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Abstract

At the present, it is estimated that 92 % of the wastewater in developing countries is
treated insufficiently and hence, harmful constituents released to the environment pose
a risk on ecosystems and human health. This situation iceiable, and solutions

must be found to implement new and enhance existing wastewater treatment systems.
The aim of this study is the assessment of the sustainability performance of two small
wastewater treatment plants (WWTPs <2000 p.e.) in CochabaralpdaBTo address

all aspects of sustainability, a set sustainable development indicators (SDIs) was
generated. The selection of relevant SDIs in accordance to the conditions at the specific
WWTPs is a crucial step to avoid the obtainment of unrelateatnnation. The
acquisition of data corresponding to the SDIs occurred through the execution of surveys
and the analysis of the wastewater characteristics. This step was the most challenging
part and some relevant information could not be collected. Morgmear limitations

were the quantity of qualitative data and, as common for studies in Latin America, the
difficulties to find benchmarks to compare to. At both WWTPs, there was great
ambition of making their systems sustainable; however, the meaniseaexpertise to
achieve sustainability were missing. The most important finding was the lack of
adequate O&M due to the unavailability of instructions anddaealgn of the treatment

units. The consequence is the failure of the WWTP in terms of meegngetioval
efficiency of wastewater constituents, and hence, the discharge of those to the recipient
water. As suggested by many researchers, a change is needed regarding project planning
and policy implementations. ®ke changesan be addressed by theroduction of
guidelines that have the potential to facilitate the planning phase and provide a
structured approach to problems. The set of SDIs could be used within a guideline to
assess the sustainability of existing plants, but moreover, could be applied
planning phase of new WWTPs and ensure the success of development projects. The
sustainability indicators identified to be most significant wereailable technical
human resources, operational cost, amount of wastewater treated and received,
compexity of O&M, maintenance cost.

Key words:Developing countries, Small wastewater treatment plants, Sustainability,
Sustainable development indicators, Urbanisation.



Resumen

En la actualidad, se estima que el 92% de las agsmuales en los paises en desarrollo

se tratan de manera insuficiente y, por lo tanto, los componentes nocivos emitidos al
medio ambiente representan un riesgo para los ecosistemas y la salud humana. Esta
situacion conlleva serios problemas a muchoslesygor lo que es urgente la solucion

e implementacion de nuevos y mejores sistemas de tratamiento de aguas regiduales.
objetivo de este estudio es evaluar el desempefio de sostenibilidad de dos pequeias
plantas de tratamiento de aguas residuales (FIZR0 p.e.) en Cochabamba, Bolivia.

Para abordar todos los aspectos de la sostenibilidad, se gener6 un conjunto de
indicadores de desarrollo sosteniblag(es: sustainable development indicaters

SDIs). La seleccion de 188Dl relevantegjue estamle acuerdo con las condiciones de

las PTAR especificas es un paso crucial para evitar la obtencion de informacion no
relacionada. Las adquisiciones de datos correspondientes a los SDIs se ob&uvieron
travésde la realizacion de encuestas y edlmsis de las caracteristicas de las aguas
residuales. Este paso fue la parte mas dificil y no se pudo recopilar alguna informacion
relevante. Ademas, las principales limitaciones fueron la cantidad de datos cualitativos
y, como es comun en estudios prevem América Latina, lasificultades para encontrar

puntos de referencia para comparar. En ambas PTAR, habia una gran ambicion de hacer
gue sus sistemas fueran sostenibles; sin embargo, faltaban los medios y la experiencia
para lograr la sostenibilidadl Ballazgo mas importante fue la falta de O&M adecuada
debido a la falta de disponibilidad de instrucciones y al mal disefio de las unidades de
tratamiento. La consecuencia es el fallo de la PTAR en términos de cumplir con la
eficiencia de eliminacion dedocconstituyentes de las aguas residuales y, por lo tanto,

la descarga de estos al agua del receptor. Segun lo sugerido por muchos investigadores,
senecesita un cambio con respecto a la planificacion de proyectos y la implementacion
de politicasEstos carhios sepued@ abordar mediante la introduccién de directrices

gue tienen el potencial de facilitar la fase de planificacion y proporcionar un enfoque
estructurado de los problemas. El conjuntd@ds podria usarse dentro de una guia

para evaluar la sostibilidad de las plantas existentademasje podeaplicarse en la

fase de planificacion de nuevas PTAR y garantizar el éxito de los proyectos de
desarrollo. Los indicadores de sostenibilidad identificados como mas significativos
fueron: recursos humasdécnicos disponibles, costo operacional, cantidad de aguas
residuales tratadas y recibidas, complejidad de O&M, costo de mantenimiento. Palabras
clave: paises en desarrollo, pequefias plantas de tratamiento de aguas residuales,
sostenibilidad, indicadorete desarrollo sostenible, urbanizacion.

Palabras clave: paises en desarrollo, pequefias plantas de tratamiento de aguas
residuales, sostenibilidad, indicadores de desarrollo sostenible,
urbanizacion.



Abstrakt

For narvarande ar det uppskattat @226 av avloppsvattnet i utvecklingslanderna
behandlas otillrackligt och att skadliga bestandsdelar som slapps ut i miljén utgér en
risk fér ekosystem och manniskors héalsa. Denna situation &r oacceptabel, och l6sningar
maste hittas for att genomfora nya éctbattra befintliga avioppsreningssystem. Syftet
med denna studie &r att utvardera hallbarhetsprestandan for tva sma avloppsreningsverk
(WWTPs <2000 p.e.) i Cochabamba, Bolivia. For att ta itu med alla aspekter av
hallbarhet genererades en uppsattninigkitorer for hallbar utveckling (SDI). Urvalet

av relevanta SDI i enlighet med villkoren vid de specifika vaxtskyddsomradena ar ett
viktigt steg for att undvika uppkomsten av orelaterad information. Féevé@av data

som motsvarar SDdrna uppstod genomegomférandet av undersékningar och
analysen av avloppsegenskaperna. Detta steg var den mest utmanande delen och vissa
relevanta uppgifter kunde inte samlas in. Dessutonerastor begransning méangden

av kvalitativa data och, som vanligt for studier i lretinerika, svarigheterna att hitta
jamforelseindex med. Vid bada WWPna var det en stor ambitiatt gora sina
system hallbara;reellertid saknades medel och kompetens for att uppna hallbarhet. Det
viktigastekonstaterandet var bristen pa adekvat O & 3gpund av otillgangligheten

av instruktioner och dalig dieg1 av behandlingsenheterfonsekvensen ar att WWTP

har misslyckats nér det galler att uppfylla avlagsnandeeffektiviteten hos
avloppsvattenbestandsdelar, och darmed utslapp av dessa till mesttagatten. Som
tidigare foreslagits av manga forskare behovs en forandring nar det galler
projektplanering och genomférande av politiken. Den férstnAmnda kan hanteras genom
inforande av riktlinjer som har potential att underlatta planeringsfasen ocht ge et
strukturerat forhallningssatt till problam Uppséttningn av SDI kan anvandas inom
specifikariktlinjer for att bedoma hallbarheten hos befintliga anlaggningar, men kan
ocksaanvandas i planeringsfasen av nya WWTP och séakerstélla framg&ithen
utveckingsprojekt. De hallbarhetsindikatorer som identifierades som mest betydande
var: tillgangliga tekniska personalresurser, driftskostnader, mangd behandlat och
mottaget avlppsvatten, komplexitet pa O & M, ocimderhallskostnader.

Nyckelord: Utvecklingslader, Sma avloppsreningsverk, Hallbarhet, Indikatorer for
hallbar utveckling, Urbanisering.
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1 Introduction

All terrestrial life on earth is dependent on freshwater (Skinner and Murck, 2011). The
human species relies on plants, and plants again need water to subsist. Looking at the
planet earth, it appears to be covered by water, but in fact, &flg 8f the total amount

of water is fresh watefseeFigure 3, of which around 74 % is stored in glaciers or
permanent snow cover, and accordingly, 26 % is accessible in the form groundwater
(98.5 %)and surface water (1.5 %).

11 N

— g
Available Freshwater

24 ‘ ’
Frozen freshwater

Seawater

Figurel: The World's Water Resourceésource:Veale(2015.

Many countriescurrentlyface water scarcityphysical or economi¢Symonds et al.,
2014), asfreshwateris no longer considered an unlimited resource (Arnell, 2004).
Already before the year 2000, researchers estimated that many countries were
overexploiting their available freshwateresources by 20 %One cause of the
overconsumption is the amount of watesed for irrigation(see Figure 3, which
accounts for 70 % of the total amount of freshwater extraghatohlly (Sustainable
Development Solutions Network, 2018)his may, in fact, cause a risk to society and
theenvironment as it is threaing the availability of freshwater for ecosystems as well

as for drinking water and food production purposes (Ridoutt and Pfister, 2010).

In addition to overconsumptioa,primary concern ihe discharge afntreated sewage

is a threat to water resources. The sewage of approximately 20 % of the population
(Verbyla et al., 2016) and an estimated 80 % of all wastewater produced by human
activities is discharged to recipient water without being treat®dstainale
Development Solutions Network, 2016)he consequences on ecosystem services,
especially the decrease of the quality of surface waters puts public health at risk,
subsequently affecting economic prosperity (Andersson et al., ZRd8)ous studies

hawe reported thatie consumption of water contaminated with faecal coliforms can
result in diarrhoeavhich canleadto death (Quick et al., 1999).
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Figure2: Global water withdrawal from 1900 to 20X®%ource:Water use$2010.

The population growth in developing countries comes along withnarease othe

global demand owaterin form of potable water usagand irrigation(Verbyla et al.,

2013), andis expectedio have increasd by 55 % in 2050 (WWAP, 2015). The
consequences higher wastewater flowdP@rkinson and Teyler, 20P3n 2000, 86 %

of the wastewater produced in Latin America was released untreated to the environment
(Martijn and Redwood, 2005According to Verbyla et al. (2013), thereasstrong
migration towards urban areas in developing countries and 50 % of the population lives
in cities with <500 000 inhabitants, which are expected to grow with a factor of 1.5
until 2025.The life of peopldn these areass strongly reliant on heakhecosystems.
Assuming an increased volume of wastewater efflubege rapid changesehaving

a serious effect argevere consequences are to be expected. In this regard, wastewater
systems must be designed, adopted and planned to cope with increstedater

flows resulting out of a fast urbanizatipnocess.

Even in highincome countries, wastewater is released untreated to recipient water
(Andersson, 2016) or not sufficiently treated as e.g. in the rural areas of Sweden, where
smallscale wastewater systems do often ocomply with the standards set in the
Swedish Environmental Cod&wedish Environmental Protection Agency, 20T6)e
difference to developing countries is, however, significamg to 92 % of the
wastewater ente nature without being treated adequated&forehand (Andersson,
2016).In Figure 3, this difference is visualized by showing that the required effluent
qualityis barely met in developing countriagan Sperlingandde Lemos Chernicharo,
2002). The reuse of wastewater for irrigation sn increasingly important area in
developing countriegjespite, often the wastewatgasnot or not sufficiently treated,
threatening health and environment (Symonds et al., 2014).
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Figure 3: The difference in compiling with the discharge standards in developed (left) and
developing (right) countrieSource:VonSperlingandde Lemos Chernichar@002).

Because safe drinking water, improved sanitation and sufficient wastewater treatment
are essential for sustainable development (Palme et al., 2005), the sustainable
management of urban water systems in developing countries is highly important to
prevent naure and humans from further harandhence,is a key aspect afreating a
sustainable development in the future (Verbyla, 2013).

One challenge jghereforefo make sustainable choices within the sector of wastewater
treatment systems (Singhirunnusammd Stenstrom, 2009l was revealed that 40 %

of projects related to water are malfunctioning (Fogelberg, 2GI8) the lack of
management and safe handling of the wastewatiten due to failure within the
operation and maintenan@&M) as well as de to lack of support by the government

was identifieda major concern in developing countr{@dsmdersson et al., 20168Bakir

(2001) suggests that successful wastewater management services are dependent on
basing the solutions on environmental, social, cultural and economic circumstances.
The choices must address the-specific conditions and should be not taken because

it worked somewhere else.

Sustainable development indicators (§DWere introduced as a tool to holistically
evaluate and to select appropriate systems that meet the concept of sustainability in
terms of social, environmental, economic and technicads(Singhirunnusorn and
Stenstrom, 2009)With these indicators, the aim is to capture the sustainability of the
system as accurate as possilensideringthe variables within the dimensions of
sustainability
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1.1 Problem description

The development operi-urban areas of cities in leimcome countries takes places
without being planned and is often not officially regulated (Parkinson, 2803pjor
problem withthis unplanned development isagk of infrastructureandsubsequently,
noaccess to aafewater supply an@mprovedsanitation serviceg his further leads to
negative impacts on the environmanthe form of polluted surface and groundwater,

as well as negative impacts on human health through the occurrence of harmful
pollutants and patigens in the water supplyh@& efforts to change the situatiare
oftencommunity driven

One aspect thakequires attention is the use of insufficiertlgated wastewater for
irrigation in perturban areas. While high levels of nutrients and inexistent supply costs
make the use of wastewater interesting for farmers, the production and consumption of
vegetabés irrigated with wastewatean have an impact on the health of both producer
and consumer.

Rapidly growing and often informal peurban settlements are rarely connected to the
centralized municipal sewer netwotk.recent year, more attentitias theefore been

paid tosmallerdecentralized wastewater treatment systems (Massoud et al., 2009).
Policies need to be developed to support the planning and implementatiosetnd

imply a higher responsibility for local institutions. Thegstemsmust bedesigned
carefully and implemented properly to ensure its operation ance héadongterm
functionality. As decentralized systems are often managed by the local community,
there is a need to ensure they are properly managed. In that perspleetamyust be

a clear organization of responsibilities within the system as for management, operation
and maintenance. The availability of qualified people must be considered when
choosing treatment technologies (Parkinson, 2003). For this, educational training
programs are recommended to teach both future employees and also the residents
(Massoud et al., 2009).

This study investigates tWW&WWTPsin perturban areas in Cochabamba. The systems
treat the wastewater of < 2000 p.e. collected through a small sewarkeindare
considered to beemicentralised gstens (Libralato et al., 2012)A number of previous
studies reported th#tose systems have a lower impact on the environment and offer a
facilitated reuse of the treated wastewater.

Due to the growingmportance of decentralised and selacentralised systems in
developing countries, it is fundamental ensure their sustainability and therefore,
identify key dimensions and indicators to monitor sustainability. This can be done by
assessing existing trimaent systemsin this work the assessmemias used tofind
solutions for the enhancement of ihglemenationof semidecentralisedWVWTPsin
developing countes.
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1.2 Aim and purpose

The main objective of this woik to create a framework f@ssessg small wastewater
treatment plantsWWTP <2000 p.e.) in developing countri@he framework is based

on a set of sustainable development indicatorsgSaid will be applicable to different
locations by selecting indicatoccording to their situational relevandeor this
purpose, wo WWTPs in the periurban area of Cochabamba, Boliviajll be
investigatedby applyng both quantitative and qualitative methods. This case study
seeks to identifyheir strengths and weakne&ssby comparing the obtained results to
guideline values and findings from previous studiBise outcome will advance the
understanding of issues occurring within the wastewater sector in developing countries

A secondary objective is @stablisithe potential practical applicatiaf aset of SDIs
apartfrom its use fothe assessment of the sustainability and the comparison between
systemsd6 performances. A speci alanngcus
phase oWWTPsin developing countries to ensure their sustalitgbperformance

and the findings should make an important contribution to the field of development
work. Accordingly, the indicators that are found to be significant, will be empdsis

in the framework. The focus on the planning phase will result in economic benefits,
environmental protection and a better environment and health situation in the region
due to sustainable functioning wastewater treatment plants.

1.3 Limitations

During theobtainment ofhie result andtheir interpretation, limitationsf this study
were encountered major source of uncertaintan be found withithe methodology
andits realisationMoreover thescope of this investigation lisnited when considering
the formulated aim.

The listed limitations must be considered when following this report:

1 Simplified methods were applied to achieve the aim of this research,

9 alack of expertisand a barrier due to the languaguenced the formulation
and interpretation of theonductedsurveys,

1 the smple size forthe surveyswas sufficient for a first impression of the
situation butwvas too small to beepresentative.
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1.4 Thesisorganisation

This thesis has been divided into eight chapters, inclutisgntroductory chapter.

The next Chapter Two covers the background information needed to follow the
remaining chapters and presents the issues related to drinking water and teastewa
services, as well as an introduction to sustainability. The methodology that was
followed during this work is explained in the third Chapter. In Chapter Four, the case
study is described by first explicating why the two wastewater treatment plants were
chosen, and then by presenting the configurations of the two investigated wastewater
treatment plants. The results obtained by following this methodology are presented in
Chapter Five. The next step was to discuss the findings, and this was done within
Chapter Six in which, additionally, the limitations of this study are mentioned briefly.

In Chapter Seven, the potential future practical applications of the SDIs are presented,
and recommendations derived from previous studies are given. The final Chighter E
consists of a brief summary and critique of the findings and provides both
recommendations on what can be improved at the investigated WWTPs and an outlook
on further research.
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2 Theory

The ChapterTwo providesbadkgroundinformation about the country, its cities at®l
population, and also about the poverty situation and the process of urbanization within
it (Section 2.} Moreover, he provision of drinking water and sanitation services are
presentedn Section 2.2na global level, for Bolivia and for the case of Cochabamba,
respectively.The remaining part of this chapter is concerned vatimore detagd
background about the processes and the situation related to water in Cochabamba
(Section 2.3 andan introduction on wastewater treatment systefectfon 2.4 and

their sustainability $ection 2.5.

2.1 The Bolivian context

Bolivia is a country in central South America with borders to Peru, Brazil, Paraguay,
Argentina and Chile (Borsdorf and Stadel, 2015). Paraguay and Bolivia are the only
landlocked countries in South America, i.e. they lack access to both the Pacifie and th
Atlantic Ocean (CIA, 2017)n total, there exist nine departments in BialiiseeFigure

4) (Nickson, 2002)
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Figure4: Map ofBolivia with theninedepartments differently coloure®ource Mapretrieved
0on 21/08/2018 fronittps://geology.com/world/boliviaatellite image.shtml

Bolivia, as a developing country with searid climate conditions, faces challenges in
terms ofsustainable development within the water sedtbe climate condition within

the country vary due to a high geographical diversity; from the Andeans highlands and
salt deserts to tropical regionghe Ministerio de Medio Ambiente y Agué013)
asserts tat changs in the climateare the reas@why someparts of the country face
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water scarcity However,Larsen et al. (2018argue thathe water scarcity isften
mainly economic, meaning that there is a lack of investment into water supply services
to use the available water resources (Brown and Matlock, 2011).

More than twethirds of the population are indigenousth the two main groups
Aymaraand Quechué&Camen Ledo, 2002)The official language is Spanish, spoken

by 60.7 % of the population, but all indigenous languages are acknowledged as official,
of which Quechua and Aymara are spoken by 21.2 % and 14.6 % of the population.

2.1.1 Bolivian cities and their popuation

The population of the Plurinational State of Bolivia has increased by more than 3

million within the lasttwo decadesnd currently accounts to 11 051 600 inhabitants;

by 2025, this number is estimated to reach more than 12.3 million (UN, 200&s
recorded that 69.3 % of the countryds popu
and the cities continue to grow (UN, 2016). The main cities are Sucre, La Pdtg,El A

Santa Cruz and Cochabamba.

The city of Sucrewith only 300 000 inhabitats, is the capital of the country (Borsdorf

and Stadel, 2015)vhile La Paz, oan average elevation of 3 650ans.1., is the seat of

the government, with over 835 400 inhabitants (data from 2010) and its urban
agglomeration, counting in the cities ofAto and Viacha (Borsdorf and Stadel, 2015),
accounts to 1 834 000 (UN, 2016). However, Santa Cruz de la Sierra with 1 616 100
inhabitants (data from 2010) and EI Alto located on 4 100 m a.s.l. with around 953 000
inhabitants (data from 2010) are the thighest populated cities in Bolivia (Borsdorf

and Stadel, 2015)n the city d Cochabamba live approximate®d30000 peopleand

the number of inhabitants for the entire metropolitan area accounts for more than 1 273
000 (UN, 2016).

2.1.2 Poverty and urbanization in Bolivia

The Human Development Index (HDI) was found to be 0.6 for Bolivia (Carmen Ledo,
2002). The Gross Domestic Product (GDP) accofant83,94 billion USdollar. The

life expectancy was 69,13 years in 2016 at birth compared to 60,69 in 1999 (data from
the World Bank). In 2012, infant mortality was estimated to 32,8 ¥A&S, 2015).

In 1992, it was estimated that 70 % of the population is classified as pooricbf%4h

% lived in rural areas (Grootaert and Narayan, 2084najority of the people being
classified as poor also are indigenausd only 10 % of themlive in urban areas
(CarmenLedo, 2002).Poverty is a pusifactor for people to leave the countryside,
while the economic prosperity is a pidictor towards the citiefedwab et al., 2017)
This is speculated tbe a reason why the population living in urban areas increased
from 50 % in 1992 to 65 % in 1996 (Grootaert and Narayan, 2004) and to 69 %bin 201
(WHO, 2017).Carmen Ledo (2002) found thsirong urbanization can be associated
with the country being in a period of change

CHALMERS Civil and Environmental Engineering, Ma st e r ACEX6D-h85&rios! 8
Reference source not found.



2.2 Services for drinking water and sanitation

The data in the following sections were obtained in the year 2015 and were published
in2017by t he World Health Organisation (WHO)
Fund (UNICEF) in the report AProgress on dr
updat e and SMnere tetaevee bniline Eosndhe World Bank Group.

According to the WHO (2017), safely managed drinking water service is defined by
Andrinking water from an i mproved water sou
when needed and free frofaecal and priority chemical contamination; and safely
managed sanitation service is the fiuse of
other households and where excreta are safely disposed of situ or transported and
treated offsite The definition of the service levels of drinking water sources and

sanitation services is given iRigure 5

FREE FROM

CONTAMINATION WASTEWATER

TREATED
OFF-SITE

SAFELY
MANAGED
SERVICE

SAFELY

MANAGED
SERVICE
EXCRETA
TREATED
AND

EXCRETA

EMPTIED AND
TREATED

DISPOSED

GEESHE OF IN SITU

AVAILABLE ACCESSIBLE
WHEN ON PREMISES |

NEEDED

Drinking water from an improved water source that is Use of improved facilities that are not shared with other
LTSNS Bl [ocated on premises, available when needed and free SR AIEUEXEl=D il households and where excreta are safely disposed of in
from faecal and priority chemical contamination situ or transported and treated offsite

Drinking water from an improved source, provided : s v

collection time i hot more than 30 minutes for a round Use of improved facilities that are not shared with other
o % A households

trip, including queuing

Drinking water from an improved source for which
LIMITED collection time exceeds 30 minutes for a round trip, LIMITED

Use of improved facilities shared between two or more

s 5 3 households
including queuing
UNIMPROVED Drinking water f_rom an unprotected dug well or UNIMPROVED Usel of pit latrines wm?out aslab or platform, hanging
unprotected spring latrines or bucket latrines
Drinking water directly from a river, dam, lake, pond, Disposal gf human faeces in fields, forests, bushes,
AL open bodies of water, beaches or other open spaces, or
stream, canal or irrigation canal : %
with solid waste
Note: Improved sources include: piped water, boreholes or tubewells, Note: improved facilities include flush/pour flush to piped sewer systems, septic
protected dug wells, protected springs, rainwater, and packaged or tanks or pit latrines; ventilated improved pit latrines, composting toilets or pit
delivered water. latrines with slabs.

Figure5: Categorisation drinking water sources (left) and sanitation services (right) according
to the WHO, 2017Sour c e : Report fAProgress on drinking w
WHO and UNICER2017).

Th e w®populdtidn accounts to 7,8lion people(data from 2016World Bank,
2017).71 % of the global population, 10 % more compared to 2000, receive safely
managed drinkingvater serviceand 2 %, which are 2 % less than in 2000, use surface
water as drinking water sour¢@ata from 225, WHO, 2017)In Latin America, 90 %

of the population uses at least bagdiinking water services and 65 % using safely
managed improved water supplids shown inFigure § only in Peruess than 90 %
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receive basic drinkingater servicelt can also be seen thafrica is the continent with
the lowest coverage of basic drinking water service.

B 76-90%

I 91-100%
INSUFFICIENT DATA

BN NOT APPLICABLE

Figure 6: World map showing the coverage of countries with at least basic drinking water
servicesSour c e : Report AProgress on drinking water
UNICEF, 2017.

Safely managed sanitation services are provided for only 39 % of the global population,
which is 10 % more than in 2000, 90 % of them living in urb@as, and 12 % still
practice open defecation, which is 8 % less than in 2000 (data from 2015, WHO, 2017).
In the last 15 years, the number of people using open defecation decreased with an
annual rate of change e®,53; however, to reach 0 by 2030, th®gess must be
fastened upFromFigure 7it canbe retrieved that in South America, basic sanitation
services are provided for more than 91 % of the population in Chile, Argentina and
Venezuela, Uruguay and Guiana.

