€t) per household in each case. This enables the full
costs of a range of different systems to be comparedbékabtten et al., 19§*ara, 1996)

Two analyses were carried out. Firstly, a financial ysigl which examined the financial costs of the
system including the cost of capital to finance theestment assuming that a loan to finance capital inezgtm
and cover the costs of operation is taken out in yead has to be repaid. This allows for the calculatioarof
optimum annual price per household, which would cover all absociated costs of the system under
consideration. However, sanitation has public benefits, itai widely recognized that public funding for
sanitation can be justified particularly in dense urbaasavéhere the health and environmental externalities of
good management of excreta may dwarf the private beasfitxiated with a clean domestic environment. While
it is assumed that all the studied sanitation technologie® gmevide adequate sanitation for the same number
of households, and that the health (and multiple otltéreict) benefits could be considered to be the samaifo
of the scenaries under consideration, it is justifiable kmuézte the full economic costs of providing the services
Therefore, an economic analysis was also carried odhidrcaseall unit rates used in the generation of the
construction, operation and maintenance costs for ecermwsiing were shadow-priced by using the appropriate
shadow factors.
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i) Financial Costing

This was expressed as the financial costs or monthliage per household@he total financial costs of each of
the four options for simplified sewerage were calcula#edannual inflation rate of 0.5% was applied to the cost
of fuel to take into account probgbfuture changes in the relative costs of fuel compareth&r inputs. In order

to compare a range of scenarios, the present valuksohaal expenditures were then calculated using a discount
rate of 5.5%. The total number of household served each gsaralculated by applying the prevailing population
growth rate of 4%. It was assumed that 100% of the requingsehold connections were made in the year of
construction and in each of the subsequent years throutjede years design period. However, this may not be
the case in real life as the connection usually vaiigsficantly, depending on the social and economioofact
The computed total present value of all the financiakosasdivided by the total number of households served,
and the number of years of operation of the networkve gn indicative financial cost per household per year
and per month

if) Economic Costig

This was expressed as the total annual cost per houg@idliH). Shadow pricing was applied to all financial
costs to calculate the economic costs. The main differe/as found to be the opportunity cost of capital. iRetu

of up to 11% are possible where capital is invested in praductive sectors. Therefore, a discount rate of 11%
was applied to all future costs to calculate total entin costs. The total present value of all econorogtcvas
then divided by the total number of households servedadiyrthroughout the entire years of operation of the
network to give an indicative economic cost (total annustlper householdHowever, in reality, it is hardly the
case for the households to pay for all the sanitatomtscespecially in the developing countries, as they often
receive subsides from the government to cover wholerboptheir sanitation costs. Buhe main principal of
economic analysis requires that all the costs attiiibeita a given sanitation option regardlesaho incurs them
should be considered during economic cosfing (Mara, |199&teTore, all the subsidies provided by the
government to individual households on water or/ and samitatiere removed, and not considered when
conducting economic costing so that the actual costderof a given sanitation option can be estimated.

iii) Modelling Impacts of Population Density

To understand the effect of population density on unit cos?CHl), the costing exercise was repeated for
notional future scenarios where additional house coiumacivere added to the systefOOpersons/hectare
increments were adopted and used to compute TACH for thégeedésystem in each case. The TACH of the
sewerage system was compared with that of UDDT amger of housing densities.

Results and Discussion

Cost Analysis for Simplified Sewerage Sewer Network

Capital Costs. The whole sewer network (household connection, blouk street sewer pipes) had a total length
of 4237- 4732 m, with excavation volume ranging between 112902 ni depending on the scenario considered.
The capital cost of the whole network was found to rdregeeen US$ 109,294207,483 (See Table SOn
average, approximately 4m of pipework was needed to conaeht lmusehold to the network. Household
connection sewers for the initial 517 household connectiequired at the start of the design period, accounted
for approximately 20 - 38% of the capital gdehgth, and excavation volume of the whole sewer ot\(See

- S3)Lengths and depths of excavation were both low compaitté comparable values for conventional
sewer. This could be because the operation of simplifiwdrsge system requires the collection and convey of
all household wastewater from a single housing block lixyghessmall diameter pipeline (in-block sewer) laid at
shallow depth and generally flat gradient, which then cosrteca nearby trunk sewer by use of a single drop
manhole, thus lower capital/ construction costs oftfstem. Unlike, with the conventional sewerage where eac
of the individual household has its own connection to a tremkels which in most cases is laid around the
households in streets.

