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Abstract

The Lima (Peu) Metropolitan Area faces numerous challengeto water and wastew-
ater management which have become more urgent in recent yeareda the e ects of
urban growth and climate change. These e ects have also im& ed the city's struggle
to provide and maintain an amount of green space adequate fits population. Issues
related to both water resources management and the provisioh green space in Lima
might be addressed through the application of water-sensié urban design (WSUD)
concepts which incorporate constructed wetlands for thegatment of wastewater and
surface water for reuse in the irrigation urban green area#\ water audit can be im-
plemented to rapidly yet e ectively assess the quantity andjuality of water resources
available to a WSUD project in order to guide design proposals tands technically
feasible solutions. In this study, a water audit was formutad for and carried out
in the Lima neighborhood of Chuquitanta (San Martin de Porrg) in support of a
WSUD project being undertaken within the framework of the Gerran BMBF \Fu-
ture Megacities" project \Sustainable Water and Wastewate Management in Urban
Growth Centres Coping with Climate Change | Concepts for Lima Metropolitana
(Pen)" (Liwa). The audit was developed and undertaken in three phases, with reg-
ular feedback from and interaction with a concurrent thregghase preliminary design
process aimed at the development of water-sensitive ecotag infrastructure in the
study area. A variety of tools including observation, estimtion, and eld and labora-
tory testing were implemented to determine values for a custuzed set of parameters
related to water quantity, temperature, oxygen balance, satontent, acidity, nutrient
content, microbiology and heavy metal content in several @rent local water sources.
Parameter values were then compared to quality standardsrfgurface- and wastew-
aters treated for reuse in irrigation. Finally, audit resuls were considered alongside
results from the preliminary design process to suggest ctmsted wetland con gu-
rations which could be incorporated into WSUD prototypes for ach of four di erent
water sources in Chuquitanta. The recommendations made weenot only technically
feasible with regard to observed water qualities/quantitis and water usage/treatment
goals, but strived to stay true to the vision proposed in pra@hinary designs. Sugges-
tions included a recycled vertical ow constructed wetlandor treatment of domestic
greywater, a surface ow constructed wetland for treatment foriver water channeled
into a system of irrigation canals, a system of constructedattand \modules" built into
a riverbank terrace for simultaneous greywater treatmentral ood protection/dike re-
inforcement, and a subsurface ow constructed wetland as daop-gap measure for
secondary wastewater treatment. A simple, Excel-based watld dimension estimation
tool was also developed and implemented to generate estinoeis for the land area
required by each of the recommended wetland con guration®Vith some adjustments
to auditing methods and the timing of steps carried out durig the auditing vs. design
phases, the auditing methodology described in this study stld be transferable to
other infrastructure design projects.