B 76-90%

M 91-100%
INSUFFICIENT DATA

B NOT APPLICABLE

Figure7: World map showing the coverage of countries with at least basitationservices.
Sour ce: Report AProgress on drinking water, sa
(2019.
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2.2.1 Access tadrinking water and sanitationservicesin Bolivia

The presidenof the country, Evo Morales, supported the idea of considering the
faccess to drinking water and sbAAS,tati on
2015). The Ministry of Environment and Water (MMAyA) is the organisation for water

and sanitatos u ppl y within the country. Il n 2011 t
program to achieve Mill ennium Devel opment
Drinking-Wat er 6 was initiated and 2 years I at

consumption was coming from improvedinking water sourceswhere the water
guality isanalysedegularly (seé-igure §, accompaniely the connection of 26000
rural families to the drinking water syste@ontrary to that progresthere was no such
improvementm the access to sanitation.

Figure 8: Student of the University of San Simén regularly takemples at drinking water
plants in the department of Cochabambait hor 6 s o (RmotowastpkgniniMgréht
2018)

In2015, 93 % of the countryédés population ha
servicegdata from 2015\WHO, 2017) An average of 83 % of the population in Bolivia

is connected to the drinking water system (Baer, 200%g. difference between rural

and urban accaus to 20 % more in urban areas (data from 2015, WHO, 2017).

However, the annual rate of charfgem 2000 to 2015 in rural areas was 1,75 while in

the urban areas it was 0,29. There are no data available for the proportima of

population sing improved water supplies.

The access to safe sanitation was described by Andersson et al. (2016) as an indicator
nof Il nequality and di sadvant ageo and wi t
approximately 20 % (data from 2015) of the population hadksscd¢o improved

sanitation (WHO, 2017)Furthermore, it ighe only country in South America that

provides basicsanitation services to ledsan75 % of its populatiofsee Figur€) (data

from 2015,WHO, 2017). Contrary to the high coverage with basic drinking water
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services, basic sanitation is provided for only 53 % and open defecation is practised by
14 % of the population, where 40 % of the rural population and only 3 % of the urban

population are &t cted. The annual rate of change in basic sanitation services is 0,96

national wide: 0,91 in urban and only 0,6 in rural areas. The annual rate of change in
open defecation, that is the reduction of this pcacis-1,48 in rural and0,85 in urban

area. There is no data available for safely managed sanitation services in rural areas,
but 22 % of the population in urban areas are using improved sanitation facilities that

are safely managed (data from 20080, 2017).
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2.3 The case of Cochabamba

The city,founded in the 18century Carmen_Ledo, 2002), is located in a valley on an
average altitude of 2 500 abovesea leve(Montes and Camacho, 200%).Figure 9

a picture of the city taken during the rain period givegrgression of the valley the

city is located in.The semiarid climate is characterised by an average yearly
temperature of 17.5 °C that merely changes during the year and an annual precipitation
rate of 450 to 550 mm (Zabalaga et al., 2007). The totaiptation takes place during

the months of October to April (Neumdtedlin et al., 2000).

Figure9: Cochabamba cityThe pcturewast aken from AC€AutbofBSéds Ewdr o
copyright(Photowastakenin February 2018)

2.3.1 Urbanization in Cochabamba

The department of Cochabamba has borders with six other departments, making it the
most central oneGarmenLedo, 2002). It is, therefore, the region to be crossed to get
from east to west, which is the masiportant routeconnectingsanta Cruz in the east

with La Paz in the west. The road to Santa Cruz goes through the Sacaba while the road
to Lap Pazpasses Quillacollo. These two cities are located in 15 km distance from the
city of Cochabamba, but ¢Be cities connectedthrough theurbanizationof the
metropolitan areaas can be seem Figure 10

The valley of the city makes up 5 % of the department and is characterized by its
agricultural prosperityseeFigure 13, but the continuing growth of the peniban areas
endangers the agriculture praet in the vallefCarmenLedo, 2002) Already more

than 15 years ago, T®0 ha of the total valley area of 39 0000 ha were covered by
urban structures
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Figure10: Map of the city of Cochabamba (framed in red) and its metropolitanvatiedahe
citiesof Quillacollo (in thewest) and Sacaba (in the eaSturce:Retrieved frontsoogle Earth
on 5/07/2018.

Figurell: Farmers workingn a field. The pcturewastaken in the province Quillacolia the
west of Cochabamba cithut hor 6 s o (Rhotowastgkgnin Mardh 2018)

The environmental impact due tbe population growth was observed in form of
different types of pollution: aipollution due to increasing emissions, soil and water
pollution due to lack of sanitation service and garbage handling. To cope with the
accelerating urbanisation, the concepmunicipal districts was introduced. In total,
there exist now thirteen districts and each is supposed to manage its health, education
and infrastructure. Hence, the decentralisation yields to a more independent and the
needs of each district matchingganisationNeverthelessthe concept fails in reason

of the continuing centralised financial resources that are still held by the mayor of the
city.
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2.3.2 The water war of Cochabamba

The access to safe drinking water sources varies from city tindiglivia (Hailu et

al., 2012). The water sector in La Paz and El Alto is privatized and it was observed that,
after being connected to the drinking water pipes, the access for poor people was
facilitated. Contrary, in Cochabamba, the privatizatioh SEMAPA (Servcio
municipal de agua potable y alcantarillado sanijaléal to increased prices and
decreased service causing a period between 12090 known as the water war of
Cochabamba (Escurra et al., 20IAe people fought for water and for the lowering

of the water price by marching on the streets of Cochab&@dranen_edo, 2002)see

Figure 13. Even the oneseceiving water from a different company were protesting,
either because they ditht know that they are natffected, or they wanted to defend

the price and suppress injustice.

Figurel2 Demonstration on the streets of Cochabamba during the water war irSb208e:
Photo by Tom Kruse (1999). Retrieved on 23/08/18 from
https://demoracyctr.org/article/bolivial5yearson-from-the-waterwar/

After the water war, SEMAPA returned to be a public company regulated by the
municipality and provides water and sewage servicets t@sidents CarmenLedo,
2002). The principles changed after the water wartaeadonclusion drawn from this
tragedy washat there cannot be earned money with the provision of water.

2.3.3 Unequal provision of drinking water and sanitation servicesin
Cochabamba

Baer (2015) questions whethée required infrastructure to connect the households to
the present wastewater systeauld be provided at the same speed as a city grows and
identified thelack of resourceas the greatest challendgéhis finding is supported by
Carmen Ledo (2002) who assessed tlgambetween lowand highincome population

can be seen by comparingetbouth to the nortbf the city of Cochabamban the south,
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the people do often not have access to drinking water nor sanitation seavitas
repeatedlyforced to buy water of insufficient quality from vendors due to exclusion
from the municipal service for potable water and sewage (SEMAPA) (Wutich et al.,
2016).In line with this,the consumption of water by residents in the nals found

to bevarioustimes higher thaiby thosein the south. To be born in the south means
that your average life expectancy is 20 year less than in the north, caused by the high
risk of infant mortality also due to no, or contaminated wéBarmenLedo, 2002).
Deterioratirg the situationthe sewage system of the city is connected to 93 % of
households in the north and central part of the city, while 86 % of the housal®lds

not connectednd hence, only 14 % of the wastewater is tregsit¢le south
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2.4 Wastewater treatment systems

A sanitation system consists of several sections that have artdrintrasectional
dependencies and are influenced by external factors. The treatment of wastewater starts
at the household level and ends in the return to ¢neironment by release to the
recipient water or reugdilley et al., 2014)

The type of user interface in a developing country strongly depends on the size of the
system, but also on cultural and social values that may lead to disapproval (Verbyla et
al., 2013) and hence, to the malfunction of the system. The choice is influenced by the
availability of resources to construct and to operate the technology, the existing or
planned followup treatment of the wastewater generated, and if the users aaept th
solution (Tilley et al., 2014)Some &amples of user interface technologies tre
following: dry toilets, urinals, pouflush toilets, cistern flush toilets and urine diverting
toilets. All of thosehave their advantages and disadvantages, e.g.tail@tyor a urine

might be appropriate in watscarce countries due to the low watensumptionput

the release of odour might lead to disapproval by the society. Contrary, flush toilets are
widely accepted; however, the initial costs high, and theoperating costs increase

with higher consumption of water.

A safe sanitation system relies on the appropriate collection and storage of the generated
wastewater products. This step is strongly dependent on the type of installed user
interface and accordyty the composition of the input, but also on factors as the
requirement of space by the technology, the affordability and the purpose of the output
because some solutions serve only to collect and store while others also contribute to
the treatment of theewage. Moreover, the simplicity and robustnessgareerally
essential in developing countries to ensureattequat®©O&M . The next step consists

of the transportation of the products from the place of generation or storage to the
treatment facilities othe place of further usage. There are two ways to transport the
sewage: by constructing sewage systems or by using containers that need to be
transported by vessels and operated by workers. Before the implementation, the type
and the amount of sewage timsteds to be transported must be considered as well as
the topographic characteristics and the distance fromypclocation to the facility.
Further more, the risk for societyds health
through leakages or spillsust be as low as possible.

The wastewater is treated either ientralised wastewater treatment facilit@sin
decentralised systems. The formeusiallyimplemented for large incomgnflows.

The treatment iadvancedand pathogens, nutrients and organics can be removed
efficiently and hence, improved effluent qualities can be achieVbd implemented
technologies come along with the consumption of resources and therefore, the
affordability and availability of skillegtaff is a requiremenDecentralised or semi
decentralised systems are charazeafiby reduced complexity and hence, simpler
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O&M (Massoud et al., 2009). Additionally, the previous step of transportation is
omitted or strongly facilitated due to a treatmh close to the point of generation.

The final step is the discharge or the reuse of the effluent ormfdalucts (e.g. sludge)
generated during the treatment process. The various options for reusing or disposing of
the endproduct require different lels of effluent quality. For the release to a recipient
water body or for irrigational purposes, the wastewater must have a certain quality to
prevent harm to the environment and human health.

2.4.1 Decentralised wastewater treatment systems

There are differenways a wastewater treatment system can be orgainizesctralised
(seeFigure 13A), decentralisedseeFigure 13B) or acombination of both (Massoud

et al., 2009). Even though tiraplementation of a centralized system may be easier, it
was revealed, that cenliled wastewater treatment WW3kh developing countries
fail due to high costs and missing expertise for managewgatatiorandmaintenance
(Parkinson, 2003; Massoud et.,a2009). Decentralized systems have lower
construction cost and also the maintenance and operation of the systgyaseaedly
cheaper. One nm@r contribution in lowering the costtise absencef transportationn

form of pumps or trucks. Thereforehdy are considered aan affordable and reliable
alternative for wastewater treatment in developing countries (Libralato et al., 2012).
Additionally, experience shasthat the needs ahe community and the avaibility of
resources wheimplementinga centralised system werepeatedlyignored (Massoud

et al., 2009).

Decentralised systems are considered to be-eftesttive and adequate lotgrm
solutions to meet the sustainability goals (Massoud et al., 2Q0®.reason ishe
involvement of loal government and stakeholders to meet the needs of the community
and to protect the local environment. The residents become more aware of the
importance of the treatment and are expected to have a higher willingnesslitagay.
common thatthe residentglo not know about the risks of releasing the untreated
wastewater and the direct contact forces them to look into this subject. However, since
centralised systems aoftenlocated out of sight, society msore willing to accept the
WWTP with all its emisions, because they are not directly affected, wheneas
decentralized system, the WWTHas a direct impact on the everyday life of the
residents.

Another advantage afecentralized systenisthe reusef wastewater close to the point

of source anthe chance for thienprovement ofthe economic situation of local farmers

due to higher food production and decreased freshwater consumption (Parkinson,
2003). From this,the entire communitynay benefitas more water is available and
workplaces may be caged.

CHALMERS Civil and Environmental Engineering, Ma st e r ACEX60D-h85Erros! 18
Reference source not found.



A Centralized

Control,
regulation

Technology
supply )
i

. 0 ) Professlonal |n$tallat|0n,
operation, service

B Decentralized Installation, R egulation
operation P

, Control,
B regulation

~ Installation,
" Operation

Technology . Installation,
supply, service # TS Operation

=
8g
c =
83
=
=

Figure 13 Model of a centralised (on top) and decentralised (on bottom) treatment system.
Source: Larsen et al. (20L&Retrievedon 23/08/2018 fronmttp://science.sciencemag.org/

2.4.2 \Wastewater constituents

There are different types of wastewater: domestic and industrial wastewater (Odlare,
2014). These two combinedrea called municipal wastewateAccordingly, the
composition of wastewater can vary depending on the source. However, wastewater is
typically composedby weight of 99,9 % water and 0,1 % other compourats] the
ladder requires theneed fortreatment beforéhe wastewater islischarged to the
envronment (Buchanan, 2011). It consists of organic and inorganic matter and
microorganismsand the purpose oWWWTPsis to remove these constituents from
wastewater according to the given requirements for the effluent quality (Bahadori and
Smith, 2016). Themost important pollutants are called primary pollutants and are
considered to pose a risk to the environment and sodietiglfanoglous et aR003). In

the following Table 1 a list of in this report relevanthe wastewateiconstituentss
presentedincludinga short descriptian
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Tablel: Selection of constituents of wastewa&surceTchobanoglous et a2003), Bahadori
and Smith (2016), Jiménez et al. (2010), Spellman (2013) and Buchanan (2011), Laugessen
and Fryd (2010), Ahluwalia and Goyal (2007).

If discharged to the

Gonstutuents Description ) . Removal
environment, it may cause
Filtration,
flocculation,
Total Sudge deposits and digestion
Suspended All solids suspended in wastewater. J . P - 9 !
. anaerobic conditions. wastewater storage,
Solids (TSS)
membrane
biorector.

Proteins, carbohydrates, fats.

Waste stabilization
ponds, wetlands,
trickling filter,
coagulation +

Bacteria break down biodegradable
organics under aerobic condition to
Biodegradable |more stable forms.

Anaerobic conditions due to
the depletion of oxygen by
the process of biological

Organics o stabilization of th . [flocculation, UASB,
BOD(bloIoglcal oxygen demand) and ilization or the organic | .. ted sludge
Q0D (chemical oxygen demand) are ~ |content. membrane,
measures of Fhe oxygen (.iemanded for bioreactor
the degradation of organic matter. A
high BOD or GOD can be associated
with a presence of organic matter in
the wastewater.
Fltration, waste
stabilization ponds,
wetlands,
Organi bacteria, vi d . . bi
Pathogens ganisms as bacteria, iruses an Transmission of diseases. mem rane
fungus. bioreactor,
disinfection,
ozonation, UV
radiation.
Eutrophication due to
Ni Phosph - thei i h of .
. |tr0gen gnd osp orus - their gxtensnve growt p algae Coagulation +
Nutrients assimilation benefit the growth of in reason of the high .
. flocculation.
algae. amount of nutrients
present.
Chemical
. . . . ecipitation, ion-
Metallic elements with high atomic : L preapitation !
. . Risk to aquatic life and exchange,
Hevay metals |weight, as Mercury, copper, cadmium,
. human. membrane
zinc, etc. . .
filtration, reverse
0SMosis.

Interfering with aquatic

Oil and grease |Fat, oil, waxes, etc. life, films on water surface.

Oil and grease traps.

2.4.3 Wastewater treatmenttechnologies

Even though the produced amount of wastewater in small cities in developing countries
may behigh enough to reason the implementation of a centralised system with sewer
collection and a mechanised treatmeahgy usually lack resources to operate the
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WWTP (Verbyla et al.,, 2013). Due to the high consumption of enemggulting in

higher operational cost, mechanised treatment technologies are only implemented for
large incoming wastewater flows in industrialized urban afdassoud et al., 2009)
Up-flow anaerobic sludge blankets (UASB) are more advanced and were introduced in
countries with higher average temperaturegy. in Bolivia, the technology was
implemented in the tropical region (Symonds et al., 2014). The advantage in terms of
sustainability ishat biogas can be recoveréwever, the removal of pathogensois

and is commonlachieved by maturation ponds.

As a secondary treatment, wetlands are popular to be implemented in wastewater
treatment gstems in developing countries due to its affordability. This is in reason of
the low cost for construction and also becaD&d/ is not complicated to execute.

In Bolivia, as in many developing countries, stabilization ponds are widely used for
wastewate treatment (Symonds et al., 2014). These systems are characterized by a
simple configuration in the form of a facultative pond followed by maturation ponds.
In these ponds, reactions triggered by the sunlight and complex microbial mechanisms
are used toeaduce, within the facultative ponds, the biochemical oxygen demand
(BOD) and the total suspended solids, and to remove, within the maturation ponds, the
pathogens.

Treatment technologies relevant for this work

In this section, the concept of the teclogpés implemented in the tW&/WTPsare
shortly described, but without the consideration of the actual design chosen for the
treatment plants.

Pretreatment

The first unit of aWWTP is the pretreatment and consists of technologies using
physical forces, as screening, aeration and sedimentatimmove inorganic solids
from theliquid (Tchobanoglous et al003; Bahadori and Smith, 2016). This process
step has the purpose to erestine performance of the following treatment processes
and to prohibit any harm of the equipment.

An efficient pe-treatment can remove up to 70 % of the suspended solids and the
primary effluent may have a BOD content reduced by 4@fer components ahe
wastewater that should be removed are oil and grease.

Screens

The incoming wastewater passes commonly one screen or several screensviitkeries
reducing opening remove larger objects and mat{€échobanoglous et al2003.

The design ofhe screens can vary inrfo, as the metal bars can be orientated parallel

or in meshes. The openings often have a rectangular or circular shape and their size
determines the number of solitteat will be removed.
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Sedimentation tank

After theremoval of coarse solids by screening, the wastewater enters a sedimentation
tank (seeFigure 14, alsocalled clarifieror settler(Tchobanoglous et al2003). The

main purpose is to remove BOD and TSS fromlastewater stream. The design of

the basins, most commonly rectangular or circular, depends on the size of the treatment
plant and on other factors. To ensure a cous treatment process during
maintenance, at leasto tanks should be implemented.

sedimentation zone

‘."i"

e e e

B

extracted sludge

Figurel4: Schematicketchof a settlerSource:Tilley et al.(2014.

Here, it must be retained for a certain amount of time to ensure the removal of
suspended organic solids due to the settling of the particles heaviesatesiaccording
to Newton, for the turbulent region, and Stokes, for the laminar region.
The interfering forces are the gravitational force, the lifting force and the friction force
(Shukla, 2013). These three forces are in an equilibrium after the padathed its
maximum settling velocity:

0 00 0 0 O (1)

with the gravitational forcé0  ®” "Q—— , the lifting force'0 ¢&” "Q — ,

z

the frictional drag forcéO , Wwherew is the volume of the particle
a the densityp ef the pemsi tdyespthe t he wa:
acceleration of gravity g— , the drag coefficient which is dependent on the

Reynolds number, the cressctional area of particles in direction of floow , and

the settling velocity ¥ — , which results to be — —— Q (Tchobanoglous

et al, 2003). For Re<1.0, Stoke’s law can bediso formulate the settling velocity
(Stokes, 1850):

b0 —0Q )
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with the dynamic viscosity- —— . Accordingly, given constant conditions, larger

particles settle first because the settling velocity of the particle is prapairto the
square of its effective diameter.

Primary treatment

During the primary treatment, the remaining dissolved and suspended material is
removed in a biological sewage treatment process (Bahadori and Smith, 2016). Making
use of microbiological processes, the soluble organic matter can be separated from the
water.

Up-flow Anaerobic Sludge Blanket Reactor (UASB)

The functioning of a UASB reactor is a based on the growth of a sludge blanket
composed of microorganisms that form agglomerates and are not washed out due to
their weight (Tilley et al., 2014), i.e. hydrodynamically suspended sludge (Bahadori
and Smith, R16). The wastewater is entering the reactor is there distributed on the
bottomsurface (se€igurel5to follow the process). The dibow, with a recommended
velocity of 0.7 to 1 m/h that should be maintained, makes it pasSBhand the
contained organic compounds are degraded and hereby, the BOD is reduced
significantly(Bdour, 2007) This leads to the bgroduct of biogas, which rises in form

of bubbles and by doing this, the sludge is migEitley et al., 2014) The gas,hen,

leaves the reactor at the top and is either captured to reuse or is burned directly. The
effluent exit is located on the top of the reactor.

gas
bubbles sludge granule

o ooy

inlet

Figurel5: Schematicsketchof a UASB reactorSource:Tilley et al.(2014).

The anaerobic treatment process provides advantages and disadvantages for a
wastewater treatment plantdhobanoglous et al2002). One mj@r advantage is the
reduced consumption of energy, the reduced amount of produced biological sludge, the
potential for using produced gasesagsenergy source, the reduced volume for the
required reactor. However, there occurs no removal of nutrientbasplporus and
nitrogen and followup treatment under aerobic conditions may be needed to meet the
required effluent quality. The temperature plays an important role due to the growth
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rate of microbiological organisms and lower temperatures may impacatioerpance

of the treatmenfSeghezzo et al., 199@efore the treatment can begin, time is needed
until a sufficient layer of biomass is produced. Another factor, that may be considered
negative, especially in urban areas, is the release of odour.

A necessity to make this technology work is the continuing flow of incoming
wastewater (Tilley et al., 2014). Without, the sludge blanket is damaged, and the
organic compounds may not be removed sufficiently.

Secondary treatment

The biodegradable organic mattas well as suspended solids maintaining in the
primary wastewater effluentare removed during the secondary treatment step
(Bahadori and Smith, 2016).

Horizontal subsurface flow constructed wetland

To reduce the BOD, the content sfispended solids and nitrogen in the water,
constructed wetlandg¢see Figure 1§ can be used (Bahadori and Smith, 2016).
Anaerobic and facultative bacteria attacho t he f i |l t er medi umos
wastewater is cleaned thugh the degradation of organics and the removal of solids by
filtration (Tilley et al., 2014). The plants, often native species, are used to create an
aerobic zone around the roots to increase the removal of organics by additional
degradation by aerobic tiria.

outlet

Figure 16: lllustration of a constructed wetland with horizontal flo8ource:Tilley et al.
(2014).

The design is characterized by a basin filled with sand and gravel and plants growing
on the surface and it mrdered by an impermeable layer to prohibit the contamination

of soil and groundwar. As can be seen Figure B, the wastewateroming from the

primary treatment enters the basin over a pipe and islfgtstbuted by passing a layer

of gravel. It then passes horizomyathrough the filling of gravel and sand due to a
slope of about 1 %. The amount of wastewater that can be treated can be increased by
increasing the crossectional area. Dependiman the surface area, different removal
efficiency can be achieved. Therefore, the availability and affordability of land is a
factor influencing the decision of implementing this technology in the wastewater
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treatment system and makes it especially interestingdcentralised systems in peri
urban or rural areas. TI@&M of this technologyreconsidered to be simple and low
work-intense. If the previous treatments failsufficient removal of solids, clogging

may cause problems. Especially, when sand is asétter material there exist a higher

risk. The filter medium must be exchanged when clogged. However, this can be avoided
for long periods if it is taken care of that pesd primary treatment work efficiently.
Furthermore, the growth of plants mustdmntrolled. To keep the horizontal flow, a
constant water level of 5 to 15 cm is recommended. Due to the flow bedourface,

there does not exist any direct contact with humans and therdferbealth risk for
WWTP operators is very low.

Anaerobic filter

The anaerobic filteris a treatment technology is suitable for any type of treatment
system(Tilley et al., 2014) The design can vary from one to more chambers in series
that all must be accessible for maintengiseeFigure 17. It canbe adjusted by adding

a sedimentation chamber before to reduce the number of solids entering the filter media.
The most important factor is the hydraulic retention time that is recommended to be 12
to 36 hoursBefore the filter can operate, the biomass needs to be formed and this can
take up to 9 months. Under anaerobic conditions, bacteria attach to the surface area of
the filter material and form an anaerobic biomass that degrades organic matter
contained inhe wastewater that passes through the filter. The removal of BOD and
suspended solids is high, up to 90 %, but the removal of nutréenteell as pathogens

is low. Gravel and crushed rocks with a size between 12 and 55 mm are appropriate as
filter materals, since their surface area is large, and the formed pores provide sufficient
space and hence, reduce the risk of clogging. However, a highly efficieramqute
primary treatment is required to make this technology work without the requirement of
advaned maintenance skills. During normal operation, there is no direct contact
required, but for desludging and for cleaning the filter, once it is clogged and shows
reduced treatment efficiency, it is important to work with caution since wastewater and
sludgeare high in concentration of pathogens. The effluent required further treatment
and cannot be discharged directly to the recipient water.

access covers — J

vent
.,

| l outlet
|

filter support

anaerobic filter units

Figure 17: lllustration of an anaerobic filter as part of the secondi@gtment unitSource:
Tilley et al. (2014).
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The main advantages are the low operating costs due to the lack of electricity
consumption, the efficient removal of BOD and suspended solids, the low production
of sludge. To benefit from these, the filter e designed and build properly.
Moreover, clogging is the main contributor to reduced performance leading to increased
maintenance in form of more frequent need of cleaning. To prevent this, the previous
treatment steps must yield for a high removalahis.

Tertiary treatment

In the tertiary treatment step, organic and inorganic material remaining in the
wastewater after the conventional treatment stispemoved, e.g. nutrients and
suspended solids (Bahadori and Smith., 2016). Often, treatment technologies are
included thatreat the water to a level sufficient for being reused, depending on the
purpose of the reuse.