Operation costs. Depending on the scenario being studied, the total operatists of the simplified sewerage
system varied between US$ 2055,780 (see Tabl81). The study reveat that the primary element of the
operation costs for the complete simplified seweragesystith pumping station (Scenario 2 and Scengrio 3
was fuel for running the pumpingagon, as it constituted over 90% of the total lifecyofgeration cost of the
system. This percentage sometimes might even worsetodagid increase in fuel prices within Soweto and
Johannesburg at large. In this study, a sensitive asalgsi conducted to examine the effect of fuel price inereas
on the operation cost of the simplified sewerage syst@mresults revealed that an increase in the fuedphy

1% resulted into 138% increase in the operation costs andltiu resudid into 25% increase in the TACH for
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the use of the system. This finding suggest that measwekide taken as much as possible when designing the
system to eliminate the use of pumping stations as tipttwven to be the most expensive unit/ equipment to
operate in the sewerage systdime elimination of pumping stations can be achieved throagéful minimisation

of the sewer depth as well as avoiding the need for gomy¢he collected sewerage to different drainage basins
for treatment or disposal. The total additional quantityvafer required per person per year was found to be
3.65n%. In Figure S1, it can be noted that the cost of additiqmahtity of water required for toilet flushing was
negligible. This is because the system requires less tjesuai water for its effective operation, resulting into
very few quantities of water required for toilet flushig pour-flush toilets are recommended for use with the
system. However, this is different with conventional sege system where cistern-flush toilets are usually used
because the system requires large quantities of wates feffective operation, all of which results into higists

for flush water required due to the use of the system hieoEase in the operation cost as well as econorsic co
of the system.

M aintenance costs: The total maintenance costs of the simplified sewerggers ranged between US $ 151,326

— 156,576 depending on the scenario under considerata@iTébleS1). Depending on the scenario designed
and studied, labour costs were found to be the primamegle of maintenance costs as this constituted
approximately 97% of the total maintenance costs of thterayd'his was because full time labour is required to
do preventive maintenance, i.e. keeping inspection chanaloel grease/grit traps free from any substances that
could lead to any blockage within the system. Furthermuoriéke in operation costs where the primary element
was found to be fuel in the maintenance cost, the figk dor running the sewer rodding machine and hiring
costs of the sewer rodding machine were found to be nagligiainly. This is because less blockages are likely
to occur in the system. In the same vein, previous stindiee found properly designed and constructed simplified
sewerage systems to usually require very little maintananrks, and thus lower maintenance cpsts (Sinnathmby
[et al., 198fBakalian et al., 1994). In addition, Sinnatamby 1986 reportedliheitages rarely occur in properly
constructed simplified sewer systems in that routine fhgshs well as periodic flushing of the sewers lines has
been un-necessary for systems currently in use includisg #wv@n in theolw-water consumption areas.

Cost Analysisfor Urine Diverson Dry Toilet (UDDT)

The construction costs of UDDT per household in Sowetofawsd to be US$ 590 (See Table S1).
Annual operation and maintenance costs (including cosefptying and transportation of faecal waste, regular
maintenance and cleaning) of UDDTs per household were US$ Bais8results in a total operation and
maintenance costs at end ofy2ars’ period of US$ 222 and US$ 248, respectively (See Table S13, BAGH
of US$ 113.4 (assuming again that the opportunity cost of tapltéa%) (See Table 1). This finding aligns well
with results froni_ Mara (2031) who found that constructiortsco$ UDDT in South Africa were around US$
873.6 per household in 2003, mostly in rural areas, resutirgTACH of US$ 152.4. In the same vein, the
UDDTSs construction costs attained in this study arepeoable with those reported seven years bafk by Ridck et
[al_(2013) from the pilot projects in Kenya (rural housdhahd South Africa (eThekwini), which were US$ 609
and US$ 700.1 per household, respectively. These tratslat€ ACH of about US$ 116:0128.5 (See Table
1). However, it is important to note that capital costdldDTs and TACH can vary depending on the user budget
requirements, preferences, local site conditions, labmsts, material choice and local prices. Interelstimgthe
present study, the effects of fuel price increase on theatipe costs of UDDT (which included mainly costs
emptying and transportation of faecal waste) were nateedble. This may be because in the developing countries
most households pay a fixed fee to the desludging operatensyty their containment systems regardless of the
changes in the fuel prices. The emptying fees are usidetéymined based on the volume of the faecal waste
emptied or capacity of the cesspool truck, and the distarioe treatment plant or legal disposal point. This study
UDDTs TACH results were considered and used for compagagmoses with those of simplified sewerage
system.