Resumen

Actualmente el area metropolitana de Lima (Pewu) enfrenta multiples desafos con-
cernientes al manejo del recurso hdrico y al tratamiento & aguas residuales, factores
gue en losultimos anos se han vuelto mas crticos debida los efectos del crecimiento
de la poblacon y del cambio climatico. Dichos efectos tambn han repercutido en la
problematica que tiene la ciudad para proveer y mantener unproporcon adecuada
de espacios verdes para su poblacon. Aspectos relacionadanto con el manejo de
dichos recursos hdricos como con la provison del espacverde en Lima, podran ser
considerados a trawes de la aplicacon del concepto del €810 Urbano Hidro-sensible
(DUHS), el cual incorpora la construccon de humedales pard gatamiento de aguas
residuales y aguas super ciales para su reutilizacon e lirrigacon de zonas verdes
urbanas. Una auditoria en aguas puede implementarse apidamie para evaluar efec-
tivamente la cantidad y calidad de los recursos hdricos dnibles para un proyecto
DUHS, a n de orientar propuestas dirigidas a la obtencon deduciones ecnicamente
viables. En el presente estudio, una auditoria en aguas fuenmlada y llevada a cabo
en la localidad de Chuquitanta (San Martn de Porres) de laiadad de Lima como
soporte a un DUHS proyecto dentro del marco del proyecto alemeBMBF \Future
Megacities" \Geston sostenible del agua y las aguas residles en centros urbanos
en crecimiento afrontando el cambio climatico | Conceptospara Lima Metropolitana
(Pen)" (Liwa). La auditoria fue desarrollada y puesta en macha en tres fases, y con
informacon perodica de la interaccon con un proceso d diseno preliminar concurrente
de tres fases dirigido al desarrollo de la infraestructura dugica hidro-sensible en el
area de estudio. Un sinrumero de herramientas que incluyda observacon, estimacon
y experimentacon tanto en laboratorio como en campo, fuen implementadas para
as determinar los valores de un conjunto de paametros rationados con la cantidad
de agua, temperatura, balance de oxgeno, contenido de &gl acidez, contenido de
nutrientes, microbiologa y contenido de metales pesad@n varias fuentes de recursos
hdricos. Estos paametros fueron a su vez comparados cdos esandares de calidad
vigentes que aplican a aguas super ciales y residuales tdas con nes de irrigacon.
Finalmente, los resultados de dicha auditoria fueron evaluaslgunto con los resultados
del proceso de diseno preliminar con el n de sugerir con gaciones de humedales
arti ciales, los cuales pudieran ser incorporados a protiptos de DUHS para cada una
de las cuatro diferentes fuentes de agua. Las recomendacsoioemuladas probaron ser
no solamente ecnicamente viables en lo concerniente a laantidades/calidad y a los
objetivos uso/tratamiento observados, sino que se mant@rbn consistentes a la visbn
propuesta en disefnos preliminares. Entre las propuestasiscluyo la construccon de
un humedal de reciclado de ujo vertical para el tratamiento d aguas grises domesti-
cas, un humedal de ujo super cial para el tratamiento de agude ro canalizada hacia
un sistema de irrigacon por canales, un sistema de nodwdale humedales construidos
hacia la terraza de una ribera con el n de proveer tratamieotde aguas grises y re-
forzar el dique/proteccon contra inundaciones y un humea de ujo subteraneo como



medida provisional para el tratamiento secundario de aguassiduales. Se desarrollo
e implemento tamben una herramienta simple en Excel para eimensionamiento de
humedales con el n de estimar la super cie de tierra reque&la para cada una de las
con guraciones de humedales recomendados. Con algunos &sisa los netodos de
evaluacon y al cronometraje de los tiempos de los pasos selps durante la auditoria
vs. las fases de diseno, la metodologa de evaluacon déts en este estudio se debera
poder transferir a otros proyectos de diseno de infraesttura.



Abstract

Die Stadtregion von Lima (Peu) sieht sich mit diversen Herasforderungen im
Bereich Wasser- und Abfallmanagement konfrontiert. DieserBbleme werden mit
zunehmenden Bewlkerungswachstum und durch den Ein ussed globalen Klimawan-
dels immer dringlicher. Zusatzlich verstarken die genamen Faktoren den ohnehin
schon hohen Bedarf an Gnanachen. Probleme im Zusammenhg sowohl mit der Be-
wirtschaftung von Wasserressourcen als auch mit der Bergt#llung von Granachen
in urbanen Gebieten in Lima, kennten mit dem Einsatz von P anzenklaranlagen
als wassersensible stadtebauliche Ma nahme (water-sége urban design (WSUD)),
entgegengewirkt werden. Mit dem Einsatz dieser Anlagen katen etwa Ab- und
Oberachenwasser gereinigt und far die Bewasserung vostadtischen Grananlagen
wiederverwendet werden. Um Kosten und Zeit zu minimieren, kanim Rahmen
der Planungsphase eines WSUDs ein Wasseraudit zu einem tesbhigeeigneten und
nachhaltigen Entwurf beitragen. Der Vorteil eines Audits ketet die Meglichkeit
Wasserqualitat und -quantit@at von verschiedenen Wasseorkommen bereits im Vor-
feld der Planung abzuschatzen und diese daraufhin an diklden Gegebenheiten anzu-
passen. Der Inhalt dieser Master-Arbeit ist die Planung und @rchfahrung eines
Wasseraudits far die Umgebung Chuquitanta (San Martn de Paes) in Lima. Sie
wird im Zusammenhang des Forschungsprojektes \Future Megjities - Megastadte von
morgen" \Nachhaltiges Management von Wasser und Abwasser irrbhanen Wachs-
tumszentren unter Bewaltigung des Klimawandels - Konzeptfur Lima Metropolitana