Waste stabilization pond (Maturation ponderobic waste stabilization popd

There are three different types of waste stabilization ponds, of whiit amaitiration

pond: an artificial waterbody, that is separated from the groundwater by an
impermeable layer, withesobic conditions (sed-igure 18 (Tilley et al., 2014). The
excavated material can be used to build a small dyke drther basin to prevent
runoffs. A requirement for the implementation of waste stabilization ponds is the
availability of land.

0.5m- 1.5m

inlet o, 0, 0, 0, 3 aerobic maturation _ outlet

\_ 4 > l | _/

Figure18: Maturation pondSource:Tilley et al. (2014).

The depth of a maturation pondormally does not exceed 1.5 m, allowing
photosynthesis to take place over the entire depth. The remaining organic matter is
biologically oxidised. Photosynthetic algae consume the carbon dioxide produced by
bacteria and release oxygen. Besides the remuocfi BOD, also solids and pathogens

are removed. Furthermore, it can be operated in combination with aquaculture and then,
then it offers a very efficient nutrient removal.

In order to ensure a continuing functioning of the pond, the foregoing treattrepsit s

must be efficient in removing solids. External contamination through animals, people
and garbage must be avoided. Scum can accumulate on the surface as well as growing
plants must be removed frequently, because it may hinder the sunlight to pass.

Sludge treatment

During secondary and tertiary treatment of wastewater, the removed suspended solids
accumulate and forrthe sludge (Bahadori and Smith, 2016). Sludge contains water
and biosolids and can be treated in various ways, e.g. it can be reussgzbsed. The
dewatering serves to facilitate the further handling of the sludge byingdtscweight
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and volume. However, no removal of pathogens takes place, nor is the sludge stabilized
(Tilley et al., 2014).

Drying beds

The dewatering of sludgesn be achieved by implemiéng drying bedsqeeFigure 19
where the water contained drains through a medium or it evaporates (Bahadori and
Smith, 2016), what dries the sludge by 50 to 80 %.

. ° - g8
drainage layer Waas¥Pe s mes e te st g e S e 0i) 10 o 04 i st v des!

\— drainage water, to treatment

Figure19: Concept of drying bedSource:Tilley et al. (2014).

The sludge is spread over a surface, consisting of permeable material, and the thickness
should not exceed 20 cm to ensure the effective drying (Tilley et al., 2014) athate

is collected in drainage pipes below the bed. Further treatment is required before it can
be discharged. To transport the dried sludge, it must be removed from the Sthiéace.
disadvantage of drying beds is the production of odour as well asebence of flies.

In case of rain events, the bed must be covered to avoid the additional moisture in the
sludge. Apart from that, the process does not need further alertness.
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2.5 Sustainability of wastewater treatment systems

The principle of sustainabjitis the base for thiwork andit is described carefully and
extensively in this sectiowhich alsoincludesthe concept of sustainable development
indicators(SDIs).

Definition of sustainability

In 1987 the World Commission on the Environment and Depshentpublished the

to this day most famous definition of sustainabilit§sustainable development is
development that meets the needs of the present without compromising the ability

of future generations to meet their own n

Since then, many variations thiis definition were formulated by researchers and Muga
and Mihelcic (2008) attributeustainabilitywith the mearnng of the maintenancer,
desirably, the improvement ofthe current situation by triggering the economic
proser i ty, e N s u r-bemg and respectmg itg vakies,vardlpteserving the
environment Accordingly, it demands the use of a resource without depleting it but
ensuringits availability in the future (Bradley, 2002).

The foundation for assessingyasystem in terms of its sustainability is the definition

of what is considered as a sustainable solution. As stated by many scientists, there exists

no clear definition since there is no standarfibim of a value that indicates if a system

is sustanade (Hellstrom et al., 2000T.he attempt, therefore, is to rather describe what
sustainable development yields for. The go
while |iving within the carrying capacity
the majo focus in a sustainable decisioraking process. This means that an important

factor lies in a longerm consideration of the effect on the wadling of future

generations.

There exist three dimensions of sustainability: societal, environmental and economic
sustainability (Muga and Mihelcic, 2008). These dimensions are closely connected and
a direct influence on each other can be easilgldservedin Figure 20 theoverlap of

all three dimensions is where sustainability takes place. Iftbelgphere between two

of the dimensions is fulfilled, the third dimension is left (g&ibcum, 2015)Hence, the
spacebetween social and environmental dimenss bearablebut does not provide
economic benefitsthe one between social and economiequitablebut may cause

harm to the environmemind the one between environment and econ@wi@ble but
neglecting the social aspect

A sustainable solution leads the improvement of many factors without causing a
significant negative impact on others. Rarely, the solution only has positive effects,
nevertheless, the overall outcome must be equally beneficial and must not violate one
of the dimensions to the greater bfinef another. The goal to meet societies needs
incorporates the improvement of the current living standards and prevention of cultural
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values, having the lowest possible impact on the environment while being feasible in a
long-term perspective (Singhiraaosorn and Stenstrom, 2009).

Social

Bearable p qulflﬂuc
A’Sus nable

Environment il Economic

Figure20: The three dimensions of sustainabilBource: Roxendal (2012).

2.5.1 Sustainability in the contextof wastewater treatment systems

Thecleaning of wastewater before discharging to a river comes along with costs for the
process, decreased impact on the environment by removing pathogens and nutrients
from the water, which improves the health situation of the local society, as well as
reduces the costs of cleaning the water if used downstream as drinking water source;
but also has another economic benefit in form of creation of workspaces and therefore,
decreased unemployment. Furthermore, and dabétier health situation, fewer cases

of diseases anfwercosts for health care. Hentke dimensional influences within a
wastewater treatment system are complex weamibus factors must be taken into
account in sustainable decistaraking (Hellstrém, 2000).

Suggested by Andersson et aD1B), the sustainability of wastewater system must be,
in the first place, based on resource managemergremddcoverthe

Financial

Technical

Environmental,

Social and health protection,
Institutionalsustainability.

= =4 4 - 4

The concept of sustainability applied to wastewater systems is the protection of human
health, the recovery of natural resources and the prevention of their depletion, and
therefore, the prevention of negative impacts on the environment. Sustainable
wastevater systems should be efficient as well as economically viable in adong

while entailing the support by the society.
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The great amount of wastewater discharged to the envirorirasatnegative impact

on the environment and moreover, related healtbblpms cannot be excluded
(Andersson et al.,, 2016 strong relationship between fanctioning wastewater
systemandthe accomplishment of higher living standavess reportedthe literature
(Muga and Mihelcic, 2008)Neverthelessit is important to bar in mind thatthe
implementation of a wastewater treatment systiyasnot yield necessarilyto an
improvement of the overall situation if not wellanned An oftenrappearing problem
within developing countries is the malfunction of systems due to the implementation of
sophisticated technologies aathck of qualified staff (Singhirunnsorn and Stenstrom,
2009). As stated by Fogelberg (2013), 40 % of projeelated to water are
malfunctioning due to a lack of proper management, lack of support by governance and
missing participation of the societyience, he system relies on being well maintained
and operated, which means that monitoring must be implemantethstructions for

the workers must be provided.different cause of malfunctioning was identified by
Andersson et al. (2016) to Iblee negligence of cultural values atohsequentlythe
missing acceptance and support by society lead to wnbedaceusage

Especially in small cities in developing countries, a growth of popul&ierpected,

resulting in higher wastewater flows (Verbyla et al.,2018Yith respect tothis,

appropriate planning of wastewater systems includes to meet or to provide the
possibility to meet future genmakestandonsod ne
local stakeholders must work together toward sustainable solutions with respect to
societie® per spectives.

Among many other researchers, Andersson eemlphasize the consideration of
wastewater as a resourteenhance the economic, social and environmental situation
of a region or respectively of a counthy line with this, the option of wastewater reuse
for irrigation is favourable and supported by the fact that 70 % of the amount of
extracted freshwater is currently used for irrigational purpgSeistainable
Development Solutions Network, 2016nd theredre, is used in an unsustainable
mannerRidoutt and Pfister, 2010Moreover, he process of removing nutrients from
the wastewater to a sufficient level to release it to the recipient watersabource
consumingVerbyla et al., 2013).

SustainableDevelopment Goalb

A changen water consumption activities towards a greater sustainability is requested

by Goal 60f the Sustainable Development Gog@seFigure 2}, accompaniedby the

protection of waterelated ecosystems (Sustainable Development Soluletwork,
2016).Furthermorethegoad e mands #Ahal ving the proportion
and substantially increasing recycling and
Solutions Network, 2016).

This goal is of high significance due to its impact on health as wileanvironment,

e.g. in form of harming ecosystems and decreasing biodiversity. Accordingly, all
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wastewater must be treated to a sufficient quality to be returned to the water body or
recycled and to produce sludge that can be reused, etgefatigational purpose, or
be deposited.

Increasing the recycling
and global safe use of
Reduce the wastewater
proportion of
untreated /‘
wastewater
by 50 % ™~ A
Protection
of human
/ health
Provision Provision of / Prevention of
of safe —— |on-or off-site| —— |harming the
sanitation treatment environment

Figure21: Objectives addressed by Goal 6 of the Sustainability Development Goals.

A list of indicators descr#ssthe goalmore closelyindicator 46 covers the urge to
provide safe sanitation which includes the prevention of untreated wastewater harming
the environment by ensuring -olr off-site treatment of household excretand
Indicator 47 addresses respectively the treatment of both domestianalgtrial
wastewater.

The benefits coming along with a sustainable wastewater management are visible
within all three dimensions and can be described in a brief concept as followed:

Decreased costs
for health care

Reduced
Unemployment

Improved health
situation

tal

Protection of water
r ecosystems

B o se of nutrients

= Employment

|
| Prevention of
depletion of resources

Social

Food security Higher income

=
]
=
=
o
=
>
=

. Resource security Reduced costs

E

Themajor advantages for society @jigen byanimproved health situation due to safe
water quality a higheremploymentatedue toabetter economy and food security due

to anincreased agricultural productivijtthe environmental protection which comes
along with the prevention of resource depletion and recreational value.

The economy of the country benefits duéhedecreased costs for health carbigher

income due to improved agricultural productivity and heatetter soil qualityfewer

failures due toan enhanced management as well as reduced costtodhe lower

energy consumption anberecycling of resources.

The environment plays a crucial role since it provides the resources humans depend on
to survive. Some resources are not vital, although, to ensure the ongoing prosperity and
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therefore, offering the same living standard to future generations, the reasewtes

and the prevention of depletion is a major concern when planning sustainable.
Protecting the ecosystems on earth is necessary to maintain the resource flows.
Everything in nature is connected and the hermone part causes the harmaobther.

This is why sistainable wastewater treatment will protect the soil quabityuce the
negative impact on the recipient wateduce the energy consumption and might even
provide energyandthe reducedGHG emissions decreasthe impact on the climate.

2.5.2 Sustainable development indicators

The planning of a wastewater treatment system is time intgedse to théaighnumber

of factors that must be considered (Singhirunnusorn and Stenstrom, 2009). The initial
phase, in which different solutions are evaldaa@dselected is consideredhe most
demandingone. A significant improvement and facilitation could be provided by
implementing adecisionmaking modefor a holistic assessment based on indicators
relevant to the local conditions. In developing cowstrthis would give the opportunity

to provide sustainable wastewater management from the beginning of projé¢ts by
support in the decisiemaking process throughdse indicators. Moreover, according

to Palme et al. (2005), they can be used as atwolf ir epor t i ng, pl anni

benchmar ki ng and f o potentialernefitstare highér refiahilityg et s 0 .

and efficiencyof the systendue tomore adequat®&M, the acceptance by the society
and the longerm affordability the recovery bresources and the prevention of their
depletion and therefore, fewer failures that again results in the protection of Héalth,
environment and economic growth by providing highest performance at lowest
reasonable costs (Singhirunnusorn and Stenstrom, 2009).

Assessment of sustainable developmeintdicators

To form the fundament for a holistic assessment within a decision prdcessiteria
and indicators must be defined clearly to reduce the limitations of the ranking method
(Molinos-Senante et al., 2015).

Palme et al. (2005) providecanceptuamodelfor the procedure of formulating a set

of sustainable development indiceto(SDIs) for a case studyoncerning sludge
handlingprovided by the Stockholm Wat@ompany(seeFigure 23. The first step is

the clarification of the reaseto use SDIs, the setting of the system boundamnesthe
selection of options of choice. The system must be described in detail to develop the
indicators. Then, the selected options are assessed and compared by different kinds of
assessments that proviohgut data to conduct a Mu@riteria Analysis (MCA). The
outcome and the existing indicators and targets are then used to formulate a new set of
indicators that again will be discussed and improved. This step repeats until the final
set of indicators attessing the targets for the present system are found.
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Discussion of intended use
of SDIs
Definition of system boundaries
Choice of technical options

Identification of process for
developing SDIs in the case study

A

Life cycle Assessment of

assessment % Assessment and comparison & risk and
of chosen technical options uncertainty
by use of MCA
Economic @ % P hosphorus

assessment study

e Construction of preliminary
Existing SDIs and related target j
s :> SDIs ¢ ela ‘ s
indicators % =
for sludge handling and
and targets b
wastewater systems

Discussion and further
development

of suggested SDIs and

targets

Final set of SDIs and targets

Figure22: Procedure of the formulation of a final set of SDIs and tar§etstce: Palme et al.
(2005.

A study, that plays an importarole for the final set of indicators of this work, was
conducted by Singhirunnusorn and Stenstrom (2009). The tddlCé was used to
formulate a set of criteria and indicators relevant for wastewater treatment systems in
Thailand. The indicators, criteriand principles were ranked and rated by experts
according to their importance to the respective ugezl group. Hereby, the ranking
gave the overall importance of the element while the rating made it possible to reveal
its importance within the set @lements. For the rating method, the elements were
weighted depending on the importance of the other elements so that the final score
accounts for 100 points. The relative weight was then used to compare the results of
ranking and rating and to combinetiwvo weights in order to provide an overall weight.
The procedure was appligalboth the criteria and the indicators. The combined weights

of the indicators of one criterion were compared and graphically illustrated to
demonstrate the significance agaieach other. Ithe case of low weighted elements,

the elimination was considered to prohibit unnecessary workload and irrelevant
information for the result which should be coherent and comprehensive. However, for
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this, the elements with low weight wemvestigated closely with regard to different
scenarios reflecting local conditions.

The ranking method

Singhirunnusorn and Stenstro(009 found that independently of the usage of
ranking or rating the outcomeas consistent. In a multriteriadecision analysis

( MCDA), Saatyos (seciabld 2carebe applied wBen smdkimg use of

the analytical hierarghprocess (AHP) (MolineSenante eal., 2015). The elements
(here: indicators) of a certain attribute (here: principle) are ranked against each other in
relation to the attribute (Saaty, 2008he purpose is to facilitatine decisiorwhich
elements havine highespriorities,and which may be less important anéccordance

with theoutcome some indicators can be chosen over others.

Table2: The fundamental scale of absolute numbers by Saaty (2008).

Intensity of Importance Definition

1 Equal importance

Weak or slight

Moderate importance

Moderate plus

Strong importance

Strong plus

Very strong or demonstrated importance

Very, very strong

Ol N]|]oj]oa]lhr~r]JwW]DN

Extreme importance

One drawback of thiapproach ishe heavy workload for a high number of indicators
due tothe pairwse comparison of the indicatoi.second onés the subjectivity and
theresultingstrong dependency on the group of experts participating in the weighting
procesgMolinos-Senante et a.2015)

The dimensions

In the following, the dimensions and the indicators included within them by other
researchers are presented. The indicators do not correspond with the set of indicators
chosen to investigate the tW8WTPs butyield to increase the understandingvathat

type of indicators are includedithin each of the five dimension$he institutional
describes the institutional factors incorporated within the other dimensions (Djoghlaf,
2007)and little is found irtheliterature on its application in case studies.
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The economic dimension covers all costs related to the wastewater treatment system
(Hellstrom et al., 2000). Especially in developing countries, it is highly important to

ensure the affordability of the system (Singhirunnusorn and Stenstrom, 2009). This

means that not only initial casbut alsoO&M coss in a longterm perspective must

be calculated (MolineS$enante et al., 2014furthermore, thenonetaryamount that

can be carried by the systembs user and th
continuity of the operation of the treatment plant (Singhirunnusorn and Stenstrom,

2009).

The technical dimension ensures that the system provides the highest efficiency at the
lowest cost anthe execution obperaional dutiesby qualified staff (Hellstrin et al.,

2000). To achieve sustainability, the system must be flexible for upgrades to meet future
needs and stricter requirements (Molk®snante et al., 2014). The criterion reliability

is the insurance of the conrtacenanitinggandf t he
covers the mechanical functionality of the system (Singhirunnusorn and Stenstrom,
2009). It must be reliable under normal and extraordinary conditions (e.g. change in the
constitution of the incoming wastewater or high flows) and tiaria must be within
certain borders. This applies also in case of failures; however, the risk of failures must
be as low as possible. The impact in case of failures on the effluent quality is closely
connected to the aspect of environmental sustainafMitfinos-Senante et al., 2014).

New technologies are often too advanced to be operated by the local staff and therefore,
the simplicity of the system as well as of its components is a crucial factor to consider
(Singhirunnusorn and Stenstrom, 2009). Thniterion influences directly the reliability

of the system due to failures caused by human incompetenceeddicated workers

are cheaper and hence, the initial cost could be reduced by lowering the complexity.
However, a higher level of education contrties to sustainable development (Muga
and Mihelcic, 2008), although, in this cadiee locals might not be the ones operating

the WWTR

The efficiency of the treatment must be high enough to fulfil the requirements which
depend on the availability of dé@fent recipient waters or if the water is to be reused
(Muga and Mihelcic, 2008). To determine the efficiency, samples must be taken and
parameters of interest (e.g. organic matter (BOD, COD), TOC, TSS, pathogens, N, P)
must be measured and compared tadded values (Singhirunnusorn and Stenstrom,
2009). The release of high concentrations of nutrients contributes to the eutrophication
of water bodies and has a negative impact on the quality of groundwater which may be
used as drinking water source andréfiere, may be a risk to human health
(Singhirunnusorn and Stenstrom, 2009). A direct threat to human health is also the
discharge of pathogens. To ensure good water quality the organic matter must be
removed from the water (Nagwekar, 2014).

The environmatal dimension demands the prevention of insufficiently treated
wastewater bag discharged into the environmetite consideration of local conditions

and resourcesndthe recovery and reuséresourcegHellstrom et al., 2000). In other
words, the focus is set on the protection of the environment and the conscious use of

CHALMERS Civil and Environmental Engineering, Ma st e r ACEX6D-h85&rros! 35
Reference source not found.



resources to prohibtheir depletion and thus, to ensure the same quality of life to future
generations (Balkema et al., 2002 fulfil the principles within this section, the
wastewater system must not only remove toxic compounds to protect water, soil and
human health but also ensure the responsible consumption of resources and if possible,
their recovery and reuse to sustain theursd system (Hellstrom et al., 2000). The
management of the produced sludge is considered as one indicator of the criterion
AResourceso and a proper sludge managemen
sustainability (MolinosSenante et al., 2014). Heavyetals must not be released into

the environment while nutrients as phosphorus must be recovered (Palme et al., 2005).
Furthermore, the emission of climate change triggering greenhouse gases (GHG) must
be as low as possible (Hellstrém et al., 2000). Theemader system must have the
lowest impact on the environment while providing the efficiency to fulfil the
requirements for the effluent quality. The measurement of energy and water
consumption used chemicals and other materials and the emiskited GH5 give
guantitative data and must be compared to limit or guideline values (Hellstrom et al.,
2000), for example, the energy use must be as low as possible (Palme et al., 2005). The
recovery of phospdrus and the reuse of wastewater for in most casesatiog is
beneficial for the environment, for the economy and for the society (Singhirunnusorn
and Stenstrom, 200Miereby, it is necessary to ensure thapathogensre removed

from the wastewater and that the amount of nutrients recyctamhtsolled(Palme et

al., 2005).

The land requirement is described not only by the size the WWTP occupies and that
accordingly cannot be used for other purposes but also by the emission of noise and
odour affecting the society which can be reduced by increasingptiee between
treatment and users (Singhirunnusorn and Stenstrom, 2009).

The principles under the social dimension ask for a low impact on society, which is
crucial to ensure the acceptance of the system (Mekswgmnte et al., 2014). This
acceptance imfluenced by the visual perception, noise and odour emissions, impact
on health and the improvement of the overall situation as better water quality, higher
production rate due to safe irrigation, and increased numieenglbymentThe aspect

of health n relation to wastewater treatment systems is essentially the provision of clean
water and safe sanitation to society (Hellstrom et al., 2000). If insufficiently treated
water is released into the environment it might be reused for irrigation or othespsirp

as washing and this may result in a risk for human health. The risk of infection can be
illustrated by counting the number of waterborne outbreaks. Also, related to safety, the
risk of an accident at the workplace might be an indicator to consider plaening a
treatment plant.
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3 Methodology

The ChapterThreedescribes the various procedures to obtain the desired results and is
divided into three main partsith the first coveing the methods used to select SDIs
(Section3.1) by giving an introduction on the general assessment of sustainability
indicators Section3.1.1), and by describing the formulation of a set of inthca
(Section3.1.2) including the selection of indicators for a specific system and the
validation of those. The neection3.2 consists of the assessment of srMdWTPs

The methods used to ¢ett the data as the formulation of questionnaires and the
analysis of the wastewater quality are presenteSeiction3.2.1 Following this, the
procedure to assess the sustainability is described and includes some gualeéne
(Section3.2.2). The Section3.2.3 explains how the comparison of the WWTPs was
undertaken. The last sectionSection3.3, addressinghe identification of significant
indicators within the generated set of SDIs. Here, the applied ranking method and the
normdisation approach are explained.

3.1 Selection of sustainable development indicators

The approach used for formulatinget of indicators can be divided into two sections.
The firstis the assessment @DIs relevant for wastewater treatment systems in
developing countries. The ladder presents the methodology used in this study to
formulate the final set oEDIs relevant forBolivia, and respectively, for the two
investigated treatment plants

3.1.1 Assessment of sustainabilityndicators

Due to the timantensiveprocedure of assessing the indicators by performing multi
criteria decision analyses using tools as life cycle assessments (LCA), economic
assessments and risk assessments for the entr@spBIs, thisthesis usedata from
previously conducted studies. In the following, the basic principles used in these studies
are described.

Balkema et al. (2002) describeh e s et t i ng of tab the bassdor e md s
the assessment of SDIBhe sustainability of a system is its social, environmental and
economic safety and is, therefore,crucial to be considered in decisiamaking
processes, in shertand longterm perspectives. The definition of a sustainable
wastewatetreatmensystemis the foundatiorut it is difficult to define sustainability

as describedn Section 2.5 Instead a hierarchical structure is elaborated where the
dimensions of sustainability are represented by principles which again are described by
criteria and more detailed by indicators (Singhirunnusorn and Stenstrom, YAGE#K).

and strong dependencibstween ancdamong the dimensions, principles and criteria

were identified byMolinos-Senante et a(2015.
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Themethodpresented bydellstrom et al(2000)is to:

1 identify the principles indicating a sustainable wastewater system in
developing countries

1 elaboratehe criteria havingthe purpose to give meaning to the principles

1 define he indicatorsgiving clear information in form of measurable values
of what is required to fulfil the corresponding criterion

To facilitate tle assessment, all indicas should beelevant in terms of sustainability,

easy to quantify (i.e. to measure or to obtain from literature), transparent (i.e. clearly
described and reasoned why they were chosen) and representative for the criterion
(Molinos-Senante et al., 2014lheymust bgudged to indicate a positive and negative
impact where the first is a movement towards and the ladder a movement away from
sustainability Thus a high value for a positive indicator is an improvement while for a
negativeindicator it is a worseninglhe targetsnust bedescribed with caution to
ensure the movement into the intended direction (Palme et al., 2005).

3.1.2 Formulating the set of SDIs

Thegenerated set of SDigashighly influenced by the following studieBassan eal.
(2014);Bradley et al(2002) Hellstrom et al. (200Q)Lundin et al. (1999); Molinos
Senante et al2014); Muga and Mihelcic (2008%inghirunnusorn and Stenstrom
(2009.

To formulate the set, indicators that address the main principles of sustainability and
the situatiorpresentn developing countries were chosen from many lists of sustainable
indicators provided by the aforesaid studies. The scope @ifshsetof SDIs is rather

wide to provide the possibility of using it &arying locations andfor differing
conditions.

The selection ofindicators for a specific treatment plant

Hellstrom et al. (2000) point out that there exists a correlation beta@esidering
many indicators resulting ina great amount of datand the inconsistencyof the
outcome. Thereforé¢he most relevant indicatonsust beselectedThe main categories
must be represented and hence, it is recommended by experts to selecture
significant indicator per principle. An oftarsed approach is a muittriteriadecision
analysis (MCDA) for which the criteria and indicators are described clearly (Melinos
Senante et al., 2015). The evaluation yields to identify the indicagmsicant for the
respective geographic and demographic context (Muga and Mihelcic, 2008).