Economic and Financial Cost Analysisfor Simplified Sewer age system

Table 1 presents a summary of the economic and falarasts of the studied sanitation systems based on the
current population density. It can be noted that these wasisd significantly depending the scenario being
studied. The results indicate that the total economis ofshe on-site sanitation UDDT was US $ 1,060 and this
wasabout 358 times lower than those of the modelled simpliéeetsage scenarios, which were in the range of
US$ 279,483- 466,592 (See Table.1Surprisingly, given the current population density of 281 persentdre

the total average cost per person per gé#re simplified sewerage dropped significantly to the rafig¢S$ 6.1
—10.1, which was considerably lower than that ofdhaite sanitation UDDT of US$ 16.Zhis is because, at
high population densities, off-site sanitation systems aetéeonomies of scale, and this is discussed in detail in
the sections below
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Table 1: Economic and Financial costs of Simplified 8&&age Systems and Urine Dry Diversion Toilet

Economic Costing US$ 2018 Financial Costing US$ 2018
Designed Scenarios* Total Total Total Total Annual cost  Monthly
Economic Average  Average financial per cost per
cost Cost per Cost per cost household Household
Person per Household
Year per Year
System discharging in the existing 279 483 6.1 424 307.242 28.1 23
conventional trunk sewer (Scenario ! ' ’ ' ’ ’
Complete system with treatment plar 466.592 10.1 70.8 619 565 56.6 47
and pumping station (Scenario 2) ! ’ ’ ' ’ ’
Complete system with Treatment
plant costs Excluded (Scenario 3) 409,038 8.9 62.1 562,011 51.4 4.3
Complete System with pumping
station costs excluded (Scenario 4) 363,521 79 55.2 391,280 358 3.0
Urine Diversion Dry Toilét 1,060 16.2 113.4 - - -
Urine Diversion Dry Toilet 1,201 -1084 18.4-16.6 128.5-116.0 - - -
Urine Diversion Dry Toilét 1,424 21.8 152.4 - - -

*Current population density of 281persons/hectare

"UDDT Total Economic cost computed based on the USD$ 59tabegst of UDDT determined in this study.
' UDDT Total Economic cost computed based on the USD$ 609 1 ¢apital cost of UDDT reported by
[Rieck et al. (20111)

i UDDT Total Economic cost computed based on the USD$ 8@piatcost of UDDT reported by Mara

(2011)

It can be noted from Table 1, that the modelled ScenaB8oénario 2, Scenario 3 and Scenario 4 of the siegplif
sewerage required a total financial cost of US$307,242, USHH,9)S$562,011 and US$391,280, and given
the 25 years, design period this resulted to a monthly holetseurcharge of US$2.3, US$4.7, US$4.3 and
US$3.0, respectively. Scenario 1 required the lowaahtftial cost and monthly household surcharge of US$3.8
Thisis because the scenario excludes the high costs assocititdmbtir the treatment plant and pumping station
as it assumes a gravity sewer system with discharges afolfected sewage into an existing conventional trunk
sewers. In situations where pumping was required (SceBgrihe total financial cost of the sewerage system
and monthly household surcharge increased considerably byT8irétexhibited that the costs associated with
the pumping station have a significant effect on the totst of the simplified sewerage system as well astinhyp
surcharge per household. This may be due to the huge opesatiomaintenance costs associated with the
pumping station operation. Surprisipgadding construction costs of the treatment plant eogtiavity sewer
system (Scenario 4) resulted in only 30% increase in thehtyohousehold surcharge. This implies that the
construction cost of the treatment plant had generadly éffect on the total cost of the system as welhas
monthly surcharge per household for the use of the sewsyatgm. However, the addition of both treatment
plant construction costs and pumping costs (Scenario 2)ltge in 104% increase in the monthly household
surcharge. This high percentage increase might have beemigher if the operation costs of the treatment plant
were included in the total cost of scenario 2. Genertilycosts of the scenarios 2 and 4 with treatment are
probably artificially high, because in reality you wouldvéaa treatment facility shared between several
settlements the size of Chris Hanis, and althoughathet size means higher costs, but there would be eg@mom
of scale.