- (Liwa), Peu" des deutschen Bundesministerium fur Bildung und Forschung (BMBF)
durchgefahrt. Das Wasseraudit wurde in drei Phasen entwkelt und umgesetzt. Hier-
bei wurde ein besonderer Schwerpunkt auf die Einbindung dgieichzeitig und ebenfalls
in drei Phasen ablaufenden Entwurfsprozesses der Entwighl einer wassersensiblen
®kologischen Infrastruktur im Untersuchungsgebiet gelég Im Zuge des Wasserau-
dits wurde eine Vielzahl von Beobachtungen, Feld- und Labagvsuchen durchgefahrt
und mit Abschatzungen erganzt, um die Wasserquantitat um -qualiat von mehreren
Wasservorkommen in der Nahe von Chuquitanta zu bestimmen.uZden untersuchten
Parametern geherten Flie geschwindigkeit, Temperatur, Saersto bilanz, Salz-, Saure-
und Nahrsto gehalt, Mikrobiologie und Schwermetallkonzatrationen. Anschlie end
wurden die Ergebnisse mit Standards far Oberachen- und Atwvasser zum Zweck der
Bewasserung verglichen. Die gesammelten Daten bildeteriterhin die Grundlage far
den parallel ablaufenden und vorlau gen Entwurfsprozesson P anzenklaranlagen,
welche in jeweils eines der WSUD Entwdrfe von vier Wasservormkonen in Chuqui-
tanta eingebunden werden sollen. Die Empfehlungen basiergdoch nicht nur auf
der technischen Machbarkeit, welche die Wasserquali@at dn-quanti@at sowie die Ziele
Wasseraufbereitung und -wiederverwertung bensacksiclgii, sondern auch auf den ur-
sprnanglichen Entwarfen und den damit zusammenhangendetdeen der Architekten.
Die Vorschlage beinhalten eine vertikaldurchstremte P anzenklaranlage zur Behand-
lung von hauslichen Abwassern, ein System mit freier Wassdyer ache zur Reinigung



von Flusswasser und eine unterirdisch durchstemte P anz&klaranlage als vorilau ge
Ersatz von einer konventionellen Klaranlage. Desweitenewird eine P anzenklaranlage
empfohlen, die aus einzelnen Modulen besteht, und am Flussufinstalliert wer-
den kann um gleichzeitig Grauwasser zu behandeln sowie denchiwasserschutz zu
verbessern. Abschlie end wurde ein einfaches Excel-basmdes Dimensionierungstool
entwickelt, um die benetigte Flache der jeweiligen P anzeklaranlage zu bestim-
men. Das in dieser Arbeit dargestellte Konzept eines Wassadits ist grundsatzlich
auf ahnliche infrastrukturelle Projektentwdrfe wbertragbar, benetigt jedoch geringe
Verbesserungen der Methode und der Synchronisation der Artssichritte in Bezug auf
die individuellen Entwurfsphasen.
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1 Introduction

1.1 Lima's challenges to the management of water
resources and the provision of green space

Lima, the capital of Peu, is a metropolis of 9 million peopt located on the west coast
of South America in one of the driest deserts in the world. The @ity of coastal Peu
results from a combination of climatological and geograptal factors. The Pacic
Ocean's cold Humboldt Current ows northward along the weste coast of South
America from Chile to northern Peu, cooling ocean air and r@ucing its capacity to
carry moisture which would fall as precipitation in coastalareas. Additionally, the
Andes Mountain range, which has an average height of 4,000 mdaaxtends along
the entirety of the western coast of South America from Argenta in the south to
Venezuela in the north, is as an e ective barrier to precipitdon and moisture-laden
air moving towards coastal Peu from the Amazon basin in theast (Figure 1.1). [109]
These in uences combine to minimize precipitation in Limapn average the city and
surrounding area receive less than 8 mm of rain per year (Taklel). [43]