To meet the requirements and address the conditions given at the inveSuyétdts
minor modifications of théirst setweremadeT he -diowp o ap p dinggac h, acco
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Lundin (2003)was applied andhe involvement of expertsasused to gather adequate
indicators in accordance with the giveanditions The expert knowledge regarding
WWTPsin developing contries of Claudia Cossjd®hD student at thBivision of
Water Environment Technology at the Chalmers University of Technology, Alvaro
Mercado,researcher ahe Department of Centrde Aguas y Saneamientdmbiental
(CASA) at the Universidad Mayer de San Simén (UMS$SSgnnifer M€onville,
sanitation esearcheat the Swedish University of Agriculture Sciences (SLabhd
Sebastien Rauch, professor at Dwision of Water Environment Technology at
Chalmers University of Technologwasused to complete the set.

In this step, it is relevant to collect information about the current situation at the location
of interest. It is important to consider all factors that influence any of the chosen
dimensions, as for instance the available resources, the intended hsevaktewater

or the capacity to implement certain technologies. Depending on thgp sdtthe
system and the technologies implemented, some indicator may not be relevant for every
WWTP.

The validation of the selected indicators

In anattempt to make thset of SDIs as relevant as possitile,indicatorsbefore they
were assessedyere discussed withexpertsfamiliar with the choseWWTPs and
working at the UMSS Cochabamba. During these sessions, the set of indicators
specifically selected for the tw&WTPswereexamined. The indicatomserehanded

out in form of a list with a short description for each indicator as well as the planned
method fo its assessment.he result is a set of indicators validated by experts and
hence, specifically adjusted to the investigadd/ TPs.

The validation of the indicators serves fheposeof avoidng not only the exclusion
of relevant but also the inclusion of irrelevantiogators (Bassan et al., 2014The
ladder causes extensive workload while the first may impacidberacy of thdinal
judgement of the sustainability of the systefurthermore, some indicators were
reformulated to ensuréhey address thecorrespondingcriterion or the principle
respectively.

3.1.3 Identification of influences within the set of SDIs

The indicatorsof the same dimension influence each other but there also exist
influences across the bordeamd an indicator within the social dimension may
influence an indicator within the environment@iimension (Bassan et al., 2014).
Influence diagrams can be used to visualise these interconnections and to emphasize
which indicators are influenced and which indicators influence other indicators.

The consideration of all indicators makes the design of influence diagrams very
complex ad time intense. Due to this, within this work, influence diagrams were
formulated for the criteria which are described by the indicatdrsn the set of SDls
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To respect all influences, each criterion was acknowledged and through literature study
and exyerience the influences were determined. The result is a diagram showing the
interconnections between the criteria of the s&Mis,but it also gives indications on

how the indicators may influence each other.

The arrows

The places ofonjunction of many arrows belong to criteria that are of great importance
for the system and hence, for the set of SDIs. There is a difference, though, between
incoming and leaving arrows. The first are arrows indicating that the criterion is
influenced ly other criteria and the change of those will change that criterion. On the
other hand, if many arrows leave from one criterion, that criterion has a high influence
on many otherdt is important to understand that an arrow leaving from an indicator
thatapart of this arrow only receives arrows, hence, is influenced by other crtasia,

carry the weight of the other arrows.
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3.2 Assessment of small WWTPs using a set of indicators

The formulated set of SDIs was used to assess two smaIWTPs located in a
developing countryThe result was used to identify strengths and weaknesgks
hereby, to elect the most significant indicators within the d&breover, the
sustainability of th&VWTPs was discussed arcdmparedo limit valuesif available.

3.2.1 Data collection

Both qualitative and quantitative data were obtainke:indicators described lioth
gualitative datawere obtained by conducting survegsd the indicators demanding
guantitative data werebtained by using the available data recoAtiditionally, for

both types of dataprevious reports were consulted to complete the set of data,
especially for questions not answered within the surveys.

Formulation of questionnaires

Several guestionnasevere designedguided bythe work of Neuman (2004)each
addressing certainindicators and accordinglycontaining different questions,
respectively for the group affected bysle indicatorsThe questionsvereformulated
clearly to ensure the relevanokthe investigated indicator. Instead of entire sentences
as answers, the questionnaingeldedto obtain values on the same soaleghe same
type of answefor each question thabald notbe answered with weor no. The reason
for thiswasthe lack of expertise in adequately evaluating qualitative datafuove\s.

Threetypesof questionnairegereformulated two technical and one social orientated.
The questions about social aspects were addresse@sidents living inthe
neighbourhoods where the WW3&e locatedFortheincreased validity of the study,
a group of houselds, in total twenty, that were seleced randomly from the
associationsTo obtain data for the technical indicatatsreedifferent groups were
approached: the administnegiunit of theWWTP, theworkers at sitevhich werein
both cases the operasaand at El Paso also the enginess, well asthe laboratory
analysing thevastevater qualityof influent and effluent

The technical questionnaire covered mostly the indicators related to the economic and
institutional dimension. However, also questiadsiressingnvironmental, social and
technicalindicatorswere includedOn the other handhé social questionnaingelded

to find out how the treatment plant is affecting the people living in the area, and
thereforethe questions were addressthg social dimension.

Prior to the execution othe sureys the questionnaires were discussed with
experienced engineers éasure the questions are technically well formulateatder

to gather relevant information. Also, students from the Universidad Mayor de San
Simoén of Cochabamba that already worked wiith interviewing of communities,
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reviewed the questions to ensure they were clear and simple and hence, understandable
for also nm-educated people.

Analysis ofthe wastewaterquality

Thetechnical questionnaire included questions about the treatment efficiency, i.e. the
removal of udesired wastewater constituematsd the corresponding limit valuese

listed in Section 2.4.2 The laboratory at the Universidad Mayor de San Simon of
Cochabamba analysedastavater samples from the influent attee effluent during

three different climate seasons:Angust, October and Februa®n every occasion,
thesamples wereaken at the inlet and the outl€hewastewater constituentisat were

found to be relevant for a sufficient wastewater treatnagrthe two investigated
WWTPs the methodto measure their concentration in the wastewater and its number
in the cataloguare presented in thHellowing Table 3

Table 3: Wastewater constituents analysed according to the Standard Meathowised by
AWWAALPHAWEF (2012).

Constituent Unit Method Number
Oil and grease mg/L Extraction 5520 D
TSS mg SS/L Gravimetric 2540 D
BOD5 mg O2/L  lon selective electrochemici 5120 B
COD mg O2/L  Volumetric oxde reduction 5220 C

Faecakoliforms UFC/100 mL Membrane filtration 9222 B
Total N mg N/L Several 4500N
P mg P/L Colorimetric 4500P

3.2.2 Assessment of the sustainability

The set ofSDIswas used to assess the sustainability otwleeinvestigatedVWTPs

in Bolivia. One part washe comparison olimit values or respectively, standardss
guideline valueso theresults of thdaboratory analysis of theastavater qualityand

the resulting removal efficiency of the treatment chalmother part was the
interpretation of the rest of the data whigkre more difficult to quantify and often
therewereno clear benchmarlisovided in the literature to compare Therefore, th
assessment of the sustainability in this rep@s$to a high degree based on discussing
the dimensions with its indicators, the comparison to dW&fTPs in other countries
and to draw a general conclusion from a complicated and-wiigel net of factos
indicating a sustainable wastewater treatment system.
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Limit and guideline values

To decidewhether the obtained datagarding the effluent qualitys positive or
negative in terms omovement towardsustainable developmenimit values were
used.These standardgere evolved to protect human health and prevent damage to the

Bol
de

environmentl n
enMateri a

i vi a,
Cont aihe beg £383 (RoxeHdal@22) andmax. b

the requir ed Reglamehto e nt

concentrations in the efflueate presented in Table®he removal efficiency guideline
valueswerewithdrawn from the European Union laamdare presented in Table 5.

Table 4: Wastewater constituents and their permitted max. concentration in the effluent.

Source: Ley 1333 (1995)

Constituents Unit Max. Ceffluent

Oil and Grease [mg/L] 10
TSS [mg/L] 60
COD [mg O2/L] 250
BOD5 [mg O2/L] 80

Faecakoliforms [UFC/100mL] 1000
N-tot [mg N/L] 12
P-tot [mg P/L] 2

Table5: Guideline values for the removal efficiency of constituantording the European

Union law. Source: EURex (1991).

Constituent

Guideline values [%)]

TSS
COD
BOD
N-tot
P-tot

70-90
75
90
80

70-80

To interpret the present salary levels, the minimum wage according to the Bolivian state
was consideredn 2018,it was set to 2068oivianos per monthlvhich at the current
exchange rate corresponds to 298-%)&nd is increasing every year (Trading
Economics, 2018). Considering a working week of 40 hours, the minimum wage per

hour is 1,86 USh.
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3.2.3 Direct comparison of the two WWTPs

At last, the sustainability performance of the two investigated WWTPs was compared.
For this purposeparts ofa composite ind&tor approachintroduced by Molinos
Senante et al. (2015) was used.

First, the quantification of the obtained qualitative data was required. This was done by
using an elevepoint scale where depending on the question 0 may e.g. indicate the
that acertainindicator does not apphyvhile 10 signifies it applies to 100 % and
improvements are needed.the case of polar questions, 0 equals the negative (away
from sustainability) and 10 the positive (towards sustainability) answer.

Second, a normalizatiaof thedatawas undertaken. Following the procedure provided
in thestudy of MolinosSenante et al. (201%)dicator by indicator is comparekere,

| is the value of théh treatment plant of thigh (positive), withji J, or kth (negative),
with ki K, indicator:

v — for positiveindicators (©))

o — for negativeindicators 4

wherelNijj or INik is the normalized value of thth treatment plant™" andI™are the
minimum and maximum value for thi orkth indicator.

In the given case, not several technologies, but two WWTPs were compared and hence,

INij andINik wereassigned with either the value 0 or 1. With this simple method, the

WWTPs were compared directly without referring to a reference value. System

receiving a Wasperforming better with regard to that specific sustainable development

indicator. For some indicators no data was available and because the monitoring is
crucialforss t ai nabi |l i ty, the |l ack of data in tho
result when comparing the twWWTPs andwasassigned with the value @.the two

WWTPs wereperforming equally good, thayereboth assigned a score of 0,5.
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3.3 Identification of significant indicators in developing
countries

The revealedstrengths and weaknesses of W&/TPs were usedob identify some
indicators crucial for a sustainable systama. he indicatorshat werefound to be
independently relevant for boWWTPswere cmsideredo be ofhighersignificance

for a sustainable sanitation systdhan the other indicatardHowever, to get an
authentic list of significant indicators, experts were consulted to contribute their
knowledge and rank tif@DIsto determine the overall significance within the total set
of SDIs, and respectively, within each dimension

3.3.1 Ranking the SDIs

To evaluatethe most significant indicators within the set of sustainable development
indicators a ranking was conducte@he judgementof experts and local responsible
persons esured that the highestinkedindicatorswere themost significantonesfor
WWTPs in developing countries

Method

During an expert meeting,@esentationwas givenconsisting of a short introduction

to the projectods obj eptidnofthe selohSDIA#terward,r e det ai
there was aitme saved for discussion and the participants were able to ask question in

case of ambiguities.he list of SDIswas handed out to the participaatsd everyone

went through it. The procedure of the ranking was explainedrdhe. if a principle

contaired 8 indicators, ranks from 1 (most significant) to 8 (least significant) were

given with respect to the significance within the same principie average of the

given ranks was calculated to identify the most and least important indidatast,

theaverage ranks were divided by the total number of indicators withiirtension

to canpare them to the indicators thie otherdimensions

A general impressioof the perceived importance thie dimensionsvas obtaineafter
ranking theindicators included in thentor this purposethe experts were asked to
follow the same procedure whesmightingthe dimensions, i.goints from 1 to 5 were
assigned to each dimension where 5 is the highest that can be reCha/pdints were
summed u@nd he higher the sum the higher the perceivedyht\W of the dimension.

The participating experts were:

1 Claudia Cossid PhD studenat UMSS/Chalmers University of Technology;
currently working with the assessment of sustainability of wastewater treatment
plants in Cochabamba, Bolivia

1 Leowvigildo Claros Bascofé Technical Consultant

Ana Maria Romerd Director of CASA, teacher at depaaent of chemistry
1 Alvaro Mercadad Researcheat CASA

=
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1 Omar Arce Garcid Director of the institution for research at the faculty of
sciences and technology at UMSS

1 HenryAntezanal Professor of kemistry at UMSS; researcher in the field of
biotechnologyat CASA

9 Carlos Acevedo PefiaPhD student at Blekinge Institute of Technology and at
the Research InstittHdMSS; Research topic was on Developing Inclusive
Innovation Processes and -Ewolutionary UniversitySociety Approaches in
Bolivia.

1 Cecilia Saldiasi Consultant to evaluate the performance of wastewater
treatment plants in Cochabamba; PhD on water resources management (Ghent
University).

3.3.2 Normalisation

Thenormalsation of theaverage ranking/as undertaken by calculatittge namalized
valueas in Section3.2.3. Since thandicatorwith the lowest rankvas perceived ahe
most andone withthe highestankthe least importanndicator, the Equation 8) for
positive indicators wassed

By normalising, the indicators receive a value between 0 and 1. Only one indicator
receives the value 1 and henités recogniseés the most significant oy the experts

and only one the value 0 and is, respectivegognisedas the least significan
indicator. This step wadollowed first, for all indicators within the set of SDIs and
secondfor the indicators within each dimensio8ignificance levels were set26 %

and a 0,25 quantile was used to additionally identify otherigadorsof the setthat
wereranked very high or low.

In a separate step, the weigitdor the dimension obtained in the previous step were
normalised Here by using Equation @) becausethe higher the rank the more
significantis the dimension. Thebtaired values between 0 and lipslar as for the
indicators,wereused tadiscussheimportance of thaingledimensionsEven though
one of the five dimensions was inevitalsgceiving the value ,Gall dimensions are
crucil for the sustainability of &WWTP.
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4 Case study

In this Chapter Fourthe chosen WWTP#$0 be investigated and what the reasoase

to have selected these particular WWVTPs are describe®y doing this, nformation
about the catchment areas, the type of organization within the WWTP and ther set
aregiven.

4.1 Choice of wastewater treatment plants to investigate

To make a statemeabout the existence of problems at more than one site, two WWTPs
with a comparable setp were elected to be investigated. This ersatdeidentify
significant indicators with the support of data collected from two different places, but,
however, with asimilar initial situation. Additionally, reports about other WWTPs in
the same department were reviewed to check if the same wgstemesent.

The area of studwithin the periurban area was found to be most suitalole to the
growth of cities in desloping countriesnd hence, it was assumed that in those areas
new WWTPs will be implementeth the future With regardto the purpose of the
investigation, to obtain results representative for a wide rang®\6t Psin developing
countriesWWTPsof a small siz¢<2000 p.e.were chosen.

The two investigated WWTPsre located in the pemrban area of the city
Cochabamba, BoliviéseeFigure 23: SanPedro Magisterio, in the east, andH&so,
in the western. Both WWTPs are accessible from the city centre within 45 min by car.

=
[l

Figure23: Metropolitan area of Cochabamba with W&/ TPsof El Paso (blue circle) and San
Pedro Magisterio (orange circl§ource: Retrieved from Google Earth on 5/07/2018.
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4.2 Seti up of the two WWTPs

As mentioned above, the agb of the two WWTPs is fairly similar with only small
differences in the design amshe major abbreviation in form of the lack of a tertiary
treatment step at San Pedro Magisterio.

The configuration of the WWT#isillustrated inFigure 24 The incoming wastewater
passes the pigeatment, which consists séreens and a sedimentation unit, then enters
the UASB (Upflowing-AnaerobicSludgeBlanket) asa primary treatment step. The
sludge is dewatered on a drying bed and the biogas, in both cases, is burned. After that,
during the second treatment step, theteaater passes a wetland at the WWTP of San
Pedro Magisterio and at the WWTP of El Paso an anaerobic tel Pasothere
existsalso a tertiary treatment consisting of maturation ponds. In both cases, the treated
wastewater is discharged into a nearby stream.

Sludge treatment

.s

Screens i I

Ny i = i A

i ASE : Biofilter/ : D
/ : ~ reacto : Wetland ; 4

Secondary
Treatment

4

~

Figure24: A simple concept of the configuration of the two investigated WWTPs.

4.2.1 ElPaso

The WWTP in El Paso is organized the association for users of potable water and
sewage water system. Due to a mistake concerning the geographical location during the
planning phase, the WWTP is in operation since 2014, while it was built 9 years before,
in 2005. Now, it is located a bit outside of the housing area in the east of El Paso, on
land thatis owned by the association and accounts to 7192frwhich the WWTP

itself is occupying 2947seeFigure 25. Thecatchment area compasses 1,32 kot

is not densely populated and not all householdsaneected.

In total, 1200 inhabitants are connected to the drinking water system, but only 534 are
connected to the sewage water system, this makes up to 55,8&%otiseholds. There

arethreefull-time employees in the association: a secretary, an operator and a plumber,
al |l l'iving in EI Paso. The operator 1is
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engineer, a legal advisor and a consultant arepeomanenemployed. As part of their
philosophy, informative events are organized to involve the community.

7

Figure25: The WWTP of El Paso (framed in light blue) andtheclose st ream @A R2o0
Pasomayuo $SodreerRetridvdd troen)Google Earth on 5/07/2018.

The configuration is described more detailedn Figure 26 Detailedpictures of the
technologies can bfleund inAppendix A

‘ Gas
burner
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Drying
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Stream .
Anaerobic
. Filter

Figure26: More detailed sketch of the configuration of the WWTP EI Paso.

The primary treatment consists of a screen and a sedimentation unit infawo of
parallel lines, of which one is in operation, while the other one is detached from the
sydem to becleaned (se&igure 27left). Furthermore, this unit has a bypass that is
used to discharge the wastewater, in times of heaing to protect the other treatment
units, to the stream without further treatment. The UASB, with a circular design, is part
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of the primary treatment. The produced gas is burned, and the excess sludge is removed
and treated on the drying bed. LeavingW#SB, the wastewater enters one of the two
anaerobic filter basins as a secondary treatment Rggee 27right) and flows
horizontally through it. These basins were designed and constructed with a lid that was
removed later. fien, the secondary effluent reaches the maturation pond as part of the
tertiary treatment step (s€ggure 27right), before the treated wastewater is discharged

to a small stream.

Figure27: Treatment units at the WWTP of El Paso. Left: Primary treatment unit with screens,
sedimentation channels and bypass. In the background the circular basin of the UASB reactor.

Right: Secondary treatment unit consisting of two anaerobic filters (righthutiet and the

maturation pond as a tertiary treatment step (I&ff).t hor s own copyright (Ph
in February 2018).

4.2.2 San Pedro Magisterio

Located close to the Cerro San Pedro in the District 2 of the municipality of Sacaba,
the WWTP of the négghbourhood San Pedro Magisteradso called-riuli, is the result

of a project of thdundacion Abrilof Cochabamba and th@ooperativa de aguaf

San Pedro Magisterio, while the land is owned byam®&(Organisacion Teretorial del
Base). The catchment area accounts to 139 Z2nththe WWTP occupies 1493 of a
total available area of 1 947?southwest of a denswusing area (se€igure 28.

The WWTP is operating since April 2015 and the water of i8B&bitants of 2680 is
treated and therefor&6 % of the households connected to the WWTP. The design
flow, however, only considers 970 connections and hence, 30 % of the capacity is not
used yet. According to the project proposal, an average incomirigweadsr flow of

91 L/d*perswasassumed.
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There arefive full-time employees: a secretary, an operator, an administrator, a
accountanand a plumber. As in El Paso, also in San Pedro Magisterio events with the
objective to inform the users are organizeéast once per year.

Figure 28 The WWTP of San Pedro Magisterio and its catchrﬁent area (framed in orange).
Source: Retrieved from Google Earth on 5/07/2018.

The configuration is described more detailed ifrigure 29 Detailedpictures of the
technologiesnd corresponding design drawirgs befound inAppendix A

‘ Gas
burner

pass
=/~ =~ -
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‘ Discharge D

Stream

Figure29: More detailed sketch of thmnfiguration of the WWTP of San Pedro Magisterio.
There are small differenceletween the configurations of the two investigated
WWTPs. In San Pedro Magisteribie bypass is located before the wastewater passes
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through thetwo screens in seriesand then enters the sedimentation channel
Additionally, there is a Parshall channel implemented to reduce the velocity at the end
of the primary treatment unit to pestt the sludge blanket in the UASB reactor (see
Figure 30left). The UASB, with a rectangular design, is part of the primary treatment
step (se€igure 30right). The produced gas is burned, and tteess sludge is removed

and treated on the drying bed ($egure 31top). Another aberration is the second unit

that consists of a Horizontal Subsurface Flow Constructed Wetland-{gee 3

bottom). After this step, the treated wastewater is then, withayttertiary treatment,
discharged to the Rio Rocha, a stream that passes downstream the centre of
Cochabamba.

Y ‘;g‘; (4 4.

-
7
¥
.f

Figure30: Primary treatment unit (left) with twecreens in series, the sedimentation unit and
the Parshall channel, and the UASB reactor (right) at the WWTP of San Pedro Magisterio.
Authors own copyright (Photos were taken in February 2018).

CHALMERS Civil and Environmental Engineering, Ma st e r AGEX6D-h85Erros! 52
Reference source not found.



3 ¥ “gmTAes

Figure 31: Drying bed,connected to the UASB reactor (on top) amanfed wetland with
horizontal flow(on bottom)at San Pedro Magisteriéuthors own copyright (Photo was taken
in February 2018.
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5 Results

By following the methodology provided in ChaptEhree the resultgyiven in this
ChapterFive were obtainedTwo sets ofSDIss are presented in thikapter:the first

is a collection of all indicators considered relevant for the sustainable developiment
wastewater treatment systems in developing countries, contains 64 indicators and is
presented inSection 5.1 the second is a set specially formulated for the two
investigated WWTPs and hence, is a slightly shorter list wme indicators
eliminated from the first list according to the present conditions at the WWTPSs in
Cochabamba and is presente&éction 5.2The ladder additionally contains the actual
assessment of the sustainability of the W@VTPsand the comparison of the two
WWTPs The last part of the result section is the identification of significant indicators
(Section 5.3 The tables relevant foine Sectiors 5.2and5.3are providedn Appendix

C, D, andE.

5.1 The set of sustainable development indicators

Besides themain dimensions (here also called aspects) of environmental, social and
economic aspects, the technical aspect was considered a relevant dimension for the
assessment of t he, addWioredver, art institdtiongl adimensian o n
was added (Anderssoet al., 2016). In the following, the principles within the
dimensionstheir criteria andhe describingndicators areshownin Table6 to 10.

To use the set of SDIs to assess the sustainability of WWTPSs, indicators were taken
from variousstudies with diffeentresearch objectives, but a jpacontribution was

the study by Singhirunnusorn and Stenstrom (2009) that identified indicators and

criteria for appropriate wastewater treatment systems in a developing country in Asia,

in Thailand. Tls approach resembles to a great extent what was intended with this

study and therefore, the indicators were assumed to be suiting the purpose of the
assessment of WWTPs in a developing country.

Indicators within the economic dimensiorn(Table §

The indicators within the economic dimension reveal all costs involved in the
construction as well as in the management, i.e. cost®dymeration and maintenance

of aWWTP (MolinosSenante et al., 2015). Therefore, #fferdability of the WWTP

is the key principle within this dimension.

In the initial phase of implementing\®WTP, certain investments must be taken to
enable its construction (MolingSenante et al., 2015). TR®nstructioncostincrease

with an increasing level of treatment required and decrease proportionally, with respect
to the population equivalent, for higher capacities (Tsagarakis et al., 2002)antie
costcan be determined by the pridewould have been worth if usefdr another
purpose. In developing countries, tbest subsidy from the governmeletermines the
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system and the technologies thall be implemented as well as the number of
personnel to be employe8ifghirunnusorn and Stenstrom, 2009).

The O&M costsare related to the management of the WWTP and cover the cost
emerging within the treatment (Palmer and Mattsson, 1994) and are eseerttial
assessent ofthe feasibility of the facility (Hernande2ancho et al., 2011). The
Operational costncludes tle money required for energy, chemicals and other materials
(Cornel and Krause2008; Katukizaet al., 2010) Moreover, as pointed out by
Tsagarakis et a(2002), it alsocovers the cost required for the sludge managersnt

noted byFraas antlunley(1984), an increase in cost can be observed when the amount
of wastewater treated increases as well as when the contamination level of the influent
increases. It also depends on the level of effluent qualitynthatbe achieved and if

the sludge s going to be reused aritlerefore,must betreated accordinglyU.S.
Environmental Protection Agencf{2013 identified he energy consumption of a
WWTP is one ofthemain contributas to the total O&M cots. Interestingly,in relation

to the population agjvalent,when assuming the same configuratiemallerWwWTPs

have a higher energy demand (Tsagarakis et al., 2002). The chemicals used depend on
the treatment processes involvektcording to Tchobanoglous et a(2003, most
commonly,chlorine gas (Cl2)chlorine compounds and ozone (G8% usedor the
disinfection process stepndalum and limefor the coagulationThe proper usage of

the chemicals can reduce the amount consumed and hence, reduce the money required
for the purchase. A bigger WWTP neaefg@wer workers per cubic meter treated water
(Tsagarakis et al.,2002Additionally, the automatization of process steps leads to
fewer employeeand as a result, low&dministration costOn the other handf many
mechanical systems are involved, more staff is required than for natural systems. The
exists a correlation between thegree of educated personrald the number of
employees since problems can be solved fadbgrtrained staff and knowing the
processes and the systehedps to work more efficientlyThe cost for the personnel
depends highly on the grade of education of the employees (scientific, technical,
unskilled). TheMaintenance costovers the money spent within the facility to prevent
failures of processes and systems, i.e. for constructional repairs, the repairing of
mechanical and electrical systems as well as for replacements of system components.
While the maintenance cgstover the cosfor yearly repairs, there should be a
Capacity br re-investmento potentially reinvest in the system but also scope with
unexpected cost as failuresight occur within the systemPgrsonal communication

with Cossig November2017).
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Table6: The economic aspect, its principles, criteria and indicators.