Population Density Effect on TACH

This section aims at analysing the effects of populatiemsity on the TACH of proposed low-cost
sanitation technologies in studied arEae results presented in figutdelow, demonstrate that the TACH of the
simplified sewerage system decreased as the populationydeidie area increased. The TACH of the onsite
sanitation UDDT option remained constant despite the clkanghe population density. The onsite sanitation
UDDT had a uniform total annual cost per household, be¢hasghanges in population density of the areas had
no effecton the technology’s total costs. The installation, operation and maintenance costsineshéhe same per
household. However, this was completely different forsthrplified sewerage system as the same installed block,
street collector and main sewers of the system teebe used to serve additional population size or households
within the area, hence reducing the average construmtiis of the system per household. This in turn also led
to a reduction in the average incremental cost of teesyas well as TACH. More still, the reduction in the
average incremental cost and TACH of the seweragensystes also due to the use of the same operation,
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maintenance and construction costs to cover or sereglditional population or household size. For example,
maintenance costs of the sewerage system, which wamdd to serve 517 households, could be used to maintain
the same sewer, when additional 100 household sizesbiawected to it, hence reducing the average incremental
cost of the system as discussed above. Furtheffigrere Joelow illustrates that at a certain population density
the simplified sewerage system became cheaper than sarsitation UDDT. However, the population densities
at which the system became cheaper than on-site samitatied depending on the scenario under consideration.
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Figure 1 Population density effects on TACH of Simplified seweragtesy and UDDT system in Chris Hanis
in comparison with (A) Scenario 1: Simplified Sewerage &ystlischarging in the existing conventional trunk
sewer, (B) Scenario 2: Complete Simplified sewerage mysti¢h treatment plant and pumping station, (C)
Scenario 3: Simplified sewerage system with pumpingostdiut excluding treatment plant costs and (D)
Scenario 4: Complete Simplified Sewerage system wéthtrinent plant but excluding pumping station costs.

i) Scenario 1: Simplified Sewer age System discharging in the existing conventional trunk sewer

The results of this scena 1 A) demonstrateTtA@H of the system reduced from US$127 to US$14

at the population of 100 persons/ha to 900 persons/ha rigspedt further reveals that sewerage system became
cheaper than onsite sanitation UDDT at population densiidew as 118 persons/ha. This implies that at the
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current population density of 281 persons/ha within Chris Hdrassimplified sewerage is cheaper than on-site
sanitation UDDT.

ii) Scenario 2: Complete Smplified sewer age system with treatment plant and pumping station

B, presents the results of scenario 2, and it is seemthe figure that TACH of the system reduced
from US$245 to US$35 at the population density of 100 personsf@0tpersons/ha, respectively. More still,
that sewerage system became cheaper than UDDT at a tpmpulensity of 216 persons/ha. Considering the
current population density in the studied area of 281 persygrisih can be confirmed that simplified sewerage
is still cheaper that on-site sanitation UDDT. Thed@ase in the population density at which the seweragensyst
became cheaper than the on-site sanitation was due hzraase in the total costs of the system, which was
because of the added treatment plant and pumping statisn Toat, in turn, resultéd an increase in the average
incremental cost of the system as well as the TACH.

iii) Scenario 3: Complete system with pumping station but excluding treatment plant costs

According to the result of this scenario, TACH of tleeverage system reduced from US$211 to US$31 at the
population density of 100 persons/ha to 900 persons/ha resge(ﬁeC). Interestinty, the simplified
sewerage system became cheaper than UDDT at a populatisityad# 196 persons/ha. This finding indicates
that at the current population density in Chris Hanis of 28lopefisa, simplified sewerage is still cheaper that
onsite sanitation UDDT. The decrease in the populatiosigeat which the sewerage system became cheaper
than the on-site sanitation UDDT compared to that inast@ii2) was due to the decrease in the total costs of the
system, which was because of the excluded treatment ptesitwction costs. This, in turn, resuliach decrease

in the AIC of the system as well as TACH.

iv) Scenario 4: Complete system with treatment plant but excluding pumping station costs

From the results of this scenario D), it was noted that the TACH of the simplified sevgeraystem
reduced from US$185 to US$28 at the population of 100 persons/Haper3@ns/ha, respectively. The sewerage
system became cheaper than on-site sanitation in thigrgcana population density of as low as 173 persons/ha.
Therefore, based on the current population density withisttigied area, which is 281 persons/ha, it is evident
that simplified sewerage is still cheaper than on-sitétation even in this scenario. The further decreasigein
population density at which the sewerage system becarapahihan the on-site sanitation compared to that in
scenario (2) was due to the huge decrease in the totalofdbts system, which was because of the excluded
pumping station installation and operation costs. Thigin, resultedh a decrease in the average incremental
cost of the system as well as TACH.