The metropolitan area made up by the provinces of Lima and Calb is considered the
world's second-largest desert city, after Cairo, Egypt. [2However, there is a major
di erence between hydrological conditions in Lima Metroplitana and Cairo, a city
of 15 million people which receives an average of 25 mm of ppéation annually:
Cairo is situated along the Nile River, which has an average owate of 2,830 ni/s.
[33] [118] In contrast, the average ow rates of Lima's threeévers, the Rmac, the
Chilbn, and the Lurn, are 31.5 m3/s, 8.8 m®/s, and 4.1 m¥/s, respectively. (Figure
1.2). [25] The lack of surface water in Lima is indicative of enore general imbalance
between the distribution of water resources and populatiom Peu. While most of
the country's surface water is contained east of the Contingl Divide in the Atlantic

Table 1.1: Total Annual Precipitation in the Lima Department [mm] [43]

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
8.0 76 103 45 3.0 3.4 2.9 1.7 94 153 6.9
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Figure 1.1: Lima, Pew is located on the west coast of South Amiea; coastal Peu's
arid climate is in uenced by both the Humboldt Current and the Andes Mountain
Range.
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Figure 1.2: Lima Metropolitana is the metropolitan area madeup by the urban
provinces of Lima and Callao; the major surface water reso@ in the area are the
Rmac, Chilbn, and Lurn Rivers.
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catchment, or on Peu's southern border with Bolivia in Lale Titicaca, 65% of the
country's almost 30 million inhabitants live west of the Cotinental Divide in the dry
Paci ¢ catchment which contains only 1.8% of the country's sflace water resources.
[8], [111]

The Rmac and Chilbn Rivers are Lima's major sources of dnking water. During
the rainy season in the Andes from December to April, roughly 18°/s is diverted
from the Rmac River to the La Atarjea water production plant operated by the
Servicio de Agua Potable y Alcantarillado de Lima (English: Pable Water and
Sewerage Service of Lima) (SEDAPAL), the state authority-tured-private enterprise
which is responsible for providing water and sanitation seices in Lima. The amount
of ow diverted from the Rmac for potable water production during the dry season
in the Andes from May to November goes down to about 16.5%s. [7], [23] The
Chilbn water production plant, operated for SEDAPAL by the Consorcio Agua Azul
S.A., diverts roughly 2 n¥/s of the Chilbn River's ow for water production between
December and April; between May and November when the ow of th€hilbn can
slow to a trickle, the Consorcio Agua Azul extracts up to 1 fis for water production
from a system of groundwater wells located in the Chilbn wirshed. [13] In addition
to the wells operated for SEDAPAL by Agua Azul, SEDAPAL owns and opeates
a network of 471 groundwater wells which are used to supplemesurface waters
utilized for potable water production. On average, 2.5 s is extracted from this
network between December and April while 3 fAfs is extracted between May and
November. [23] SEDAPAL's piped water supply network servicedbaut 80% of Lima's
population, most living in central neighborhoods, througlconnections inside or just
outside the home (Figure 1.3). [42] Peripheral neighborhosdre serviced by water
delivery trucks, less than half of which are operated by SEDAR. [25]; the balance
are privately owned and operated. [109]

In recent years, the consequences of rapid, generally umdited population growth
have put strain on local water resources and their distribihn in Lima Metropolitana.
The metropolitan area's growth since the rst half of the 20h century has been
fast: its population increased about 14 times between 1940ca2010. [126] Large
peripheral areas stretching into the hills north, south andeast of central Lima were
informally settled via rural-urban migration at the beginnng of this period (Figure
1.4). Unable to provide housing alternatives, authoritiesrst tolerated and then gave
their support to the improvement and extension of these petirban neighborhoods,
setting a precedent for low-density growth and establishgn a general philosophy
towards urban settlement of \ rst build, then legalize and ntegrate”. The political
strife and economical insecurities which Pewu faced in th&980s and early 1990s led to
an increase in the in ux of immigrants to Lima [80]; the alreag long-standing housing
shortage forced their settlement in undeveloped areas fadr and further from the
historical urban center. [25] Lima's most recent metropdan development plan was
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Figure 1.3: Lima's piped potable water distribution networkserves roughly 80% of
the population with connections inside or outside the homel(9]; shown here are
Lima's two water production facilities (and a third which is uwnder construction) with
their average discharge rates, as well as the extent of thesttibution network with
corresponding pipe diameters.
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Figure 1.4: Informal settlement stretching into the hills sath of downtown Lima in
the District of Villa Mara del Triunfo.