Operation and
Maintenance cost

Aspects Principles Criteria Indicators Sourcefor indicators
Snghirunnusorn and Senstrom
: (2009); HellstrEm et al. (2000);
Construction cost Molinos-Senante et al. (2014);
- Muga and Mihelcic (2008)
Initial cost A
Land cost Snghirunnusorn and Senstrom
(2009)
Cost subsidy from Snghirunnusorn and Senstrom
government (2009)
Snghirunnusorn and Senstrom
. (2009); HellstrEm et al. (2000);
: . Operational cost Molinos-Senante et al. (2014);
Economic Affordability

Muga and Mihelcic (2008

Maintenance cost

Snghirunnusorn and Senstrom
(2009); HellstrEm et al. (2000);
Molinos-Senante et al. (2014);
Muga and Mihelcic (2008)

Administration cost

Singhirunnusorn and Stenstrom
(2009)

Budget for unexpected

repairs

Snghirunnusorn and Senstrom
(2009)

Capacity for re-
investment

Money availableto reinvest

Singhirunnusorn and Stenstrom
(2009)
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Indicators within the technicaldimension(Table 7)

As wastewater treatment plants are technical systemgffibency, the complexity
and the continuity are crucial principles for its sustainab{i&inghirunnusorn and
Stenstrom, 2009)The efficiency results out of theapacity of the WWTRvhich is
de<ribed bythe relation betweethe Amount of wasteater received and the design
flow and theeemoval of undesired constituensgs theRemoval of oil and greases, TSS,
COD, BOD,Faecal coliforms,Total nitrogen andPhosphorusduring the wastewater
treatment. These two principleswere found to be significant concerning the
sustainability o WWTPs(Singhirunnusorn and Stenstrom, 200B)e complexity of
both initial phase an@&M can impact the costs and also the efficiency@mdinuity

of the WWTP .The lower theComplexity of the initial phadbeeasier the construction,
the installation and the starting of the system,ltleer theTime required fornnitial
phase and hence, the cheaper the investment cost. In developing countries, the
implementation of advanced technologies as well as the midsa@ssibility provided
through infrastructurecan lead to the malfunctioning of the system due to the
Complexity of te O&M (Baccarini, 1996accompanied by the lack of money $illed
staff and hencethe inadequateexecution of O&M(Singhirunnusorn and Stenstrom,
2009).Accordingly, the indicatoRequirement of training for stai§ directly connected

to the solution for the previous mentioned problefiige continuity ensures théme
reliabilityo f t he WWT P 0 isterme af rheetmgrilemiscbarge requirements
for a percentage of tim@chobanoglous et aR003;Oliveira and Von Sperling, 2008)
andthe provision of duffer capacitywhich corresponds to available unused capacity
(Sadr et al., 2014Jue to anexpanding population andhe need taccess for more
people to improved sanitatioand henceVWTPs will face higher flows of wastewater
(Verbyla et al, 2013). Th&ime of reliable operations characterized by sufficient
treatment that is not-aisk due to failures of the system (Molin8gnante et al., 2015).

CHALMERS Civil and Environmental Engineering, Ma s t e r ACEX6D-h85&rros! 57
Reference source not found.



Table7: The technical aspect, its principles, criteria and indicators.

Principles

Efficiency

Indicators

Source for indicators

Amount of wastewater
received and design flow

Lundin et al. (1999)

Oil and greases

Snghirunnusorn and Senstrom
(2009); Molinos-Senante et al.
(2014); Muga and Mihelcic (2008)

Total suspended solids (TSS)
in the pre-treatment

Snghirunnusorn and Stenstrom
(2009); Molinos-Senante et al.
(2014); Muga and Mihelcic (2008)

Total suspended solids (TSS)

Snghirunnusorn and Senstrom
(2009); Molinos-Senante et al.
(2014); Muga and Mihelcic (2008)
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Table 7(continuous): The technical aspect, its principles, criteria and indicators

Efficiency

Chemical oxygen demand
(GOD)

Snghirunnusorn and Stenstrom
(2009); Molinos-Senante et al.
(2014)

Biological oxygen demand
(BOD)

Snghirunnusorn and Senstrom
(2009); Molinos-Senante et al.
(2014); Lundin et al. (1999); Muga|
and Mihelcic (2008)

Faecal coliforms

Snghirunnusorn and Stenstrom
(2009); Muga and Mihelcic (2008)

Total nitrogen

Snghirunnusorn and Senstrom
(2009); Molinos-Senante et al.
(2014); Lundin et al. (1999); Mugal
and Mihelcic (2008

CHALMERS Civil and Environmental Engineering,
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Snghirunnusorn and Stenstrom
(2009); Molinos-Senante et al.
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Table 7(continuous): The technical aspect, its principles, criteria and indicators.

Complexity

Snghirunnusorn and Senstrom

Complexity of initial phase (2009): Baccarini (1996)

Accessibility provided

through infrastructure for Snghirunnusorn and Stenstrom

oM (2009)
Time required for initial Snghirunnusorn and Senstrom
phase (2009)

. Snghirunnusorn and Senstrom
Complexity of O&M (2009)

Snghirunnusorn and Stenstrom
Requirement of skilled staff  (2009); Muga and Mihelcic (2008);
Bassan et al. (2014)

Requirement of trainingfor ~ Snghirunnusorn and Senstrom

Continuity

staff (2009)

. . . Snghirunnusorn and Senstrom
Time of reliable operation (2009)
Available unused capacity (S;r(;%rg)runnusorn and Stenstrom

CHALMERS Civil and Environmental Engineering,

Ma st e r RCEX6ED-h85Erros! Reference source not found.

6C



Indicators within the environmental dimension(Table §

| n ter ms of environment al protection,
consumption and recovery, its GHG emissions tradachieveceffluent quality as
well as the land requiremeiatre considered (MolineSenante2014).

Theresourcesontained in the wastewater can be valuable andréererydecreases

their extraction or the extraction of other resources from the environment, and therefore,
the strain on the environmenAs stated byScholz et al.(2013, phosphorus is
consideredh valuable resource within the agricultural sector and is crucial for@day
and future food supplyhe Recoveryof phosphoruand nitrogerwill gain importance
within the future due to the depletion of the mremewable resource. During the
treatment ofwvastewater, biogas, a gas composed of methane and otherngagdse
producedn case otthe anaerobic digestion of sludge, a mettiat was found to be
often used INWWTPs(Osorio and Torres, 20098y the Recovery obiogas energy

can be obtained aray that the consumption of nerenewable energy sources can be
reduced. An inevitable bgroduct of the wastewater treatment is the sludge which
contains pathogens, nutrients and organics that were removed from the wasteavater a

chemicals that were used during the treatment process (Babatunde and Zhao, 2006).

The amount of produced sludge depends on the size of the WWTP but often the costs
for disposal arenother maircontributor to the operational ces8udge reusecan
happenduring the treatmergrocesgo improve the performance of the WWTP, it can
betreated to remove pathogens and chemicaldanded for agricultural purposes and
theduring the processing of the sludgmitted methane can be used to produce energy.
Miller (2006) suggests th#te reuse of wastewater must be considéoecover the
future supphyy reduang the consumption of fresh wajex limited resourcePresent
studies as the one Gfarcia and Pargamef&015 confirm that he wastewater can be
used for irrigational purposes aimdply thatwith new technologies a sufficient quality

can be achieved ®venreuse it as supply for urban and potable watéth respect to

this, the potentiafor water reusei.e. the fulfilment of certain regulationdepends on

what it will be used for.

In waterscarce regions, thAmount of fesh water consuedduring the treatment
processshould be as low as possible to ensure water security and protection of the
environment (Risch et al., 2014).

There exist manychemical unit processefor the treatment of wastewateand
Tchobanoglous et a{2003) foundsomeof them to be commonlynplemented. The

use of chemicalsan enhance the performance of the treatment and have a wide range
of application as for e.g. coagulation, disinfection, neutralization or oxidation. The kind
and theAmount of chemicalsonsumed during the treatment procdspends on the
purposeof theadditionand on the influent quality. However, the negative aspect is that
constituents are added to the wastewater and may raléessgection byproducts
(DBPs)to the environmertAsano et al., 200Qr may influence subsequent treatment
steps. Furthenore, the costs for chemicals can be very expensive. Therefore, the
amount of chemicals should be as low as possible. In a wastaWatéP, theuse of
materialss common for e.g. the change of filter media. To reduce the @odtsrotect
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resourcestheamount of materials consumed during the treatment prosiessid be

as low as necessatry, i.e. without decreasing the performance of the WWTP. The energy
consumptiorcovers theElectricity consumedluring the treatment processid has an
impact on the envimmment (Sadr et al., 2014) as explainedhe next paragraptA

major impact on the consumption have pumps (U.S. Environmental Protection Agency,
2013) and processes ag. theaeration (Jetten et al., 1997). The amount of energy
produced by e.g. the recovery of biogas would compensate a part of the energy
consumed (U.S. Environmental Protection Agency, 2013).

The emissionsof certaingases are considered to contribute to dlet@rming and
according to the Kyot®rotoco] theymust be reducedorldwide (Shine et al., 2005).
Campos et al. (2016) identified thalowing greenhousgaseqGHG) to be emitted
during the process of wastewater treatmargthaneCHa during anaerobidigestion
nitrous oxideN20 and carbon dioxid€0Oz. The global warming potential (GWP) is
expressed as Ckequivalent and e.g. methane has a GWP of 25-&fivalents
(Daelman et al., 2012) and accordingly, it contributes much more to the global warming
than CQ itself. Next to the direct emission of those gases during the treatment,
greenhouse gases are indirectly emittdgdconsuming electricity and materials and
during transportation outside the boundaries of WW&/TP (Bani Shahabadi et al.,
2010).Therefore, theGHG emitteds closely related ttheenergy consumption of the
WWTP and is expressed as the equivalent of kg Gfnitted to the atmosphere
Therefore, energy efficient treatmemit onlyreduces the cosif operationbut also
lowers impactonthe environment.

The controlledelease of contaminargssures a sufficieguality of the effluentvhich

is crucial to protect the environment and human health (Andersson et al., 2016). The
wastewater constituents that must be removed theefollowing, according to
Tchobanoglous et a2003):Total suspended solids (Tg8)g SS/L] which can cause
sludge deposits and anaerobic condition when released to the recipient water body,
biodegradable organic80D, COD [mg O)JL] which is the demandedxygen for
biological stabilization and therefore, the presence in the water can lead to anaerobic
conditions in the environment, and pathogdasdal coliform$ [UFC/100 mL] which

can transmit diseases. The releaseutfients like Nitrogen and hosphas, can pose

the risk of eutrophicationand lead to severe changes in aquatic and terrestrial
ecosystems (Smith et al.,199B¢hobanoglous et al2003). In reason of this, the
release to the environment must be control@timium, mercury, copper and teare

highly toxic heavy metalaind their release must be prevented to protect human health
and the environment (Tchounwou et al., 2012).

The Total area requiredfor the WWTP has an economic and a recreational value
because it could be used for e.g. agricultural land or as green space. The impact on
society is reduced by increasing theea of the buffer zone.e. the area between the
WWTP and the settlements. d¢e two indicators are describing the principle of the
land requirementf the WWTP.
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Table8: The environmental aspect, its principles, criteria and indicators.

Aspects Principles Criteria Indicators

Source for indicators

Phosphorus and nitrogen

HellstrEm et al. (2000); Lundin et
al. (1999)

Biogas recovered

Snghirunnusorn and Stenstrom
(2009); HellstrEm et al. (2000)

process

Recovery Sudae reuse Molinos-Senante et al. (2014);
9 Lundin et al. (1999)
Snghirunnusorn and Senstrom
Water reuse (2009); Molinos-Senante et al.
(2014)
Amount of fresh water
Environmental Resources Water consumption  consumed duringtreatment HellstrEm et al. (2000)
process
Amount of chemicals
Use of chemicals consumed duringtreatment HellstrEm et al. (2000)
process
Amount of materials
Use of materials consumed duringtreatment HellstrEm et al. (2000)

Electricity consumed during

Ener nsumption
ergy consumptio treatment process

HellstrEm et al. (2000); Muga and
Mihelcic (2008); Bradley et al.
(2002)
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Table 8(continuous): The environmental aspect, its principles, criteria and indicators.

Environmental

Emissions

Carbon footprint

GHGemitted

HellstrEm et al. (2000)

Release of contaminants

Effluent quality

Total suspended solids (TSS)

Bradley et al. (2002); Metcalf and
Eddy (2003)

Chemical oxygen demand
(GOD)

Snghirunnusorn and Senstrom
(2009); Lundin et al. (1999);
Bradley et al. (2002)

Biological oxygen demand
(BOD)

Snghirunnusorn and Senstrom
(2009); HellstrEm et al. (2000)

Faecal coliforms

Snghirunnusorn and Senstrom
(2009); HellstrEm et al. (2000)

Risk of eutrophication

Total nitrogen

Singhirunnusorn and Stenstrom
(2009); HellstrEm et al. (2000)

Phosphorus

Snghirunnusorn and Senstrom
(2009); HellstrEm et al. (2000)

Heavy metals

Cd, Hg, Cu, Pb in effluent

HellstrEm et al. (2000)

Land requirement

Sze

Total arearequired

Snghirunnusorn and Senstrom
(2009); HellstrEm et al. (2000);
Molinos-Senante et al. (2014)

Area of buffer zone (noise,
odour)

Snghirunnusorn and Senstrom
(2009)
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Indicators within the socialdimension(Table 9

In sustainable development, the implementatodna social dimension covers the
affection of the society by the wastewater treatment pldaiigtrom et al., 2000).

The awareness and satisfactiof the peopleare important becauseinsufficienty

treated wastewatdras aHealth impactand anEnvironmenal impactthatneed to be

understoodA functioning wastewater system startthethouseholdlevd Nd s oci et y o s
Satisfactionwith thesewagesystemeads to a highewilling nessto participate Access

should be provided to all households within the catchment area aV¥NE@P to

improve the living standards. Moreovhigh Sewage coveragmacreaseshe protection

of health andhe environment.

Theacceptancef the public is determined by the impacnhoiseandodouremissions

as found byMolinos-Senantg2015), but also by thparticipation in O&M which is
especially importanfor decentralised system®dour, 2007) Besides, thevisual

impactof the WWTPcan cause disapprv a | . | f tadcept the systens thateo n 6 t
is a lack ofWillingness to pay afair tariff for collection and treatmenof the
wastewater.

Indicators within the institutional dimension (Table 1Q

The experience regardiMyWTPsin developing countries of Claudia Giswas used

to include several indicators within the institutional dimensiafter personal
communication in November 201The institutional aspectaere developedand the

following principles are representethe Level of institutional capacityhe Record of

data, the Level of interaction with usershe Level of satisfaction with the working
conditions,and theLevel of autonomyT he functionalityof the treatment plant must be

ensured by enougfechnical and administrative human resourassvell asAvailable

supplies and equipmenfdditionally, the dataegarding the quantity of incoming

water, the quality of influent and effluent must be recorded accurately to maintain the
WWTP6s performance, and infrastructure plar
To provide social sustainability, the involventeof the society through annual

meetings and/or an annual report should be provided by the institution. Moreover, an
adequate salary and the safety of the WWTPE
satisfaction and hence, their caring about the work.
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Table9: The social aspect, its principles, criteria and indicators.

Source for indicators

al. (2002)

HellstrEm et al. (2000); Bradley et

Snghirunnusorn and Stenstrom
(2009)

Snghirunnusorn and Stenstrom
(2009)

Lundin et al. (1999)

Snghirunnusorn and Stenstrom
(2009)

Snghirunnusorn and Senstrom
(2009)

Snghirunnusorn and Stenstrom
(2009); Malinos-Senante et al.

Bradley et al. (2002)

(2014); Muga and Mihelcic (2008);

Snghirunnusorn and Stenstrom
(2009); Molinos-Senante et al.

Bradley et al. (2002)

(2014); Muga and Mihelcic (2008);

Snghirunnusorn and Stenstrom
(2009); Molinos-Senante et al.
(2014); Bradley et al. (2002)
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Table10: The institutional aspect, its principles, criteria amdlicators.

Level of interaction
with users

eventswith users

Aspects Principles Criteria Indicators Sourcefor indicators
Available technical human Caudia Cossio, November 2017;
resources Bassan et al. (2014)
Level of institutional  Available administrative Jaudia Cossio, November 2017;
capacity human resources Bassan et al. (2014)
Ava”ablesupphesand Caudia Cossio, November 2017
equipment
Record of flows Jaudia Cossio, November 2017
Records of data Recqrd ENERESETHNE Caudia Cossio, November 2017
quality of wastewater
Plans of the infrastructure Jaudia Cossio, November 2017
Ingtitutional Institutional aspects Number of communication

Claudia Cossio, November 2017

Number of annual socialized
reportswith users

Caudia Cossio, November 2017

Level of satisfaction
with working
conditions

Level of salary

Jaudia Cossio, November 2017

Safety conditions (clothes,
hygiene and health)

Caudia Cossio, November 2017

Level of autonomy

Property of land and fixed
activities

Jaudia Cossio, November 2017

Auto-sustainable financing
(own means)

Caudia Cossiom November 2017,
Snghirunnusorn and Stenstrom
(2009); Bassan et al. (2014)
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5.1.1 Identification of influences within the set of SDIs

An overview of the influences between the criterigoisvided inFigure 32 The
diagram helps to better ungéand the interconnections within the set of S[Eigen
though, here, the criteri@ere consideredhar describingindicatorsand hencetheir
influenceswereindirectly included.

As can been seen, the criteofithe five dimensions do not only influence criteria of

other dimensions but also the indicators within their own dimension, as e.g. the

A Bmoval efficiency of wastewater constituency may influence directly the

i @mplexity of O&MoO due to more sophisticad technologies or the negative impact

of increasedEnergy consumption on the environment is directly interconnected with

the i @bonf o ot pfrtheMMWIP. Other influencesdicated in the diagram are

potential, but their activation is not certain. Raththey depend on the kind of changes
occurring within the influencing criterion
have an influence on the fAiComplexity of O&NM
to the lack ofaccessibility provided throughfrastructure.

As can been retrieved from thegure 32 t he A Remov al efficiency
AO&M cost so,and & dhen difdasso@apcriterioncaee influencing

or are influenced by many other critesiad hence, are of high importance for the set

of SDIs. Especially, a change within the criterion ofihrRe moval ef fi ci encyo

an i mpact on many enhhequaditegniatde filRe sSKETK
and the AComplexity of O&MO. Contrary, the
criteria that are not influencing and are not influenced by another criterion. This means,

that the change of the awareness throtnghchange of many of those single criteria

wi || |l ead to a strong influence of the nAAc
criterion within the social dimension serving as a conjunction pGinly few arrows

can be found when looking #te crieria within the environmental dimensioffhe

criteria within the institutional dimension seem to haveahestimpact; however, all

five criteria are infuencing directly or indirectly the three criteria mentioned above as

the most influencing ones.
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Figure32: Influence diagram of the criteria included in the generated set of SDIs.
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5.2 The assessment of two WWTPs in Bolivia

From the set presented in the previous section, indicatorsseletedand the final
set ofSDIs was formulatedndis presented in the first part of this section. Followed
by the actual assessmersting this seandadirect comparison of the two WWTPs.

5.2.1 The final set of indicators

All indicatorslisted in Section 5.1are relevanfor sustainable wastewater treatment

systems; however, depending on the syétesanfiguration local conditios and the

present regulations, not all indicators are significant for every treatment sysiem.

exampl e, the <criterion i Res oulPhosphorlBecovery
recovery Biogas recovery Judge reuse andVater reu. If there is no anaerobic

digestion, the production of biogas is low and might be not feasible as an energy source.
Additionally, theavailability of data is important to avoid the acquisitionnafccurate

datawhich may result ira false notion about éhsustainability of the system.

The indicator participation in O&M was excluded from the list since the two
investigated systems are sed@centralised and tf@&M must be executed by trained
staff. After discussing the set of indicators with expastSlaudia Cossiand Sebastien
Rauchwho both are actively involved in the assessmeM@fTPsin Cochabamba,
two indicators were found to be unessential during the first sessioBHGeemitted
and theRelease of heavy metal¥he first was eliminated fothe complexity of
capturing of all greenhouse gases emitted within a sysitesa itdemang special data
records and is a wotiktensive procedure that exceeds the scope of this Woece
are no industries located near the treatment plants and accordamgltexpertsthe
incoming water to the treatment plant is no contaminated with heatgls and thus,
the released number of toxics is not considered. Moreover, in reason of difficulties in
the obtainment of relevant data and its quantification, the indidatoe of reliable
operationwas excluded after getting a first impression of thdvailable at site and
at the university in Cochabamba.

The final set of indicatorsvas used to investigate the two WWTPs and assess their
sustainabilityperformanceand contains60 indicatorswhat makes it vergxtensive
However,due to theawakenes that data acquisition is often difficult in developing
countries and the elimination of indicators may lead to a thin dgtmaey indicators
that could have been ignarevere included to prevent thalse interpretatiorof the
collected data.

5.2.2 Sustainability assessment

To get an impression of the dimensions, hence, the expenses, the performance, the
social acceptance, the impact on the environment and the institutional organisation of
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the WWTPs questions addressing therresponding indicators were formulated and
grouped in questions askedtt® administrational unit of the WWTP, the workers at

site aswell as the laboratory at the UMS&ndto a random sample of residentdhe

three questionnaires can be foundAppendixB and theTablel11to 15in Appendix

C provide an overview which questions address which indicator. Moreover, the units
in which the answers were given as well as the answers for both WWTPs are presented.

The economic dimensionTable11in Appendix C)

For the initial construction of the treatment plant of El P&0862 US$ had been
invested. Due to malesigning inform of miscalculation of the inclination of the
terrain, the entire WWTP needed to be reconstduatel an additional 202 678 kS

were required. The first amount, 43 % of the total cost, was subsidised by the
government while the castor the changes arecarried by the association (segure

33). The ground the treatment plant is built on was provided free of charge from the
owner but is estimated to have a monetary value @006USS$.

It was stated thaih reason of the biological treatment units emergyis consumed

during the treatment pcess.The cost of chemicals was unknown and considered as
neglectable by the engineer due to the small amount in which calcium oxide is added
during the treatment procesSome materials as sand, gravel and paint colour are
consumed during the year; hovegythere vasno informationavailableregarding the
amount consumed or the yearly cost of those. As a result, the recorded operational cost
permonthisOU$. The salaries of the WMADROS t hr e
US-$ per month and argas admirstration costspart of the total costs of O&Nksee

Figure 34. There is no percentage paid directly by the association for the insurance or
pensions of the employed®ecauset was difficult to dstinguishbetween the costs of
operation and the ones of maintenance per month, a question addressing the entire cost
was given to the administraé unit. To operate and maintain the WWTP, 965-8S

are spent every month. In case of emergency cases, as e.g. the faildreatrinant
technology due to breatkown, there is no budget available to cover unexpected costs.
Also, there is no budget to-revest into the WWTP in order to expand its capacity or
improve the treatment efficiency.
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Initital costs of the WWTPs

El Paso 86862

San Pedro Magisterio
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Figure33: The initial costs and the amount subsidised by the government.
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Figure34: The monthly costs of operation and maintenance at both treatment plants.

For theinitial construction of the treatment plant of San Pedro Magisterio, 60 000 US

$ hadbeen invested (séagure33). Contrary to El Pasdhere was no support from the
government, butie money required was to 100 % dondigthe NGO, the Foundation
AAbril 06 and the centre of international
public was motivatetb actively help in the construction process. Furthermore, money
was saved byhe provision of the land through the territorial organization base (OTB)
which are groups in neighbourhoods formed to improve their public services.

Due to the location of the WWTP in a depressiiwe pipes run downward, amgh
pumpswereinstalled anchence, no energy is consumed for the transportation of the
wastewater. Additionally, the anaerobic technologies alovenergyand chemical

free treatment. Some materials as sand, gravel, painting colour and wire mesh are
bought during the year and cagiproximately 8,5 US per month and because it is

the only costrecorded the operational cost per month is 8,5 -8SThere is no
information available for the maintenance cost. The figananent employees at the
WWTP are paid in total 303 US$ per moth and is equal to the administration cost
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because no money is paid to insurance companies arp@nsion of the employees.
Thetotal O&M costs argresented ifrigure 34 Neither ismoney available to reinvest
nor were there information regarding thedget for unexpected costs

The technical dimension Table12in Appendix C)

In El Paso, 2,8 (242 n¥) wastewateproducedby 534 households enter tiéWTP

per secondday)which is only 28 % of the design flow. Hen@nother 7,2 L/s could

be treated which equals the connection of 1373 more households to the WWTP.