Implication of Results

The study revealed that the population density at whichlified sewerage system became cheaper than
onsite sanitation UDDT in the Chris Hanis informatlsetent area was between 118 to 216 persons/ha depending
on the scenario under consideration. These resultsatarvetll with the 160 persons/ha reported by Sinnatamby
[(1983) in Natal N.E Brazil. This study and previous studiese henfirmed that simplified sewerage is an
attractive option from a cost-efficiency perspective giutetion densities in excess of between 118 and 216
persons hectare. The relative break-point is dependent on whetheot existing trunk transportation and
treatment options are availabldowever, it is important to bear in mind that this cavesd alpplies to on-site
systems, from whichafcal sludge must be emptied and transported for treatment.

Notwithstanding its inherent cost-efficiencies at high patoh densities, simplified sewerage remains
relatively rare in Sub-Saharan Africa. Various theoragetbeen put forward as to why that is. In part it may be
due to the absence of a coherent policy for the provisfofully-managed sanitation in urban areas, and in
particular in informal urban areas. Recent wor) noted the absence of a recognition of the
need for proper management affal sludge in most urban sanitation policies globally, iartie same study
observed the propensity for national standards and tedhnilelines to focus on conventional sewerage which
is impractical and prohibitively expensive in most denselyled informal areas. Very few urban local
governments or water utilities actually calculate thé ceats of managing onsite systems which comprise the
costs of emptying and transporting wet pathogea&al sludge by road to treatment and of operating those
treatment plants. Onsite systems are therefore often referred to as ‘low-cost’ but this probably does not reflect the
reality if they are to be properly managed. Therese ah inherent association between conventional agaer
and ‘modernity’ which may preclude the selection of more appropriate designs in some cases. For example, Beall,
Crankshaw and Palngll (2000b) reported that in post-apartheid Afigh, conventional sewerage which is a
norm for formal settlements and historically whitearwas for some reasons expected by communities to have
it extended to the informal settlement areas, despétéitih costs associated with it (See Paterson, Mara and

10



493  Curtis[(2007) for details on barriers to implementatiotoaf-cost sewerage systejnhese study findings are
494  specific to the Soweto context, but raise the possilitiat simplified sewerage may have lower lifetime €ost
495 than onsite sanitation systems in other high density tmere and peri-urban contexis.the same vein, it’s

496  important to note that although the economics costseo$tiudied sanitation technologies may vary depending on
497  the context, the population densities at which the sireglifewerage system becomes cheaper than onsite
498  sanitation systems may not vary significaniflyoroper economic costing principles are followed.

499

500 CONCLUSIONS

501  This studyexamined the full costs of two ‘low-cost” alternatives to existing sanitation systems in Soweto, South
502  Africa. The following conclusions were drawn;

503 1. The total annual cost per household (TACH) of the UDDTlmis Hanis was US$113 and this was cost-

504 efficient compared to sewerage in population densitiesthess 173persons/ha. However, it also varied
505 between population densities less than 118 to 216persongfbadi®wy on the situation studied. It was
506 confirmed that onsite sanitation (UDDT) wageconomical for use in the informal settlement acé&oweto
507 where the population densities were more than 173persons/iifth the onsite sanitation ceases to be
508 economical.

509 2. The average TACH of simplified sewerage system in Sowe®US$ 55, and it varied between US$42 to
510 US$71 depending on the local condition within the studied dree.system was cheaper than on-site
511 sanitation at population densities greater than 173persons/gan{ydérom 118 to 26persons/ha.). The actual
512 population density in Chris Hanis is much greater than thisehtire system was the most economical for the
513 existing situationThis finding is likely to be true in the majority of informsdttlement areas in urban Africa.
514 Johannesburg Water should consider simplified seweratgnsygs viable and economic technology in the
515 informal settlement areas in Soweto so as to reducgathiation backlog in such areas.