developed for the period from 1990-2010, and though it hasdretemporarily renewed
each year since then, the city has no current legal instrumeto discourage low-density
growth. [12], [126] As of 2010, Lima Metropolitana had the sampopulation density
as Stuttgart (roughly 3,000 inh/km?), but almost 15 times the number of inhabitants
(living in an area 15 times as large). [101], [109]

Understandably, water delivery infrastructure in the metrgolitan area has not been
able to keep up with rapid, low-density population growth ad currently serves only
80% of inhabitants, despite almost continuous e orts by SEBPAL since 1980 to
provide complete coverage. [25], [109] Further, years of warednancing and poor
management of public utilities have resulted in a distributn network which exhibits
losses estimated at 35-40% [98], half of which can be attrtled to illegal connections.
[20] With network losses, average daily per capita water usagn Lima is estimated at
250 L. [19], [109] The roughly 20% of Lima Metropolitana's rabitants which are not
connected to the piped distribution network and therefore epbend on potable water
delivered by truck are often the poorest residents living ithe most peripheral and
hard-to-reach areas (Figure 1.5). The majority of water delivégs made by truck are
handled by private companies; deliveries are often infregnt and no mechanism exists
for controlling the source or quality of delivered water or tB proper maintenance
of truck water tanks. Further, potable water delivered by tuck can cost up to 9
times more than water delivered via the city's piped distribbtion network. [109] The
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(a) Water delivery truck in Chuquitanta (b) Filling water cisterns in Lima
[photo: Independencia]

Figure 1.5: In peripheral and hard-to-reach neighborhoods Lima, (a) water is deliv-
ered by truck and (b) stored in metal or plastic cisterns.

de ciencies in Lima's municipal water supply service and # high cost of water in

peripheral communities have led to a profusion of illegal gundwater wells; 1,733
unlicensed wells were counted in 2009. Though SEDAPAL enssirthat it does not

over-exploit its own well network by maintaining extractionrates which are under the
maximum allowable and allowing wells time to recover (and ewm goes so far as to
claim that groundwater tables are rising), without more inestigation no one can be
sure of the consequences that unregulated illegal groundesawells will have on the

long-term sustainability of Lima's subsurface water resaoes. [23]

Climate change is also negatively impacting Lima's water seurces. The metropolitan
area's three rivers are fed by glacial meltwater which is sted and managed in
a network of upstream reservoirs. Global warming has causetiet mass of all
Andean glaciers to shrink by 20% since 1970 and is also respblesfor reduced
precipitation in Peu's mountainous regions. Both of thes factors have contributed
to a reduction in upstream reservoir volumes which has led nainly to concerns
about downstream water availability, but also to conict with electricity providers
who utilize upstream waters for hydropower production. 80%f Peu's electricity is
currently generated using hydropower, and as populations iLima and other urban
centers continue to increase while mountain reservoir volwes decrease, arguments
about whether to optimize water resources management for diyppower production
or for drinking and irrigation water provision will surely intensify. [109] It is also
worth mentioning that the strong link between the availabilty of water resources in
Peu and the country's capacity for energy production woud e ectively rule out a
seawater desalination plant for the production of potable war in Lima because of
the high energy consumption and operational costs asso@dtwith this type of facility.