The efficiency of the WWTP is characterized by the removal of constituents of the
wastewder and is presented iigure35. To make the following treatment technologies
work properly, oil and greasas well as TSSmust be removed during the pre
treatment. At El Paso, no sampling takes place after thdérgagment andas a
consequencethe removal through screens and sedimentation channel is unknown.
However, samples were taken after the primary treatment (UASB3 eemoval of 46

% of TSS was determined. For the other constituents, the removal efficiency was
calculated using the concentration in and effluent. Greases and oil are reduced by
41 % before the wastewater is released to the environment. The totalaieof TSS

is 80 % and therefore, fulfils the requirements of 70 to 90 % according to the European
Union law (compare tdable5 in Section3.2.2). The percentage of removal achieved

for COD are wih 69 % below recommended 75 %, but especially 20 % removal of
BOD:s is far below the guideline value of 90 %. The removal of faecal coliforms is with
90 % still insufficient. Depending dhesensitivity of the recipient water as well as on

the intended reuse of the wastewater, the limit véluethe concentrations of nutrients
varies. There is no clear information about the reuse and the sensitivity of the recipient
water is unknown. Hencéhe recommended percentage of removal of 80 given by the
European Union law is used to assess the performance, but even if considering the
Swedish EPA standards of 50 % for nitrogen (high protection level) and 90 % for
phosphorus (normal protection leveliRoth et al., 2017), the achieved removal
efficiendesare with 5,25 % very low for nitrogen and withl,6 % even negative for
phosphorus.

Removal efficiencies at the WWTP in El Paso
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s 20
: H g . o
g 0 ]
-20
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Figure35: The removal efficiencies in [%)] of the wastewater constituents through the entire
treatment at the WWTP ikl Paso(in columns)and the guideline values according to the
European Union law from 1991 (rédes).

Regarding the complexity of the initial @be no information was available, but the time
from the beginning of the planning phasehe initiation of the WWTPtook almost 9
years which is a mar cause for the high resulting construction cost and indicates a
certain complexity of this phase alack of qualified engineers designing the WWTP
The accessibility provided through infrastructure for the execution of O&M was judged
as satisfying by the operator and the administrator, but as poor by the engineer due to
the problems evolving from @oor design of the UASB reactor that leads to
complicationsduring O&M because it is extremely hard accessiblee operator is
supporting this by indirectly referring to the UASB reactor as the most complicated
treatment unit to operatélhe engineer is visitg the WWTP regularly, but a
permaneny employed engineer is missing in the institution. Furtherntbeeguestion
regarding the potential need for training was affirmed and it was explained that an
increased qualification of the staff working at the WW@iR lead to the improvement

of the O&M and accordingly, to a better performance of the WWTP

Almost a third of the inhabitants in San Pedro Magisterio are connectedWwONd
AFriulio and produce an i (O6m/d)wmchisBidst ewat er
of the design flow. After connecting all households in the neighbourhood, there will be
capacity for 136 more households.

As for San Pedro Magisteriahe points of sampling were also for this WWTP the in

and outletresulting in the unknow of the removal efficiencyf the pretreatmentfor

oil and greaseandTSS. After passing the prand primary treatment, the wastewater
contains 36 % less oil and greases and 35 % less TSS. During the entire treatment
process, oil and greases are rentblg 44 % and the TSS by 76 % which fulfils the
guideline valudseeFigure 3§. Same accounts for the removal efficiency of 61 % for
COD. Even though the organiese removed more efficidgtthan in El Paso, the
removal efficency of 80 % for BOB is still below the European Union law
recommendation as well as below the Swedish EPA value. Equally to El Paso, there is
neitherinformation about the sensitivigf the Rio Rochawhich isthe recipient water

nor details about thaise of the watedownstream Turning now to the removal
efficiency of the nutrients, due tolack of data for the concentration of total organic
nitrogenin in- and effluentjt was not possible to calculats removal efficiency. The
phosphorus is reduced by 41 % which is slightly more than 50 % of the required
efficiency. Figure 36 presentsthe removal efficienciesachieved at the WWTP
compared to the recommended ones
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Removal efficiencies at the WWTP in San Pedro
Magisterio
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Figure36. The removal efficiencies in [%] of the wastewater constituents through the entire
treatment at the WWTP in San Pedro Magisterio (in columns) and the guideline values
according to the European Union law from 1991 (red lines).

It took oneyear from the plaming to the start of the treatment of wastewater through
the WWTP and its construction was reviewed as uncomplicadedording to the
operator and the administnagiunit of the WWTP, thelesign was well elaboratednd

the infrastructure facilitates thearrying out ofO&M. However, the O&Mdutiesare
perceived as difficult by the operator because of the manual cleaning of screens and
sedimentation channels. Contrary to El Paso, the cleaning of the UASB reactor seems
not to be a difficulty for the operatcat least not consciously sinoegardless of his

own evaluationthe reactor is questiedto be workingdue to the absence of produced
sludge

An engineer from SEMAPA is working volunter at the WWTPa few times a month

and the administratve unit stated thatincluding the engineerno other personnel is
needed. This engineer also carries out the training in case apeeators hired.

In both WWTPs the design flow is not exhausted yet and given that, the expansion of
the neghbourhoodand consequentlythe connection ofurther households could be
covered.Neverthelessin neither of the twdWWTPs exists a manual for O&M that

may help to improve theechnical performanceof the treatmentand ensure the
reliability of the sysem.

The environmental dimension Table13in Appendix C)

Both in El Paso and San Pedro Magistemethanes producedduring the anaerobic
treatment in the UASB reactbut becausef the small quantityit is burned directly
In El Paso, the sludge produced is dried snthen pickedup for disposaWhile no
sludge produced at th&WTP of San Pedro Magisterio. As adrdy mentioned in the
economic dimension, no material, no energy amdresh water isonsumed at neither
of the WWTPs. The use of chemicals is practisdel ®asdut in very small quantities
that are, according to the engineer, neglectable
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The maximapermitted concentrations according to the Ley 1333 were retrieved from
Table 4in Section3.2.2 and inFigure 37 the determined values determined for the
effluent quality of both WWTPs were compared to those limit values.

The nutrients are not recoveredtremain to large extent in the wastewater which is in
both cases reused downstream, unsuperyvised the irrigational purpose. The
concentration of total phosphorus in El Paso accounts to 17,7 mg P/L and israh@ost
times the maximal allowed concentration. The concentration of total nitrogen
discharged to the recipient water is very high with 116,78 mg N/L whickelesnes
higher than the permitted concentration of 12 mg N/L. For the effluent in San Pedro
Magisteio, however, no data was available for the total organic nitrogen content in the
effluent and hence, no concentration of the total nitrogen could be calculated. The
phosphorus concentration is lower than in El Paso, but with 11 mg P/L still more than
5 times higher than the permitted concentration.

The treated wastewater leaving the WWTP in El Paso contains 71 mg SS/L which
exceeds the allowed concentration of 60 mg SS/L by 11 mg/L. The COD was measured
to be 253,5 mg €L in the effluent what is only 3,5hg QJ/L too high. However, the
determined BOBis with 168 mg QL very high and more than double of the limit
value. A totally different result was found at San Pedro Magisterio, where the maximum
BOD:s is only exceeded by 2 mg2D. Here, the concentrain found for the COD in

the effluent is with 123 mg £L half of the concentration permitted. The amount of
TSS is quite high with 82 mg SS/L.

Constitutent concentations in the effluent of the

WWTPs
300

250
M El Paso

San Pedro Magisterio

250
200
150 -
5
o || - .
- - AN |

0

Concentration in effluent [mg/L]
o

253,5 m Permitted concentration
168

[mg/L] [mg/L] [mgo2/L] [mgO2/L]  [mgN/L] [mg P/L]

Oil & grease T5S CcoD BOD5 N-tot P-tot

Figure37: The concentrations of wastewater constituents in the effluent discharged from the
two investigateWWWTPs In red boxes the concentrations exceeding the permitted giakre
by the Ley 133&nd in green boxes the ones within the allowed limits.

The wastevater effluent at the WWTP at El Paso contains 3,58t10C/ 100 mL and
at San Pedro Magisterio 1,009“0QFC/ 100 mL. Both are much higher than the
permitted maximal concentration of 1®II0FC/ 100mL (seeFigure38). During heavy
rain in the summer seasomastewatewith a concentration of 3,5707 at El Paso and
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4,80107 UFC/ 100 mLat San Pedro Magisteris dischargedaver the bypassto the
streans without passing the primary, secondary, not tertiary treatmett uni

Concentration faecal coliforms [UFC/100mL] in
the effluent of the WWTPs

Permitted concentration 1,00E+03

1,00E407

San Pedro Magisterio

Figure 38 The concentration of faecal coliforms in the effluent discharged from the two
investigated wastewater treatment plants.

The area occupied by the WWTPs is an important indicator when related to the design
flow. For El Paso, the area required accounts3@£2nt which can be pictured as 3,41
MParedMPwastewater, design T he total area available offers 7102 amd therefore, 58 % is

still available. In San Pedro Magisterio 4,8a@mM3wastewater, desigisS Nneeded due to an
occupied area of 493 n?, and 77 % of the total area is already used.

Both treatment plants are located in apgban area and the houses are built relatively
close to the treatment plants, as e.g. the nearest house can be found 50 m away from the
WWTPG&s gr ou naddinaroun& 100 R distance in San Pedro Magssteri

The social dimension Table 14 in Appendix C)

There was a sense of higtvarenesamongst the interviewe@sboth neighbourhoods

All participantsknew about the importance of the treatment of wastewater for the
protection of health anthe environment Only a few have heard afases in which
people suffered illnesdue to thebad quality of the streanvater. At both locations,

more than twehirds of tie households participating in the survey respondedItiess

in form of infectionan impact caused by the release of untreated wastewater to the
environment. Additionally, they mentioned tbentamination of freshwater bodies and
the increased presenoEmosquitosas consequences

80 % of those who were interviewed wesatisfied with the service provided by the
WWTP in El PasoIn San Pedro Magisteri@Q %of the participants were satisfied but
despite,more than half@5 %) expressegbrecise complaints: 86 % criticde¢hat the
wastewater returns from the canalisation system in times of heavy rain and sdggest
the change of pipess an improvemenand14 % complaiedabout the odour emitted
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from the WWTP. Anothenecessarymprovemat was mentionedby 18 %and it was

the higher purification of the wastewater before it is released to the environment. In El
Paso, only 10 % have complaints, blso here, it was stated thhae wastewater returns
during the rainy season from the colleatsystem. For this reason, the change of pipes
wasmentioned by 35 % as necessary and 57 %eudait householdto be connected

to theWWTP. The sewageoverage accounts to 44,5 % of the households and of the
residentsinterviewed, 15 %were not connecéd. Some stated they asked for being
connected but haveot heard back from the association for over half a year. In San
Pedro Magisterio, all households are connected to the drinking water system, but only
56 % to the sewage systelet, all houses thathe surveys were conductedvetre
provided with a sewage system connection. The tariff collected for the sewage service
is included in the price for the drinking water service. In San Pedro Magisterio the price
is a result of 60 % of the amount of drinkiagter consumed times a fee per litre
depending on this amount. There are three categories: low, medium and high
consumption. To calculate the average price, the fee for the medium consumption was
used. Whereas the average pigc@,81 Bs/montlaccordingo the survey answerthe
average price calculatedth the price list provided by the associatiwas 3 Bs/month.

By all usersparticipating in the surveyhe pricewasperceived as justified and 55 %
werewilling to pay more if their suggested improvements wouldeladised In El Paso,

the price is fixed with 5 Bs/month. There, however, many people did not know that they
pay or how much they pay. Because of tthis,overall response rate regardihg pice

itself was poorand of tltose one rated the price as justified, two as too low and two as
too high. Independently from the knowledge about the tariff, Ase¥ewilling to pay

more in case of the enhancement of the service.

The emissions in form of @dir, noise and visual impact noticed by the inhabitants are
crucialto interprethe acceptance of tM#WTP and the related complaints. In El Paso,

50 % of the people were sensing odour outgoing from the WWTP and 30 % of them
find it disturbing in their egryday life, especially during the night and in the mornings.
Contrary, noise does not seem toseena problemamongst the interviewees ag@

% stated the WWTP has a visual impact but it does not disturb them during their
everyday life.In San Pedro Mgisterio,the appearance of the WWTWas perceived

from 20 % as positivebecause the ground around the treatment plant that was
inaccessible before is now usedaascreational area. Different though for the emitted
odour: 45 %reported to haveoticed it and all of tlosehaveperceivel it as irritating,
especially when the air is warm and in the mornings.

The following Figure 39providesan overview of the responses given by the residents
that were participating in the survey. The obtained qualitative data is illustrated as
percentage of the application with the corresponding indicator.
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Social performance of the two WWTPs

100 a

80 @]

[%] of responses

60

40

Sewage coverage Impact awareness Satisfaction Price knowledge Perception of odour

@ E| Paso San Pedro Magisterio

Figure39: Socialperformance of the WWTPs in terms of sewage coverage, the awareness of
the impact of untreated wastewater released to the environment, satisfaction with the sewage
service, the awareness of the price paid for the service, the perception of odour.

The institutional dimension (Table15in Appendix C)

The WWTP in El Paso can sustain itself with the income from the tariffs from both
wastewater and drinking water service fees. They pland®ase the pricper n¥
wastewater to cover the operational costs only from the money paid for this service. In
San Pedro Mgisterio they did not know if the costs are covered only by the income
through the fee for the wastewater service. They also want to increase the prices to
realisethe improvement of the systein. both plantsevents to communicate with the
users are omnised once a year and all of them are recorded.

The questions regarding the level of institutional capacity characterized by the
availability of technical and administrative human resources, and of enough supplies
and equipment were affirmed both by #ministratve unit at El Paspas well as at

San Pedro Magisterio. However, both specified their arslementioning there are
enough technical human resources when counting the engiasepgrmanent
employees. Furthermore, at El Pasguipment isnissing and at San Pedro Magisterio

the operator is complaining about not having a set of working clothes to change and
neither does he have a proteetmask. Hence, there is a lack of safety clothes.

The incoming flow to the plants is not recorded #me quality of inand effluenis not
analysed, but once a year the engineer measures the flow in El Paso, and respectively,
the university does it in San Pedro Magisterio and also analysis the quality at both
WWTPs. The results are recorded but the daitnot stored by association but by the
university.

The pie charts ifrigure 40shows the breakdown of the salary per hour earned by the
permanent employees at the tWOWTPs. The bigger the pie piece, the high the
empl oyeebdbs hourly payment in comparison
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Salary distribution at El Paso

m Operator

25,49 %

m Secretary

= Plumber

Salary distribution at San Pedro Magisterio

8,27%
m Operator
m Secretary
45,39 % » Plumber
20,86 %
Adminitartor
= Accountant

Figure40: The salary distribution as percentages of the sum of hourly payment at th@sVWT
(El Paso on top, San Pedro Magisterio on the bottom).

The average salary 2,03 t$hour for someone working at the WWTP of El Pade
plumber ad the secretary earn 2,72 $#our and 1,81 US/hour and both work
8h/day from Monday to Friday, while the operator earns the least with 1,55 works US
$/hour but works the most with 8h/day on every day of the week. An additional
important information ishat the operator lives on the ground of the WWTP, less than
20 m from the treatment units, to be always at site, while his family lives about 10 min
away. He complains about suffering fr@astrong headache.

The average salaiig 3,99 US$/hour for anemployee working at the WWTP of San
Pedro MagisterioThe accountant working 8 h/month at San Pedro Magisterio earns
with 9 US$/hour double the amount of 4,16 {$&our which is what the administrator
earns who works 4h on five days of the week. The lowagment is received by the
operator. He works every week 8 h/day from Monday to Friday and 4 h on Saturday
and earns 1,65 U$%hour. Hence, the employee working the most has the lowest
payment per hour.
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5.2.3 Summary of the assessment

In conclusion, the susinability of the two WWTPs was difficult to assess and there is
no value for the global sustainability available to answer the question of their
sustainability with fiyesodo or HAnoo. Wi t h
little data available tgive a statement about the economic sustainability, the technical
sustainability was rather low at both WWTHks terms of resource recovery, the
environmental performance is low and effluent quality but higher for its low
consumption of resources. The mueetation of the social dimension is based on
subjective data and its performance overall is considered high. The institutional
sustainability is due to the evaluation of the questionnaires high, but the recent
implementation of this aspect is connecteithwan uncertain outcome due to the
untested approach to acquire its indicators.

The WWTPsare based on anaerobic processes that provide a resource preserving
treatment of the wastewater resulting in low consumption of energy, water, chemicals
and materis. Despite the potential of recovering resources as nutrients, biogas, sludge
and wastewater, it is not utilised to compensate O&M costs. The chosen technologies
are appropriate for the implementation in a developing country for the possibility to be
congructed with local resources and a low level of sophistication which should come
along with simple O&Mif appropriately implementedNeverthelesgheir weaknesses

were connected to the complexity of the O&M due to poor designing of the WWTPs
and the laclof institutional capacity, causing that the staff did not receive the required
training to execute the duties. The consequences are low removal efficiencies and an
insufficient quality of the effluent. Here, especially the nutrients are problematic
becausé¢hey pose the risk of eutrophication on the aquatic ecosystems connected to the
recipient water. The treatment through the UASB reactor offers the possibility of
nutrients recovery and wastewater reuse; however, the concentration of faecal
coliforms in tre effluent must be reduced by more than four log removal and currently
only one is achieved. In El Paso, this problem is addressed by implementing a new
treatment unit after the UASB reactor to reduce the load of TSS entering the anaerobic
filters and hene, to prevent their clogging. Its higher efficiency and the UV penetration
during the retention in the maturation ponds due to less particles will result in higher in
higher log removals of pathogens.

Another weakness within the technical unit was idedtilue to low salaries and its
unequitable distribution.

The residents of the neighbourhoods were aware of the importance of the wastewater
treatment systems and only few complaints were expressed despite the closeness of the
WWTPs to their homes. Thetsfaction, however, is strongly affected by the low
sewage coverage rate, leaving many households disconnected. Another negative impact
is the returning of the wastewater from the canalisation during heavy rains. Those also
cause the flooding of the WWEPand the direct release of the wastewater to the
streams.
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5.2.4 Comparison of the two WWTPs

Following the same procedure as in the last two sectioasesults for the comparison

of the two WWTPs are presented feach dimensiorseparately. For the direct
comparison, a score of 0 or 1 was assigned, with 1 as the better scoliagefcélo
ensure that the scores were assigned corrdtily,indicatod gositive or negative
impact onsustainable development was consideredhécase of equal results, the
WWTPs were assigned 0,5 points and if there is a lack of informatiois, \W#WWTP
received O points while thetherWWTPsautomaticallygot one pointregardless of its
performanceThe difference between the sum of points gained by the WWTPs reveals
how superior theVWTP with a higher sum is performing within the corresponding
dimension.

Figures42to 46in this sectiorcomparehe performanceof thetwo WWTPs. The dark
colour is representing the performance of the WWTP of El Paso (EP) and the light the
WWTP of San Pedro Magisterio (SPM).

The overall atcome issummarizedn Figure 4land it can beeen thathe WWTP in

El Paso is performing better within the economic and technical dimension while the
WWTP in San Pedro Magisterio scores higher for the indicators of the environmental
and social dimension. They tie in terms of institutional performance. After summing up
all points for each WWTP, both have,3points.

According to this result, the sustainability performance of both WWTPs is equal.
Neither can be said if the performance is actually sustainable or not nor can the
difference inthe performanceitself for a sirgle indicator be told Additionally, the
significance of the single indicators for a sustainable system were ignored. To overcome
this limitation, the ranks obtained for each indicator accordirfetiion3.3.1 which

were usd for the identification of the significant indicators within the set were
multiplied with the scores assigned to each WWTP in the chapter. The new scores are
15,32 points for the WWTP of El Paso and 14,10 points for the WWTP of San Pedro
Magisterio.
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Comparison of the two WWTPs for each dimension
10

Economic Technical Environmental Social Institutional
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Figure41l: The overall performance of the WWTPs. For each dimension, the bars represent the
sum of points of the WWTP in El Paso (blue) and in San Pedro Magisterio (orange).

The economic dimension

After counting the points, the WWP of El Paso received 5,5 points while it was 2,5
for the WWTP of San Pedro Magisterio (s€able 16 in Appendix D. This outcome
is illustratedin Figure 42wheredark orangéarscorrespondd the WWTP in El Paso
anddominate thdight orangebarsthat represent th&/ WTP in San Pedro Magisterio.

Performance within the economic dimension
Construction cost
Land cost
Cost subsidy from government W EP
SPM

Operational cost

Administration cost

Economic Indicators

Maintenance cost
Budget for unexpected cost

Capacity for re-investment

o

0,5
Score

=

Figure42 The economic performance of t"@NVTPsin comparisonEach bar represents the
score obtained regarding one indicaiidre light orangéarsrepresent the WWTP in San Pedro
Magisterio (SPM) and the dark oranggrsthe WWTP in El Paso (EP).

When comparing the two WWTPs in termsaafsts spent for the initial phase, the
treatment plant in San Pedro Magisterio was cheaper; however, 0 % were subsidised by
the government whereas in El Paso 42,86 % were subsidised. At both thiaridsd

was provided free of charge. Hence, they tidinithis criterion.

Due to a lack of information at San Pedro Magisterio and higher monthly expenses, El
Paso scores higher for the criteria of operation and maintenance costs and the capacity
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of reinvestment. Even though the budget available for expansior emergency cases
is 0 US$ but the administrate unit is aware of the neaxistence.

The technical dimension

As a consequence of a greater number of indicators within this dimension, the sum of
points is highethan for the economic dimensiand accountgor 9 for El Paso and 8

for Sen Pedro Magisterio. lirigure 43 it can be seen how close the result is since it is
difficult to identify which colour is dominating, but the exact points can be retrieved
from Tablel17in Appendix D

Performance within the technical dimension

WW received and treated I
Rem. Effi. of oil and grease

Rem. Effi. of TSS in pre-treat. NG

Rem. Effi. of TSS

Rem. Effi. of COD

Rem. Effi. of BOD

Rem. Effi. of FC

Rem. Effi. of TN

Rem. Effi. of P

Technical Indicators

SPM
Complexity of IP

Access through infrastructure
Time required for the IP
Complexity of O&M
Requirem. of skilled staff
Requirem. of training for staff

Puffer capacity

o
=

0,5
Score

Figure43: The technical performance of the WWTPs in comparison. Eactepegsents the
score obtained regarding one indicator. The light red bars represent the WWTP in San Pedro
Magisterio (SPM) and the dark red bars the WWTP in El Paso (EP).

The impact of the indicatamount ofwastewater treated and receiveas hard to
determine since it is influenced by the total amount of wastewater produced, the number
of households connected, the once to be connected, the growth rate of the area and the
treatment efficiency of the plant. These aspewtse reviewed separately through
several indicators and thus, here the indicatas rated neutral and both WWTPs
receive 0,5 points. The treatment efficiency is slightly higher at the WWTP of San
Pedro Magisterio which scores 4,5 compared to 3,5 points at El Paso. The initial phase
was less complicated at San Pedro Magisterio, but the accessibility provided to facilitate
the O&M is better at ElI Paso. The buffer capacity available at the WWTP of El Paso is
almost double the one at the WWTP of San Pedro Magisterio.

The environmental dimension

CHALMERS Civil and Environmental Engineering, Ma st e r ACEX60D-h85Erros! 84
Reference source not found.



The totalnumber of points received for the environmental performance acdounts
for the WWTPIn El Paso and 10 for the one in San Pedro Magistéable 18 in
Appendix DandFigure 44show the equglerformance of the two WWTP®r mostof
the indicators.

Performance within the environmental dimension

N recovery

P recovery

Sludge reuse

Methane resue

Water reuse

¥ Fresh water consumed
Chemicals consumed
Materials consumed
Energy consumed
TSS in effluent

COD in effluent

BOD in effluent

FCin effluent

TN in effluent

SPM

Environmental Indicator

P in effluent
Tot. area required

Buffer zone

o
=

0,5
Score

Figure44: The environmental performance of the WWTPs in comparison. Each bar represents
the scoreobtained regarding one indicator. The light green bars represent the WWTP in San
Pedro Magisterio (SPM) and the dark green bars the WWTP in El Paso (EP).

The difference of 3 points is made by the smaller land requirement of the WWTP in
San Pedro Magisteriand the greater distance between the facility and the closest
houses. Moreover, there are chemicaled during the treatment procedure in El Paso,
but there is no information availaliegardingthe quantitythey are used in

The concentrations of wastater constituents in the effluent is not compared to the
l'imit values but the quality of the two
other. The concentrations of TSS, faecal coliforms and total nitrogen are lower in the
effluent discharged tihe Rio Mal Pasomayn El Pas@and the concentrations of COD,

BOD and phosphorus are lower in the effluent discharged to the Rio R&da Pedro
Magisterio

The social dimension

When it comes to the consideration of the social indicators, the WW3¥RBnrPedro
Magisterioperforms betterachieving 5 points while the one in El Paso received 3
points (sed able19in Appendix DandFigure 495.
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Performance within the social dimension

Health impact I
Environmental impact mEP
Satis. with Sew. Sys. SPM
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WTP for coll. and treat.
Odour imp. |
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Visual imp.
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Figure45: The social performance of the WWTPs in comparison. Each bar represents the score
obtained regarding one indicator. The light blue bars represent the WWTP in San Pedro
Magisterio (SPM) and the dark blue bars the WWTP in EIl FaBd.