516 3. The financial costs for the use of Simplified sewerggtes in Chris Hanis varied between US$2.3 to US$4.7
517 per household per month depending on whether the system catddriEcted to existing trunk services and
518 treatment or had to have a stand-alone treatment gaotiated with it. The costs of simplified sewerage in
519 this case could be recovered through monthly household surchmdgmonthly cross-subsidy summing
520 US$3.0.

521 4. The population densities below 118 persons/ hectare, fiedpiewerage is more expensive than on-site
522 sanitation regardless of the modelled scenario. Howestepgopulation densities above 216persons/ hectare,
523 in this case simplified sewerage became cheaper thaiteosasitations system, and this is really a very
524 important finding. This finding suggests that in high density loesime and peri-urban areas which we find
525 all over the developing world, simplified sewerage istli@sly to be the sanitation technology of the first
526 choice.
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SUPPLEMENTARY INFORMATION

TableS1 Total Costs considered while conducting economic aisabystudied sanitation technologies in Chris
Hanis

Total Costs (US$)
Designed Scenarios Capital costs  Maintenance  Maintenance Costs  Operation Costs Operation Costs

Costs (Discounted Cost) (Discounted Cost)
Scenario 1 109,294 404,697 151,326 699 205
Scenario 2 207,483 424,560 156,576 244,430 75,780
Scenario 3 149,928 424,560 156,576 244,430 75,780
Scenario 4 193,331 404,697 151,326 699 205
UDDT 590 801 248 607 222

Scenario 1: Simplified Sewerage System dischargirag gxisting conventional trunk sewer,
Scenario 2: Complete Simplified sewerage system wittirtrent plant and pumping station,
Scenario 3: Complete system with pumping station but dixgjureatment plant costs
Scenario 4: Complete system with treatment plant but exgjymimping station costs,
UDDT: Urine Diverting Dry Toilet.

Planning, Design
and Supervision

Over heads and costs
Profits
o / 3%

* Connection costs

&
% Inspection ¢
i Chambers

Z 35%
Bosoncosecosn

Block, Street and
O o .
;:}3:‘:““ RRRRER Main collector
R sewers
RIS 19%
SRttt /
%t
ARERISXNS
AR

FigureS1 Elements considedfor the Capital/ Construction costs of the simplified s@ge system discharging
in an existing conventional trunk sewer (Scenario 1)

Planning, Design

and Supervision
Over heads and costs
Profits 3%

Household
Connection costs :

Block, Street and
Main collector

sewers

20%

Pumping Station
7%

FigureS2 Elements considered for the Capital/ Construction addfise complete simplified sewerage system
with treatment plant and pumping station (Scenario 2)
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Fuel costs for running
pumping station

Cost of additional quantity of
water required for toilet flushing
0%

Pumping Station
Operation and Regular
Maintenance costs

616 10%
617  FigureS3 Elements considered for the operation costs of timpl=ie simplified sewerage system with pumping

618  station (Scenario 2)

619

620

621 TableS2 Cost elements considered during economic cost analfysisidied sanitation technologies in Chris
622  Hanis

Designed Scenarios Scenario 1 Scenario 2 Scenario 3 Scenario 4 UDDT

Capital cost dements

Household connection N N N N -
Block, Street and Main collector sewers \ \ \ V _
Inspection Chambers v v v y -
Pumping Station - v v -
Treatment Plant \ V -
Over heads and Profits \ \ \ V V
The Vault for UDDT - - - - V
Soak pit Y
Planning, Design and Supervision costs v v v y Y
Operation and Maintenance Costs

Fuel costs for running the pumping station - N N - -
Pumping station replacement - \/ v - -
Pumping station maintenance - y N - -
Cost of additional quantity of water required v y v Y -
for toilet flushing

Minor Repairs on the UDDT Vault - - - - Y
Labour costs \ \ \ V -
Sewer rodding machine hiring \ \ V V -
Fuel cost for sewer rodding machine \ \ V V -
Emptying and transport of faecal waste to the - - - - Y

treatment facility

623 Scenario 1: Simplified Sewerage System dischargirag Existing conventional trunk sewer,
624 Scenario 2: Complete Simplified sewerage system withirtrent plant and pumping station,
625 Scenario 3: Complete system excluding treatment plant cos

626 Scenario 4: Complete system excluding pumping station costs,

627 UDDT: Urine Diverting Dry Toilet.
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FigureS4: Modelled Simplified Sewerage layout in Chris Hanis, Soweto
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