1.1 Lima's challenges to the management of water resources and the provis ion
of green space 7

8685000

8640000

127200°s

Sistema Primario de Alcantarillado
Tuberias Primarias de Alcantarilado
Plantas de Tratamiento de Agua Residual
( ‘Laguna de Oxidacion
( tagunaAreada
( todos Activados
Anaerobio-Laguna Aireada w
( Fitro Percolador R oy
ot ILPO 3
g Areas de Drenaje de i * ILPO tgw_ RS
g I fncon INSTITUTO METROPOLITANO DE i
PLANIFICACION X
I centenario
Colector Nro. 6
[ |et=min LIMA METROPOLITANA
[ comas
I costanero T
I Fuente Piedra MAPA DE ALCANTARILLADO
I sanouan
H [ surco
B ventaniia

uuuuuuuuuuu

8 I
25 s

I
= Z000

5

$

— o
S

o

T—285000 300000 315000 T 3001
77°00W 2

Figure 1.6: Lima's piped sewage infrastructure serves rougt85% of the population
[42]; shown here are the extent of the sewerage pipe netwotle locations of 18 of
Lima's 41 sewage treatment facilities and their types, ande di erent drainage basins
for which the city provides sewerage service.



1.1 Lima's challenges to the management of water resources and the provis ion
of green space 8

Table 1.2: Wastewater Treatment Technologies used in Lim&%]

Percentage of

Number Total Collected
Treatment Technology of
Facilities Wastewater
Treated
Facultative Lagoons 10 4.6
Aerated Lagoons 5 2.2
Aerated Lagoons w/Sedimentation & Polishing 3 44.2
Anaerobic Lagoons w/Aeration & Polishing 3 29.1
Anaerobic Reactors & Facultative Lagoons 2 2.5
Activated Sludge 14 16.9
Trickling Filters 2 0.3
Constructed Wetlands 2 0.1

Wastewater management presents another challenge in LimaAs with its piped
water distribution network, SEDAPAL has had diculty expandi ng its sewerage
network rapidly enough to accommodate urban growth and onlyoughly 85% of the
metropolitan area's households are connected to the sewagdection network (Figure
1.6). [42] Wastewater treatment facilities in Lima Metropdtana have also not kept
pace; currently only 16-17% of the 18,850 L/s of wastewater llmrted by SEDAPAL
receives any form of treatment at all, while the balance is sitharged untreated into
the Paci c Ocean. [75], [114] However, the metropolitan areia taking steps towards
some form of treatment for 100% of its wastewater. The rst othese is Taboada, a
large central wastewater treatment plant (WWTP) under constuction in Lima which
will begin operation in August to process an additional 57% of #hcity's wastewater.
Noteworthy however is that because more advanced treatment gtich a large quantity
of collected wastewater has been deemed too costly, the nelanp will provide only
primary wastewater treatment (removal of sand, oil and grea$ before discharging
collected waters to the sea. [61], [75]

Lima Metropolitana currently has 41 facilities for treatmet of the 16-17% of domestic
wastewater collected by SEDAPAL: 19 are operated by SEDAPAL, l4ybvarious
municipal governments, 5 by private enterprises, 2 by the Mistry of Defense and 1 by
a public university. Almost 83% of the wastewater currently cllected for treatment is
treated using facultative, aerobic, or anaerobic lagoongtv or without complimentary
treatment steps; for example, 44% is handled at 3 facilitieghich utilize aerated
lagoons with sedimentation and polishing steps while an ational 29% is treated at
3 facilities which use anaerobic lagoons with aeration andlshing steps (Table 1.2).
The most primitive treatment technology utilized in Lima is the facultative lagoon,
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employed by 10 facilities handling just under 5% of collealewastewater which is to
undergo treatment. This technology was the rstimplementd in Lima for wastewater
treatment and is therefore frequently encountered, thougimany of the facilities which
originally utilized facultative lagoons have been upgradetb anaerobic or aerated
systems. 2.2% of collected wastewater is treated in aeratémboons, and 2.5% in
anaerobic reactors & facultative lagoons. Just under 17% dfi¢ wastewater collected
by SEDAPAL for treatment is handled in 14 facilities which utiize activated sludge
technology, and less than 0.5% is treated in 4 facilities eaging trickling Iters or

constructed wetlands. [75] Lima's wastewater treatment phts generally produce
low-quality e uents because many do not function as desigrmeor are under-designed
for in uent pollutant loads and types [114]; further, none éLima's plants are designed
to remove nutrients or chemical contaminants from wastewat. [75] The majority of
treatment plants in Lima receive in uents in quantities or with biochemical oxygen
demands (BOD) or organic loads higher than those which theyere designed to
handle. Inuents often contain industrial or mining pollutants which facilities are
not equipped to remove. Though 27 of Lima's plants were desigd to include a
disinfection step at the end of the treatment process, in theajority of cases this step
is not in operation. For these reasons, although all of Lima &ropolitana’s treatment

facilities (with the exception of the 2 plants which employ tickling Iters) provide

some form of secondary treatment, achieved treatment e ciemes are frequently inade-
guate for the safe discharge of e uent into surface waters dor its use in irrigation. [75]