The residents ofboth neighbourhoods are aware of the potential health impacts
connected to the release of untreated wastewater to the environment. Only 2 % make
the difference in terms of the awareness of the impact on the environment. The sewage
coverage within the neighbourhoods is 11 % higher in San Pedro Magisterio than in El
Paso. Here is also where more people are satisfied with the sewage system and are
willing to pay a tariff for the service. The perceived odour was disturlbang
householddocatedclose to theVWTP in El Pasowhile houses located further away
were unaffectedbut in San Pedro Magisterio where the WWTP is located close to the
quite dense housing area complaints about odour emissi@expressethroughout

all inhabitants ad 30 % more householdban in El Pasa@omplaired about odour
disturbing their everyday life. While the visual impact was described as pdsiytive
some households in San Pedro Magisterio, 30 % of the questioned households in El
Paso stated a negative apim

The institutional dimension

The institutional performance of the two WWTPs diffessonepoint: 6,5 points for

El Paso and 5,5 points for San Pedro Magisterio {sd#e 19 in Appendix D and
Figure 46. For the criteria of the institutional capacity, the records of data and the
interaction with users, the performance is equal. The employees at the WV8aR in
Pedro Magisted gain more money per hour, but the safety conditions are better at the
WWTP of El Paso. While there is no information available about thesusiaining

of the sewage system in San Pedro Magist¢he plant in EI Paso can be sustained
with help of the income from the drinking water system.
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Performance within the institutional dimension
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Figure46: The institutional performance of the WWTPs in comparison. Each bar represents the
score obtained regarding one indigafbhe light grey bars represent the WWTP in San Pedro
Magisterio (SPM) and the dark grey bars the WWTP in EI Paso (EP).
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5.3 ldentification of significant SDIs in developing countries

After using the set dBDIsto assess the sustaiiléip performance of twdVWTPsin

a developing country, experts from different backgrounds but strongly familiar with the
concept of sustainability and some specialised in wastewater engineering were
consulted to rank the indicatorgthin the five dimensions. The outcoms a list of

SDIs that aresignificant forachieving sustainable wastewater treatmeigteveloping
countries.

In Table20in Appendix Ethe normalised average ranks over the entire set of indicators
(see Figuré2a to52e in AppendixE) as well as for each dimension (see Figi&to

53e in AppendixE) are presented. The indicatareceiving a 0 are the lowest and the
ones receiving a 1 are the highest ranketicators.Within the total set of SDIs, the
indicators perceived as more, and the ones perceived as less important were identified
by using a 25 % quantile.

The light grey marked, and black written numbers are the ones ranked hayieste
normalised ranks can be withdradvom theFigure 47 Thereare two economic, two
technical and one institutional indicator but no social indicatduded in this listThe
most significant indicators within the set of SDIs are listed from highest rank
downward:

9 available technical human resources
1 operational cost
M amount of wastewater treated and received
1 complexity of O&M
I maintenance cost
The most significant indicators
Operational cost
1,0 0,978
08
1,000 0,6
Availability of technical 04 .
Maintenance cost
human resources A
s 0,790
0,0
0832 A t of WW
s mount o
Complexity of OaM received and treated
0,961

Figure47: The indicators ranked as most important for the sustainability of WWTPs within the
entire set of SDIs.
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The dark grey marked, and white written numbers are the ones ranked lowest. The
concerned indicators are presenteéigure 48 and listed in the following from lowest
rank upward:

9 property of land and fixed activities
visual impact
number of annual socialized reports with users
removal efficiency for phosphorus
moneyavailable to reinvest
noise emission
plans ofthe infrastructure
land cost
removal efficiency of TSS
buffer capacity
number of communication events with users
removal efficiency of nitrogen
methane reuse
cost subsidy by the government
construction cost
removal efficiency of TSS during prreatment
willingness to pay for the sewage service
buffer zone.

=4 =4 4 -4 48 8 5 9 -5 -9 -5 _9 -9 -9 -9 -2 93

The indicators with lower importance

Construction cost
Property of land and fixed 0.4

activities
Number of annual socialized
reports with users

Land cost

Cost subsidy from government

Number of communication

JE—— 0,2 Money available to reinvest

Removal efficiency of TSS in

Plans of the infrastructure
the pre-treatment

Visual impact Removal efficiency of TSS

Noise emisssion

Removal efficiency of TN

Willingness to pay for

collection and treatment of... Removal utficiency otF

Area of buffer zone Buffer capacity
Methane reuse

Figure48: The indicators ranked as least important for the sustainability of WWTPs within the
set of SDls.
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The perceived importance of the dimensiongrasented ifrigure 49 wasobtained

by assigning points to each dimension and normalising their sum. The institutional
dimension scored highest and its normalised values is lerfMi®nmental dimension
scored lowest and its normalised value is 0. The normalised values of economic,
technical and social dimension are 0,5, 0,43, 0,57.

Perceived importance of the dimensions

Economic
1

0,8
0,6

e 04 ;
Institutional Technical

0,2
0

Environmental Social

Figure49: The perceived importance for the five dimensions of sustéitgab

The low and high perceived importance of the indicators within the corresponding
dimensions wadeterminedThe Figures 52a to 52eAppendix Ehave the same shape

as the Figure 53a to 53eAppendix Ethat show the normalised score for the total set

of indicators. However, here one indicator in each dimension gets a 1 and respectively,
one indicator gets a 0. In thivay, it iseasier to identify the significant and the less
important indicators:

T Within the economic dimension the i nc
reinvesto received the | owest and t he
(Figure 53an Appendix B.

T Within the technical di mension the i
received and treatedo received the | ¢
phosphor us ¢ tFigue 58bin §ppendixtB. r an k  (

T Within the environment al di mension t
received the | owest and tHgee5d&EC in ef
in Appendix B.

T Within the soci al di mension the indi
the | owest and the fAawareness of t he
(Figure 53dn Appendix B.

T Within the institutional di mension tl
fixed activitieso received the | owes

human r esour c e sF@urd5B8an AgpendidBe st r ank (
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6 Discussion

This chapteris divided into theassessmenthe sustainability performance of the two
WWTPs, their comparison, the identification of significant SDIs and at thet,
limitations of this study.

6.1 The assessment

Based on several studies, it is assumed that many indicators of the set are important fo
the assessment of the sustainability of WWTPs in developing countries; however,
depending on the locatiagpecial attentiomust be paido some of them and others

may be neglected (Bradley et al., 2002; Muga and Mihelcic, 2008; Singhirunnusorn and
Stens r 0 m, 2009) . I n their resear chThe Muga ar
selection and interpretation of indicators
demographg. In line with this, the elimination of indicators depends highly on the
given size of the population the economic situation, the climate condition, the
availability of resources and the sensitivity of recipient water or the potential purposes
forreuseFor exampl e, the criterion of MfAResourc
Phosphorus, Bgas, Sludge reuse and Water reu$é¢here is no anaerobic digestion,

the production of biogas might not be feasible as an energy séuddgionally, the

lack of data records may lead to inaccurate data acquisition and hence, to a false notion
about the sustainability of the system.

In consideration of this, the final set used in this study may still be too extehsnes.

that can be saved by selecting trelevant indicators and hence, the avgddata
acqusition for irrelevant indicators is crucial since it is connected with labour costs
(Muga and Mihelcic, 2008Firstly, a prestudy could be performed through a checklist

or set of obvious or easilyisible indicators corresponding to minimum requirements,
e.g. water flow through the WWTP, maintenance of the WWTP and availability of
economic records. If these minimum requirements are not met, the WWTP can directly
be deemed unsustainable. A furthereassnent would only be done when these
minimum requirements are met. In addition,tbg conduction of a detailed pséudy,

the unnecessary inclusion of indicators could have been avoided and hence, the time of
investigation in form of performing intervienand analyses could have been reduced.

An example is the land cost which is rexistent in both cases due to the provision of
ground, free of charge, by the communities. It was also known that no nutrients are
recovered at the neither of the two WWTPsvhBirtheless, the corresponding indicators
were included to also discuss the matter due to the recommendations given by many
scientists, as Bakir (2001), Singhirunnusorn and Stenstrom (2009) and Andersson et al.
(2016), that the recovery and reuse of resesicontained in the wastewater is a key to
sustainable development and may, accordinyerbyla et al. (2013), be the solution

for global food security. All factors mentioned in the set of SDIs elaboratgdation

5.1are elevant for sustainable wastewater treatment systems; however, depending on
the system configuration and the present regulations, not all indicators are significant
for every treatment system.
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Challenges

The first aim of this study sought to identify & s& sustainability indicators that are
relevant for sustainable small wastewater treatment systems and the indicators included
in this set were presented and shortly discussed wsiation 5.lbut some challenges

when choosing the indicators are briefly described in the followingoahah context

with previous studies.

The total set yields to cover every aspect of sustainability; however, since there are so
many factors to consider, the cplateness of the set must be reviewed and
continuously improved. Due to the limited expertise and time, the indicators were
chosen based on literature studies. As Hellstrom et al. (2000) pointed out, the indicators
are often hard to be seen as positive negative in terms of their impact on
sustainability, hence they are often used to compare the performance of several systems.
This procedure was followed in several previous studies, as e.g. by MeSemaste

et al. (2014) and by Muga and Mihelcic (2008)o0 compared different wastewater
treatment technologies in terms of their level of sustainability. While indicators
addressing the effluent quality can, in most cases, be compared with the limit values
stated in the law, the benchmarking is much morfecdit for other indicators and very

little was found in the literature. An example of the challenge to formulate benchmarks
are the costs of a WWTP. Those are directly limited by the amount of money available
but are influenced by the requirements for @ifluent quality, the amount of
wastewater to be treated, the ability of the users to pay for the ongoing costs and the
location, hence, material and labour cost. As a consequence, those indicators can be
only discussed in comparison to other systems th#ghsame saip.

Another challenge was the avoidance of repetition of indicators within the set. Due to
the high interconnectivity between the dimensions, the same indicator is assessed by
collecting information within two different aspects, hence ordicator may be
included in different dimensions to address another aspect but is based on the same
data, causing the disadvantage of double count the data. Some examples are removal
efficiency and effluent quality; administrative costs and salary;-sugaining of the

plant and tariff for the service and operational costs. The removal efficiency picks up
again the information about the effluent quality even though here in another context.
From this, it follows that the same data is used repeatedly tpriaetenother aspect of
sustainability.

The above applies to indicators that in the great context of the sustainability of the entire
system may include information that is counted twice; however, the indicators reveal
the sustainability within the cornesnding dimension. Apart from those, there are also
indicators within the same dimension addressing the same problem, as e.g. the
requirement of skilled sta#ind therequirement of training for staffn the end, if there

is no skilled staff training iseeded or the employment of an already trained worker.
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The same accounts vice versa: the need for training means that there is a lack of skilled
staff. To overcome this type falsification, those indicators should be merged.

Regarding the design of influea diagrams, the challenge of narrowing down all inter
connections lead to confusion due to the fact that criteria and not indicators were used.
The labelling was unfortunate #w risk of eutrophications also part of the effluent
guality but treated aan additional criterion. The same accountglierrelease of heavy
metals To overcome this, an influence diagram addressing the indicamass be
designedand the categorization in criteria and principle must be revised.
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6.2 The sustainability performance of the two WWTPs

To assess the sustainability of the two investigated WWTPs, other studies were
consultedas referenceso estimate if the obtained data for each indicator is to be
considered to have a positive or negative impacthe sustainability performance of

the WWTPs. At last, the result of the comparison of the WW3Blsortly discussed.

Bolivia, as a developing country, finds itself as something called the infrastructure
management gap (Verbyla et al., 2013). Even though many areas are densely populated,
the resources to implement, operate and maintain centralized systems are missing
(Massoud et al., 2009). As recorded by Singh and Kazmi (2018), thisasypical for
systems in Asia where the focus is set on implementingeffesitive systems with a

low environmental impact. Another limiting factor is that due to more urgent matters
as political conflicts, supply of food and provision of health care, governments in
developing countries pay little attention to sanitation services and Massoud et al. (2009)
c o nc | Wiletdere ai@ many impediments and challenges concerning wastewater
management in developing countries, these can be overcome by suitable planning and
policy implementatond Thi s may be an explanati on
construction phase in El Paso. The time from planning until theugiast the WWTP

took 9 yars due to bad planning. The plant was localised on a level higher than some
households and hence, the pipe inclination was positive. As a result, the wastewater did
not reach the WWTP. This resulted in extremely high investment costs because only
the firg construction was financed by subsidies Those wasteful errors must be avoided
by structured planning and careful design.

On the other hand, a very positive finding was the availability of land and the provision
free of charge by the community at both WIRSTwhich reduced the investment costs.
Other costs are very low due to the biological treatnagwt hence, the absence of
mechanical treatment units and pumps, no energy is consumed during the processes.

The incoming concentrations of mosastewater constituents at both WWTPs were
found to be above the average concentration found in European domestic wastewater,
presented by Roxendal (2012). The cause is the lower dilution of the wastewater due to
reduced consumption of water at the inteefdevel. At both WWTPs, the incoming
wastewater is very high in TSS and their removal is especially important to protect the
following technologies in the treatment chain and ensure their expected performance
(Tilley et al, 2014). The removal efficienaef pre and primary treatment of TSS are
relatively low but after the entire treatment and are within the guideline valugdkse

5in Section3.2.2).

One concerning finding is the low remodficiency of organics at El Paso where an
extremely low removal efficiency is reached. Also, at San Pedro Magisterio, the
removal efficiency of BOD is lower than recommended, but the effluent quality in
terms of discharged organics is met. Another iddiweremoval of nitrogen at El Paso,
despite maturation ponds as final treatment unit. At San Pedro Magisterio, the removal
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efficiency of phosphorus is half of the recommended efficiency, but the most surprising
finding is the negative efficiency at El Ras.e. more phosphorus leaves the WWTP
than enters it. Unfortunately, the cause could not be identified.

At both WWTPs, the operator was trained by an engineer. Regardless, both operators
were mentioning they have troubles with some tasks. In manyabes, the operator

at WWTPs in developing countries are unqualified and this leads to malfunctioning of
the system (Verbyla et al., 2013; WEF, 1992). Andersson et al. (2016) and Bassan et
al. (2014) mentioned the lack of appropriate support by the goestnmpowerless
regulations and weak prosecution, and the low importance assigned to O&M as the
main triggers. The findings of a study of WWTPs in Sri Lanka showed that also there,
O&M are often inadequate (Sudasinghe et al., 2011). On the one side, Redan
Magisterio, the cleaning of the pbteatment unit was described as the most
complicated, but probably it is the most demanding unit, and on the other side, at El
Paso, the UASB reactor was perceived as the most complicated to operate and maintain.
The ladder was confirmed by the engineer working a few times a month at the WWTP
who refers to the bad design of the reactor, making its operation complicated and
burdensome. This is somewhat disappointing considering that theustaft the
WWTP was sevetl years delayed.

During field visits in March 2018, several WWTPs in the Valle Alto, a valley located
southeast of the city of Cochabamba, were inspectdae outcome was terrible.
Besides the very well working WWTP of Cliza, only one WWTP could bsidened

in any way functioning; however, here, the -tr@atment, consisting of screens and
sedimentation channels was overflowing due to a lack of cleaning. Furthermore, despite
previous advice to avoid the keeping of animals on the terrain of the WWady a

was grazing next to the waste stabilization ponds. The worst case was a WWTP found
to be completely shedown and this is not a single case: WWTPs in developing
countries are often found to be abandoned (Verbyla et al., 2013). Bdour et al. (2007)
conducted studies in the Middle East and found the same problems concerning the
inadequate maintenance and the employment of unqualified staff in Palestine. Cossio
et al. (2017) identified the lack of operational expertise as a reason for poor performance
partcularly for small WWTPs in Bolivia.

Another example within the department of Cochabamba was a WWTP where the
operator has changed from one day to the other because the previous one did not show
up. The new employee never worked at a WWTP before andtmagtions were given

to him. There was a dead dog in a maturation pond, a situation also experienced during
other another case study in Peru conducted by Midkiff (2016). At the very WWTP, the
growth of plants was so extensive that it, at first sight, seetm be a planted wetland

with subsurface flow even though it was a maturation pond.

A solution proposed by Massoud et al. (2009) is the centralised management to
guarantee the control of O&M realisation. Moreover, and especially for wastewater
treatmensystems providing service to small populations, guidelines are considered to
be an effective tool. Also, training of the employees and the assigning of responsibilities
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was found to be essential in developing countries by Sudasinghe et al. (2011) Murray
and Drechsel (2011), and Massoud et al. (2088iilar to the findings of Cossio et al.
(2017) of the lack of a manual for O&M at many WWTPs in the department of
Cochabamba, also at the two investigated WWTPs no written instructions on the
execution of O&Mduties or the frequency of those did exist.

The amount of excess sludge produced in the UASB reactor is normally very small
(Letting et al., 1993) and this conforms to the finding at El Paso. However, the cause
of the lack of production of sludge at SRedro Magisterio is unknown and due to an
expertobés opinion, it may be the case that
sludge blanket during heavy rains, and hence, the treatment unit of the UASB reactor
performs insufficientlyBoth WWTPs have a UASB reactor as primary treatment unit
and hence, a treatment technology that allows the recovery of biogas (Verbyla et al.,
2013) and the production in place of the consumption of energy (Lettinga et al., 1993),
and it offers the possilitiy of agricultural or aquaculture reuse (Bdour, 2007). Despite

the advantages, none of the two WWTPs reuses the biogas; instead, it is burned due to
the small quantity produced, as stated by the engineer. Studies conducted by Lettinga
et al. (1993) showkthat the implementation of UASB reactors with an appropriate
posttreatment is a sustainable solution in tropical regions of developing countries.
They pointed out the advantage of the flexible adjustments according do oifftsite
treatment of thiseéchnology.

In terms of the reuse of wastewater, the findings cannot be unambiguously interpreted
due to a lack of information on the sensitivity of the recipient water bodies. Its
availability is according to Massoud et al. (2009) of great importancthéoentire
system. Subsequently, also the potential risk of eutrophication due to the high released
concentration of nutrients is unknown. However, the release of phosphorus is at both
WWTPs and of nitrogen at El Paso exceeding the limit values. Verbgh @013)
suggested the reuse of wastewater and the contained nutrients to allow the
implementation of simplified treatment units that aim to remove pathogens rather than
nutrients. Coming along with that, farmers benefit from better harvest, contglioti

food security, and may increase their productivity and hence, improve the economic
situation of the neighbourhood. In a region of Argentina, the use of wastewater for
irrigation of different crops, wine grapes, fruits and vegetables led to an iedreas
production and a flourishing economy; however, the negative impact is not well
investigated at that specific site (Cavallini and Young, 2002). According to Angelakis
et al. (1999), the provision of guidelines, as they exist in Israel, Italy, Jordan and
Tunisia, enhances the planning and implementation of wastewater reuse for irrigational
purposes. In the case of Israel, more than 15 years ago the reuse accounted for more
than half of the domestic wastewater (Friedler, 2001).

Wastewater is used for theigational purpose in both neighbourhoods. Even though it

is diluted after being released to the stream, the quality cannot be considered sufficient
for all kinds of cultivations as stated by Alvaro Mercado in a personal conversation
during a site visitn February 2018. Qadir et al. (2010) emphasised the need for
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performing risk assessments before reusing the wastewater to prevent harming
environment and health.

At El Paso, the clogging of the anaerobic filters led to the conclusion that the
concentratia of TSS in the effluent from the UASB is too high and a sedimentation
tank as additional treatment unit is currently in construction. A similar observation was
done in San Pedro Magisterio where the space between the media of the constructed
wetland wasifled with particles Despite these findings, the effluent concentrations of
TSS are too high at both WWTPs. In previous investigations it was found that3f®yh
loadings are common in the effluent from a UASB reactor (Kahn, 2011).

During their investigaon of treatment technologies in developing countries, Sperling
andde Lemos Chernichar@002) assessed that with only the UA&#ctor, no log
removal of FGvasachieved. The laboratory results revealed that only one log removal
is achieved at El Pasma@ less than one log removal is accomplished at San Pedro
Magisterio. According to Foresti et al. (2006), no pathogen removal can be expected by
solemnly anaerobic treatment. Hence, the high concentrations in the effluent may be
caused by a low efficiencgf the sxmaturation ponds agosttreatment due tohe
insufficient preceding removal of particles which may protect viruses to be penetrated
by the UV radiation of the sunlight (Symonds et al., 2014).

One of the most important findings is that at EI Pagbere the BOD removal is
expected to be high when looking at the technologies, it is double of what is permitted
by law.

There is no nutrient removal achieved through an anaerobic treatment step and effluent
concentrations vary. In Brazil, the reliabjliof several WWTPs was assessed by
Oliveira and Sperling (2008). Some of those with a UASB reactor as primary treatment
and a followup treatment in form of aerated filter, anaerobic filter, trickling filter,
flotation unit, facultative and maturation mbnThe findings were that except for
phosphorus, the effluent standards were compiled for BOD, COD, and TSS. However,
also here, the discharge of faecal coliforms stdktoo high.

Turning now to the discharge of nitrogen, at El Paso, it is ten times than the
permitted standard. For San Pedro Magisterio, the laboratory did, for unknown reasons,
not measure the nitrogen concentrations. At both WWTPs, phosphorus is discharged in
unacceptable amountEhe high concentrations of nutrients in the effluery result

in the contribution to eutrophication of downstream ecosystems and must be reduced if
the wastewater will not be used for agriculture. The risk of eutrophication is, according
to RodriguezGarcia et al. (2011) the greatest environmental impa®/WTPs and

must be low and achieving the required effluent quality may demand the
implementation of advanced technologies that cause high initial as well as O&M costs
and are more difficult to operate (Verbyla et al., 2013). The operator needs todrave m
skills when advanced treatment technologies were implemented. To overcome these
barriers, strengthened support by the government is required (Corcoran et al., 2010).
During heavy rains, the incoming wastewater is, partly in El Paso and entirely in San
Pedro Magisterio, discharged untreated to the recipient water to prevent flooding and
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protect the UASB reactor. As a consequence, the discharged concentrations, despite the
increased dilution through the great amount of precipitation water, are verarigh
severe impact on the environment is suspected.

As recommended by Palme et al. (2005), the social indicators regarding awareness and
acceptance were represented by a percentage of users. Contrary to the finding of
Rosemarin et al. (2012) regarding the unawareness of society about the environmental
impad of the discharge of untreated wastewater to the recipient water, in both
neighbourhoods, all interviewed inhabitants were stating to know about the negative
impact. Most of them mentioned illness and infection as health risks and the
contamination of thenvironment. Although, the credibility regarding the ladder may

be questioned since few were able to mention examples for specific potential
consequences.

It was found that a majority of the residents included in the survey were satisfied with
thetreatre nt syst ems. I n both WWTPs, the associ
opinion. Regardless, many of them have complaints about the system and the event of
returning wastewater from the sewerage system is, indeed, unacceptable.

All of the users were awa of that they are paying for the service. However, many did
not know how high the tariff is. Of the few households knowing about the price,
whether it was the one actually charged or not, only few stated the price to be too
expensive. On average, halfalfresidents questioned were willing to pay more in case

an enhancement of the system addresses the issues stated in their complaints. However,
Fujita et al. (2005) experienced in lquitos, Peru, that even if there is a WTP of the
residents in developingountries for sanitation services, there is often a lack of
affordability to pay (ATP). In those cases, it is a necessity to maximize the efficiency
of O&M and to minimize costs where possible. Furthermore, Fujita et al. (2005)
suggested increased develaghwork in those regions to promote their economic
growth and hence, increase the income of people what leads to a higher ATP.

Sato et al. (2013) criticised the lack of data records, as e.g. the national generated,
treated and used amount of wastewateiftsn unknown or odbf-date. This problem

was also encountered by Malik et al. (2015) who could not find data of the national
connection level within Bolivia. Looking at the investigated WWTPs, the sewerage
covers less than half, in El Paso, and litteretthan half of the households in San Pedro
Magisterio. Even though this is a disappointing finding, the capacity of both WWTPs

is great enough to connect all households and moreover, to cope with the wastewater
flow of additional households.

The decresed negative impact of odour at the WWTP of San Pedro Magisterio may be
explained by its location in a depression. As discovered by McKendry et al. (2002), the
risk level of odour emission is highest if the source is located elevated, lowest when
located o flat ground with protection from forests, and moderate if the WWTP is

located in a valley. Of course, the direction of the wind and the temperature play a
crucial role in the spreading of odour in an area, giving a clue why the complaints
increase duringvarm days. In general, the buffer capacity in form of distance between
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houses and WWTP is a crucial factor t o
everyday life. While the houses in El Paso are wider spread and the WWTP is located
a bit outside of thelense part, in San Pedro Magisterio the housing area is relatively
dense.

In South America, Cavallini and Young (2002) found that the treatment costs are often
not considered in the service costs resulting in too low tarifs.stated by the
administraor of El Paso during one of the interviews, neither does the money collected
through the fixed tariff for the sewage service covers for-ausaining the planta nor

are their subsidies available. To overcome the deficit, the collected revenue for the
drinking water services is used to pay for both services. This is a necessity also in reason
of the construction of a new treatment unit. The same happens in San Pedro Magisterio
where theprice is a function of the consumed amount of drinking. Here, maney |
neededo buy more equipment and most urgently a mask for the operator to ensure
safety at work.

With regard to theninimum wage (se&ection 3.2.p, the operators at both WWTPs
have very poor payment and work for ldbkan what they have legally a right to,
similarly, the secretary has a poor payment. In the other extteméourly payment

for the accountant more than four times the average at the WWTP of San Pedro
Magisterio and its administrator gains more than ¢eabthe minimum wage per/hour.

At El Paso, the payment distribution is more equal resulting in a lower average and
hence, the disparity is reduced.

Challenges

Among other researchers, Malik et al. (2015) and Cavallini and Young (2002) found
that in Latn Americg the acquisition of data related to wastewater treatment is
especially challenging which is a reason why rural areas are often left out in
assessments due to barriers in the process of data collection. The same was encountered
during this studyand the amount of reliable data obtained was smaller than expected.
Furthermore, there was a language barrier and there is an uncertainty of the answers
were interpreted correctly; also, due to a lack of confidence in strangers and the missing
expertise irexecuting surveys.
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6.3 Comparison of the two WWTPs

The comparison of the WWTPs was done indicatively, as this was not the aim of the
thesis. A more detailed would be necessary to fully and accurately compare the two
WWTPs and clearly identify which is performing better. Here, the normalised values
are disassed in terms of their accuracy in representing the real data. The simplified
assignment of points does not reflect any range and must therefore be interpreted with
caution since a slightly better performance for an indicator can lead to a WWTP being
assgnedonepoint. The comparison does therefore not reveal anything about how much
better it is performing. In addition, the comparison is relative and does thensfore
indicate if both WWTPs get poor results, e.gSah Pedro Magisterio, the higher sglar
average per hour can actually not to be considered entirely positive due to unjust
distribution among the employees.

Furthermore, the drastic step of valuing the missing of information as the worst possible
outcome may be inadequate for some indicatOrse case is the lack of laboratory
analysis of the nitrogen removal at the WTTP of San Pedro Magisterio. It is unknown
but might as well be lower than the extremely high effluent concentration found in El
Paso. Another case may be that the data existhéuyderson interviewed did not know
about them. An Example can be given for the indic&oemicals consumeas the
engineer at El Paso knew of the use of CaO and that the quantity is small, but because
he did not know the exact amount and since therenwagitten information available

at that moment, it was assigned the lowest score.

By making use of the ranks obtained to identify significant indicators within the set of
SDIs, the perceived importance of local experts influenced the outcome of dhe fin
score. Even though the difference is small, it shows how easily the result can be shaped
by small changes. In line with this, the low economic performance of the WWTP of
San Pedro Magisterio was caused by the lack of information and hence, the strong
weight placed on the availability of data over the entire comparison may affect the result
significantly. Playing through the case that the lack of information within all
sustainability aspects would have been assigned an equal score, the WWTP of San
Pedro Magisterio would have received a higher score than the WWTP of El Paso. It is
not alarge difference; however, it demonstrates the sensitivity of such a simplified
method.
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6.4 Identification of significant SDIs in developing
countries

The list of significant indicators contains five indicators that require special attention
in developing countries. In a study conducted by Mahdi (2008), criteria were weighted
by using the Saaty scale and for {oweome groups, the capital and O&M costs
received the highest importance. In accordance, the experts consulted in this work had
the same opinion andtedOperational cosas the second amdaintenance coss the

fifth most significant indicator. The reliability of this outcome is supported ly th
influence diagram presented ®ection 5.1.lwher e the criteri on
identified as one of the ones having the highest influence on the system.

Contrary to Mahdi (2008), the amount of wastewater received andedreeds
considered as the third most significant indicator, while the quantity of generated
wastewater in his study was perceived as an indicator of low importance. Another
indicator identified as significant within this study was @mmplexity of the O&MAs

already discussed extensively with8ection 6.2 those five indicators are indeed
essential for achieving sustainability performance of small WWiRPdeveloping
countries. However, the indicator receiving the highest ramiongst all was the
Availability of technical human resourcesnd is strongly interconnected to the
complexity of the O&M.

Inferring from the indicators of lower importance, more indicators than it was done
within this study could be eliminated from the set to perform the assessment. The
Property of land and fixed costss ranked lowest and its irrelevance may be perceived
due to the two indicators dfand costand theTotal area requiredwhich already
address the content of this indicator. For the same reason, the list of indicators perceived
as less important may include many of the indicators addressing the removal@fficien

of the WWTP within the technical dimension, since at the end, the effluent quality
counts and the compliance with the standards are covered by indicators within the
environmental dimension.

An interesting finding was that the institutional dimensiors wansidered, among the
experts, as the most important of the five dimensions andralkmesthe most and

least significant indicators. In the influence diagrahese indicators only have few
arrows either receiving or leaving, but the five criterddeess, directly or indirectly,

the other four dimensions and among them, the ones described by the indicators
identified as the most significant ond$e importance of the institutional capacity is
pointed out by Massoud et al. (2009) who stated thateds to be strengthened and
changes in the administration must happen. The authority of the government must be
substituted by local authorities (Sudasinghe, 2011) and the required bureaucratic
procedure to enforce the realisation of projects must beeddiwassoud et al., 2009).

The involvement of the users should be pursued to ensure the sustainability of the
sanitation systentence, by improving the institutional performance of a system, the
performance of the other dimensiom#l increase.
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The enwionmental dimension was considered the least important of the five
dimensions. With regard to the influence diagram, the reason for this outcome can be
explained by the weak effect the change of an environmental criterion has on the
system. The highest inoptance within the environmental dimension, even though not

a significant importance, was assigned to the indic&oncentration of faecal
coliforms in the effluentNone of the significant indicators is an environmental or social
indicator. On the othenand, of the sixteen indicators of lower importance, two are
environmental and three are social indicators wherevibeal impactreceived the
second lowest rank of all. According to Andersson et al. (2016), adequate attention must
be paid to social facte to make people change their habits and in agreement, in this
study, the social dimension received the second highest number of points.

The reduction of the set must be considerec
with user s o0 aslessimporfag and frfomvhe ihfluence diagram it can be

retrieved that it influences only one more indicator and is not influenced by any other

criterion; hence, its elimination must be considered. The same is found for the indicators

Money available toeinvest Buffer capacity, Buffer zone and Total area required.

All indicators describing the criterion AlTr
indicators. Their elimination, however, may be unwise due to its importance for a

pr oj e c tedentinghe first place. As it was no issue at neither of the two WWTPs,

it is not surprising that the indicatoxsual impactand Noise emissionvere ranked

very low.

More difficult to interpret is the releva
fiRemoval Efficiencyo. Many indicators withi
in the influence diagram the criterion is one of the main conjunction points of arrows
while the AEffluent qgualityo and alll I ts
efi ci encyo. Considering that the desired re

required effluent quality, instead of the efficiencies, the concentration in the effluent

should be removed and only be used to determine the required efficiency by the
treatment units. However, if an assessment takes place, it is the other way around and

the criterion AEffluent qualityo is of hig
released contaminants on the environment but is directly influenced by the removal
efficiency of constituents through the treatment process and hence, their functionality.
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6.5 Limitations

So far, sets of SDIs were used as a tool to choose between alternatives of treatment
technologies. Even though it is interconteel; the assessment of the entire WWTP
must consider more but also different indicators to be meaningful in terms of the
WWTP6s sustainability. To use the set t o
indicators were eliminated from the list in accordandé the recommendations given

by experts familiar with wastewater treatment systems in Bolivia and ensuing, were
validated. Nevertheless, the procedures of elimination and validation were very
simplified compared to what was conducted in the study of Singhusorn and
Stenstrom (2009). For future use of the set of indicators, a ranking should be performed
to validate the relevance of each indicator chosen and by the involvement of experts,
aspects that were not addressed may be revealed and new inai@atdrs formulated

and included in the set. Furthermore, for the assessment of the performance of already
existing WWTPs, ranks could be used to give special importance to some indicators by
multiplying the obtained and normalised data with the percenmtaggved from the
ranking.

A major limitation of this study is the high subjectivity of the results. Most data

regarding the social impact were obtained through questionnaires at household level

and as noted by Neuman (2004), the personb
outcome. Additional influence of subjectivity is generated by the process of ranking

and rating (MolinosSenante et al., 2014). Also, for the validation of indicators, there

is an impact of subjectivity depending on personal opinion and expertise. Muga and
Mihelcic (2008) identified that this bias results in different outcomes from one expert

group to anotheBesides a general overview of the project’s objective and the given
conditions, a detailed clarification of all indicators, their meaning and impast, au

given to the participants.

The quantification of qualitative criteria by quantitative indicators is needed as
described by Kalbar et al. (2013) but was not respected adequately in this study.
Balkema et al. (2002) recommendeded to consider quaditatdicators even if not
guantified to ensure the completeness of the assessiientata regarding social
indicators were obtained by conducting surveys in twenty different households which
is, according to Neuman, (2004), a small scope for random seygdten fails to be
representative.

From the perspective of Blancas et al. (2010), the approach of using a set of indicators
comes along with the disadvantage of one indicator addressing the corresponding
sustainability dimension. Based on this, Mo$iftenante et al. (2014) conducted a
study on the assessment of a composite indicator representing global sustainability to
provide a holistic sustainability assessment approach. However, it is challenging to
assess this type of indicator and the robustnebgch is a key characteristic of its
meaningfulness, may result in being weak (Singh et al., 20h2)lack of data baulked
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the conduction of such an assessment and hindered the proper assessment of the
sustainability of the two investigated WWTPs. Goset al. (2017) describe the
unavailability of data as a major limitation in developing countries.

Due to a lack of records, data was given out of memory. During the surveys, it was
possible to observe that some information was given with confidenedsbuhat there

was a high degree of insecurity in the answers to certain questions and those must be
interpreted with caution. Additionally, and that might be related to many other factors,
the reliability of the answers is suspected to be uncertaionie sases, people seemed

to answer what they thought was expected to be answered. For them, it is difficult to
trust strangers and for most of the surveys, someone from the association whom the
residents know was present. Several approaches could becusedrcome those
limitations, as e.g. the recording of interviews and the subsequent interpretation with
other experts, the clearer formulation of questions to yield for precise answers, the
persistence to continue until the desired data is deliveredhangrosecution of data
through various sources. All those suggestions a\waense, require expertise and are
time-consuming and were not realisable within the study.
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7 Future practical application of SDIs

The set of sustainable indicators developed in this staly used to assess the
sustainability of existingVWTPsbut couldalsobe implemented in the planning phase

of new WTWTPs in developing countries to I
sustaimhbility performance of the WWTPs. Bakir (2001) describes the development of
guidelines for selecting WWTSs for small communities as a considerable facilitation.
This potential facilitation of the complexity of systems by theafsg@DIsis according

to Warhurst (2002) due to thesulting simplification, quantification, analysiand
communication of information. The formulation of a guideline containingSibhés
according to the different phases during the planning and later duringn desig
construction phase could help to make the entire process more effective, faster and
hence, cheaper while securing the accomplishment of the formulated tpfojec
objective

According toBassan et a(2014) through he validation of the set &Dlsbefore the

start of a projects the understandofaall parties involveds increased in terms of the
sustainable sanitation systéngomplexity The participants learn about the various
factors influencing the system and may have more positive respansegee to
compromises once they realise the importance of all aspects of sustainability.
Depending on thgoal ofproject and the local conditions, the perceived importance of
each indicator may differ. Hence, the weighting can be used to consigz th
differences. This should be done through interviews in both cases: when assessing the
sustainability of existing WWTPs and when planning new systems. The involvement
of the administratie unit, the plantresponsible operators and engineers lead to a
repreentativeoutcome Thelist of indicators identified as most significanithin this
studyshould be included as mandatory in thuedeline,but more studies are required

to guarantee its completene$terelevance of the other indicators must be evaluated
with respect to the current project through ranking and rating. For this, an extensive
assessment of the local conditions should be conducted to ensure that the right
indicators are electeMuga and Mihelcic (2008) stated that itisicial to considerat

each indicator should address the formulated goal, have a positive or negative impact,
be unambiguously formulated, understandable and the set of indicators should be
limited in number

After this first stepBassan et al. (2014) recommeddhe separation athe chosen
indicatorsaccording to the stage they are relevant for, aspdampning, design or

construction

Moreover, for each indicator, the go#llat isb as e d on the project
stakehol dersoé i nter aisements has ;oe assessedsby thend | e ¢
means of various toolike life cycle assessments (LCA), environmental impact
assessment, risk assessments including microbial risk analysis, economic assessments,
material flow analysis and uncertainty and sensitiaty well as investigations of

acceptance and set of mindsets through interviews (Palme et al., 2005; Hellstrom et al.,
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2000; Renou, 2008). For example, to reach the desired treatment efficiency, the
treatment technologies must be chosen. This step could lagdone by using another

set of SDIs and performing a MCDA. With the help of literature studies, the expected
investment costs can be calculated with cost functions after having decided which
technologies to implement (Molingdenante et al., 2014). Qdsenefit analyses

(CBASs) is an accepted and established tool used for decisading purposes (Fan et

al ., 2013) and are described abyknéwinguci al 0
theincoming wastewaterflomnd t he wast ewa tseaobtlsefutcre nst i t ue
WWTP, the level of sophistication of the technologies and¢lelting complexity of

O&M can be estimated (MolineSenante et al., 2014). For social indicators, handbooks

can be used, or surveys can be conducted. For environmental onglidcaAs were

found to produce valuable results for decision support (Corominas et al., 2013).

Following a guideline, WWTPs could be assessed with a standardised method,
facilitating the comparison to other systems. Furthermore, and probably an even more
important use may be the adoption of a guideline during the planning phase of a new
WWTP in a developing country. By considering all the indicators relevant with respect
to the local conditions, the chance of succeeding in the implementation of a flstaina
performing WWTP can be increased. Additionally, the various points of perspectives
included in the set of SDIs make the involved parties aware of the importance of other
aspects and results in their collaboration rather than competition.

Despite the bvious potential benefits of a guideline that incluttesuse of SDIsthe
applicationis connected to heavy workload since for the assessment of one single
indicator seeral assessment tools may be needed (MolB®sante, 2014). The data
acquisition toperform those assessments includes data from literature review, expert
interviews and real data. The downside of indicators is that the indicators must be linked
to a benchmark (Lancker and Nijkamp, 2000) and those benchmarks must be set for
each WWTP depaling on the objectives and the given conditions.

Recommendations based on previous studies

While aguidelinemaybe applied for the assessment or the implementation of any small
wastewater treatment system, in this sectibe experiencefrom previous studies
conducted in developing countriasd addressing various issues within the wastewater
treatment sectorare sharedo enhance and facilitate the development of such a
guideline and increase its completeness. To achieve progrésgsiential to learn
from both previous success afdmerfailure.

A recommendation by Sudasinghe et al. (2011), after evaluating the performance of
wastewater treatment systems in Sri Lankasthe obligatory submission of annual
reports to local authorities to keep track of the performance of the WWTP implemented.

Moreover,Sudasinghe et a{2011) emphasizehat the installation of aystemitself
does not come along with its succédsis refers to what was reported by Bdour (2007):
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When implementing new wastewater treatment technologies in developing countries, it
is common to choose what has worked withinvresternWorld. Unfortunately, there

exist many examples of WWTPs failing due to this assumption, leading to the selection
of inappropriate technologies. In the city of Amman, Jordan, a WWTP was donated
consistng of an activated sludge system. Because the wastewater was not analysed
beforehand, the high load with organics was unknown. The problems caused by this
were tried to be fixed through other donations but turned out in making the situations
worse. Kalbaret al. (2013) found that the error to exclude indicators addressing the
location, social aspects and environmental impact led to resource wastage in India.
According toMassoud et a2009), the reliance of developing countries on financial
support from @veloped countries demands the donating countries to consider the local
conditions when implementing a new WWTP in an unfamiliar terrain to ensure its
sustainability. This is crucial to make maximal use fn@atuableinvestment.

Sperling andde Lemos Céarnicharo (2002) were convinced that a stepwise

i mpl ement ation of treat ment systems may of
success. The first part to be implemented may not meet the requirements, but
nevertheless, it will improve the situation comgzhrto the discharge of untreated

wastewater to the recipient water. Then, gradually the remaining parts can be
implemented, and from stage to stage the treatment performalhaatil compiling

with the required standard. This reduces the enormous falapcessure of

i mpl ementing an entire system at once and |
even dropped. Despite the advantages, the challenge in developing countries is to

ensure that the projects are pursued in the future.

Another finding by Masoud et al. (2009) was thd¢centralised wastewater must be
considered as a sustainable solution for providing sanitation services to society in
developing countries. The costs connected with centralised and mechanised WWTPs
are often not affordable arndeir implementation is avoided, as it is the common case

in Turkey (Engin and Demir, 2006). The concept of clusistemsas a type of
decentralised wastewater systeas promoted for developing countries due to its
feasibility, flexibility, simpler maitenance and lower environmental impdmnt
researchers dsngin and Demif2006) andLibralato et al(2012).

According to Hernande3ancho et al. (2011) and Singh and Kazmi (2018), the O&M

cossk have a considerable effect on the economic feasibility and the lifetime of WWTPs

and must be included in the decisimaking process when implementing a new system.

Despite this finding, the costs for O&M can often not be covieyatie charged service

feesand at smaMWWTPsin Bolivia, the lack of O&Mresulted in the poor performance

of thoseWWTPs (Cossio et a., 2017). The main contributors to the operation costs are:

the amount of wastewater to be treated, the topography of the location which may

requre pumps and the cost for energy, the wastewater constituents, the effluent quality
standards, the sludge handling, the degree of automatization and hence, the cost for
personnel and the plantds management ( Wendl|I
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implemented througha donation from the European Union, but due to a lack of budget
for O&M the project almost failednd additional effort was need@latner and Rivera,
2004).

Muga and Mihelcic (2008) revealed that in developing countries, the technologies
within a WWTP must be affordable and appropriate. Hence, less sophisticated systems
are to be preferred (Sperling, 1996) to avoid additional financial strains endome
populations. Moreover, they are more likely to succeed due to simpler O&M and
additiorally, offer reduced investment and O&M costs due to reduced energy
consumption (Clarkson et al., 2010; Verbyla et al., 2013; Zhang et al., 2014) and in
general require more employees and hence, decrease the unemployment rate (Muga and
Mihelcic, 2008).

Thenutrient removal from the wastewater demands more advanced technalbiies

cause arincreasein both installation and O&Mcosts;hence,Verbyla et al. (2013)
recommendedo focus on nutrients recowefor the irrigational purposeThen the
treatmentBould be located close to either the source or the place of reuse (Bakir, 2001).
The importance of resource recovery does also apply for biogas which is produced
during the aaerobic treatmendf wastewater angbrovides the chance t@enerate
energythat anreduce the operational costad the direct use of it can compensate
other costgVerbyla et al., 2013). By Letting et al. (1993) those technologies are
considered as the fisustainabl e s-iodomet i ons
countries, te UASB reactor isaccording to Mahdi (2018)he best technology to be
implemented if the TSS are sufficiently removed during{resttmentln comparison

with an activated sludge treatment, the investment cost of a UASB reactor in
combination with a stabilization pond is half as expensive (Bdour, 2007).

Cavallini and Young2002 reported the refusion @n activated sludge plaby the
inhabitants of a neighbdaoodin Cochabamba. A solution is tkemmunicaibn with

the communitiesduring the planning phasend surelybefore the implementation of

any system to ensuits acceptane Bdour (2007) noted thahiprojects within small
communities, the involvement ddcal residents strengthens ithbelief and makes

them confide in the system

The missing awareness of the public regarding environmental and health impacts
(Rosemarin et al, 2012), the limited effort in overcoming cultural barriers (Andersson
et al., 216), and the closeness to the treatment of human excreta are challenges of the
implementation of decentralised wastewater treatment systems (DEWATS) and in
some communities also other sanitation solutions (Ratner and Rivera, 2G04).
mentionedpreviously the education of the users regarding environmental and health
impact facilitats the implementation of sustainable sanitation systems (Massoud et al.,
2009).

Some indicators daat have a direct influence on the sustainability performance of a
WWTP. For example, éspite the lack of awareness, a WWTP can function sustginabl
However, the awareness of the users is considered as necessary by Massoud et al.
(2009) to achieve sustainable wastewater management in developing countries since it
is closely réated to the acceptance of the system. The awareness of the negative impact
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on health and environment makes people change habits (Munusmami et al., 2016) as
experienced by Midkiff (2016) during her studies conducted in Peru, where many
households dump othevastes in the toilets, resulting in problems within the sewerage
system. Another effect of increased awareness could be the agreement to the
implementation of a decentralised system and the enhancement cbpemirce
treatment. As a result, the trernt must remove fewer harmful substances and less
sophisticated technologies are required. Furthermarestudy conducted by
Munusmami et al. (2016) considered the possibility iV TP may increase because
people understand what they are supposedyofgr and their WTP is linked to the
attitudetowardsthe services. This may make the astsstaining of the WWTP possible

if the tariff for the service is high enough to cover the O&M costs (Gallego Valero et
al., 2018). Tram VO et al. (2014) revedthat besides the personal experiences, income
and knowledge, the risk perception heavily impacts the WTP.
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8 Conclusion

The amount of untreated wastewater discharged to the environment in developing
countries is alarmingAs a rsponse, wastewater treatment systems are installed to cope
with increased domestic wastewater, especially in the urbanising areas. However, those
often fail in the longterm due to a lack of resources that result in poor planning and
inadequate O&M, restiitg in the failure of technologies and the violation of discharge
limits. The identification of the cause of those failures was identified ksy to
achieving the successful realisation of development projects for sustainable sanitation
in developing contries This should motivate to assess wastewater treatment systems
and identify strengths and weaknesses regarding the aspects of sustainability as it was
done for two WWTPs within this study by using a generated and validated set of SDIs.

The mayor challenge of applying the set of SDIs in the assessment of a WWTP was the
consideration of many factors. It demands a structured approach to avoid errors and the
involvement of many different parties makes it very complicated but at the same time
brings many chances with it. The most positive one may be the understanding of the
system by all stakeholders involved, resulting in enhanced communication.

The institutional dimension, which is often neglected, was identified to be of special
importancewithin the set. Moreover, the most significant SDIs were identified to be
the Availability technical human resources, operational cost, amount of wastewater
treated and received, complexity of O&M, maintenance d@ssides ranking, the
design of influene diagrams is a useful tool to identify the importance of SDIs and
their impact on others.

A general final conclusion drawn is thdtet support by developed countries is a
necessity in developing countries and it is crucial to consider the local cosditio
ensure the project’s success and to make each investment valuable.

Future research

The review of the set and the most significant indicators through a more detailed
assessment and the design of influence diagrams for the indicators is recommended,
because lte methodology followed throughout this report was simplifi&dmajor
improvement to this study would be the implementation of MCA, including the
assessment of indicators using tools like life cycle assessments, risk uncertainty
assessments, cdsenefit analyses, and otBerThis refers to the selection of
sustainability indicators for the general set as well as for the specified set of SDIs.
Moreover, the application of the generated set of SDIs was connected to difficulties
during the acquisitin and interpretation of the corresponding data. There is a great need
for the setting of benchmarks to make the assessments meaningful, to facilitate their
interpretation and to give clear orientation values to follow during the planning phase
of projects

For studies of a similar kind, it is recommended to ensure the collection of reliable data
and to choose a larger scope for random sampling to make the outcome representative.
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The application of the set of SDIs in further assessments of small wasteeataent
systems in developing countries will not only continuously improve the set but also
provide example studies to learn from failures and successes. Furthermore, the
application of the set in the planning phase is highly recommended to createfarba
developing a simple guideline for implementing small wastewater treatment systems in
developing countries and increase their log&ign success.
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10 Appendices

10.1 Appendix A: Additional pictures of the two investigated
treatment plants

WWTP of El Paso

Figure50a: Screens, sedimentation channel angblags. Primary sludge was disposed in the circle of
earth (lower right corner).

ha

Figure 50k UASB (on top) and gas burner (on bottom).
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Figure ®d Maturation pond with plants growing extensively.
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Figure Df: New treatmentinitt o i mpr ove t he WWTPO6s performance i
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WWTP of San Pedro Magisterio
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Figure51a: Design plan of the WWTP San Pedro MagisteBource:Design drawingsvereprovided
by the Cooperativa de agua.

CHALMERS Civil and Environmental Engineering, Ma s t e r ACEX6D-h85&rros! Reference |\/
source not found.



Figure 8lb: Screens with added screen of smaller grit size mistakenly placed on first screen instead of
second (on top) one, the sedimentation channels (on bottom left) and the Parshall channel (on bottom
right).
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Figure 51c Design of the screens implemented at the WWTP San Pedro MagiStarioe: Design
drawings were provided by the Cooperativa de agua.
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Figure 51d: Design of the sedimentation unit implemented at the WWTP San Pedro Magisterio.
Source: Design drawings weeprovided by the Cooperativa de agua.
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Figure 51e: Design of the Parshall channel implemented at the WWTP San Pedro Ma§istece:
Design drawings were provided by the Cooperativa de agua.
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Figure 51f Pretreatment units, distribution chamber WASB and rests of the gas burner that was
stolen at the beginning of this year.
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