Another di culty faced by Lima Metropolitana is the provision of an amount of ur-
ban green space su cient for its population. The World HealthOrganization (WHO)
recommends that cities maintain an average of 9 3vof green space per person; for
a population of 9 million, meeting this recommendation wouldequire 8,100 hectares
of green space. However, it is estimated that Lima Metropoéha has just over 2,000
hectares of green space and on average only about 24afhgreen space per capita. [75]
Un-built spaces in Lima are in peril. Especially in the abseecof a valid and current
urban plan, there is pressure on authorities to allocate uedeloped and agricultural ar-
eas for residential and industrial development. These zag types are considered more
urgently needed and economically fruitful than recreaticsd space, which is typically
not assigned much nancial or other value. [16], [58] In areaghich are already used as
recreational space or for which parks are planned, green spalevelopment is generally
seen as needing to be just that | green | and expensive, limited potable water sup-
plies are widely used for the irrigation of grass and other wer-needy park plantings
(Figure 1.7). [84], [89] In order to discourage the use of pdtie water for irrigation,
in 2010 the Peruvian government passed minsterial resolomi 176-2010-VIVIENDA:
\Aprueban Lineamientos de Poltica para la promocon del tratamiento para el reuso
de las aguas residuales donesticas y municipales en el oelg areas verdes urbanas y
periurbanas” (English: \Approval of policy guidelines for he promotion of treatment of
domestic and municipal wastewater for reuse in the irrigatroof urban and peri-urban
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Figure 1.7: Expensive and limited potable water supplies ardten used to irrigate
green spaces in arid Lima, like this public area in the Distt of Punta Hermosa.

green areas") which e ectively legalized the use of treatedastewater for irrigation.
[45] Though they do not specify the extent to which wastewateshould be treated
for reuse in irrigation, the guidelines propose the develomnt of quality standards for
domestic and municipal wastewater reused in irrigation andhe updating of legisla-
tion related to the various treatment technologies which migt be implemented for this
purpose. [68] In 2011, Peu's Superintendencia Nacional @ervicios de Saneamiento
(English: National Superintendence of Sanitation Service§SUNASS) proposed that
municipalities begin to pay market rates for potable water sed in green space irriga-
tion instead of government-subsidized tari s, and encouged Peruvian mayors to seek
nancing for the construction of treatment facilities for municipal wastewater which
could be reused in irrigation. [50] Despite this encouragemt, the construction and
proper maintenance of decentralized treatment plants forrigation of urban green
spaces remains nancially cumbersome for municipalities, andigation of these areas
with potable water continues. [18]

1.2 Water-sensitive urban design

Lima's challenges to potable water supply and distributionyastewater collection and
treatment, and the provision and maintenance of green spahave been brought on by
a variety of natural (ex., arid climate; poor surface water dtribution) and man-made

(ex., fast, informal, low-density population growth; clinate change) stressors. The
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development of lasting and e ective solutions to the compleproblems which Lima
faces requires a change in the fundamental way water is maedgwithin the urban
environment, with a renewed focus on sustainability and ieggration. One tool which
can be implemented to support a new approach to urban water magement is
water-sensitive urban design (WSUD). WSUD is a departure from th traditional
design paradigm which tends to uphold negative perceptionsf urban water as a
vector for disease, a means for transporting waste, or a soerof inconvenience or
annoyance. While the conventional \out of sight, out of mind"approach hides urban
water and the infrastructure that carries or constrains it util water comes out of a
tap, or gets ushed down a toilet, or is channeled into a gutie WSUD rather supports
the idea that urban water infrastructure can be more to a city lhan just a means for
controlling ooding, or bringing clean water in and taking ecess or dirty water out.
Engineers Australia de nes WSUD as follows: \Water sensitivenjeans] sustainable
solutions for managing water resources [and] protecting @afic ecosystems...[while]
urban design [means] integrating total urban water cycle nmagement into the urban
design and built form, enhancing the landscape/recreatiohabitat, [and] creating an
“urban ecology' " [24] Water infrastructure can and should é& seen and experienced by
city inhabitants via its integration into the urban landscgpe, opening up its potential
to serve an additional purpose by supporting natural aquati and riparian/lacustrine
habitats or as an urban recreational space. Further, WSUD suppe a renewed
approach to urban water management which considers the tétavater cycle and
incorporates a view towards long-term sustainability.

It has been argued that the mismanagement of water, and not adk of water
resources, is the real culprit behind water scarcity problenis the Lima Metropolitan
Area. Peru's desert coast is said to have more water than the @et country of Israel
[109], and evidence suggests that Lima does have enough wdte meet all of its
needs | city water resources just need better stewardship. 2] The potential for
more e ectively and e ciently managing water resources in ima by applying the
principles of WSUD is high, and would not only alleviate issueeelated to water
supply and distribution (i.e., water scarcity), but could dso address some of the
challenges related to wastewater management and the proweis and maintenance of
green space in the city. For example, under a di erent manageant scheme it would
be possible to use the city's wastewater to irrigate an amoumtf green space in Lima
Metropolitana large enough to exceed the per capita greenagg recommendation
given by the WHO. One scenario even suggests that if the amount die city's
wastewater undergoing secondary treatment were increasewrh current levels of
16-17% to 37%, 9,600 hectares of green space and an addiligh@00 hectares of
agricultural land currently irrigated with river water could be irrigated with treated
wastewater at a ow rate of 6,800 L/s. [75], [76] While it wouldhot solve the problem
of high network losses or address issues related to watertdlmition outside the piped
network in Lima, the use of recycled wastewater for irrigabn would indirectly help
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Figure 1.8: Schematic illustrating the status quo for water @sources management
in Lima Metropolitana and constructed wetlands as a potentiatreatment option for
waste- and surface waters.

water supply issues by freeing up limited potable water resmes for exclusive use in
households and as drinking water. In turn, this could lesseor alleviate the pressure
on groundwater resources currently tapped for potable watgroduction, reserving

them for future exploitation, and avoid the need for additinal, expensive potable
water supply projects (i.e., a second trans-Andean tunnel, desalination plant for

Lima, etc.) [93] Based on recent legislation, authoritiesscognize the bene ts of using
treated wastewater for irrigation and have begun to encouga local governments to
install appropriate wastewater treatment facilities of ag type. However, additional

motivation for municipalities and an even truer application of the principles of WSUD
in Lima might be possible through the speci ¢ promotion of costructed wetlands as
the recommended means of treating wastewater for irrigatigourposes.

Though of course not the only treatment choice for wastewaténtended for reuse in
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irrigation [106], constructed wetlands are a proven methofibr the e ective treatment
of polluted waters and have been championed for their poteatifor application in
developing countries. [49], [79] Their wide-scale implemntation in Lima would sup-
port improved wastewater management and green space praeigmaintenance in the
metropolitan area towards the overall goal of increased gamability and integration
in water resources management (Figure 1.8). Constructed Waids are essentially
green areas which work to clean the water which keeps them gne thus serving a dual
purpose as wastewater treatment infrastructure and green ape. In many cases, con-
structed wetlands can be even further integrated into the bliienvironment as urban
recreational space or as city habitats for hydrophilic oraand fauna. [24] Treated wet-
land e uent can also be used in the irrigation of additional geen spaces. [21] While
championing the incorporation of constructed wetlands it Lima's urban infrastruc-
ture would not address the fundamental question of whetherloan green spaces need
actually be green, constructed wetlands as the status qua fwastewater treatment for
irrigation would enable an increase in the amount of \tradibnal" green space in the
metropolitan area in two ways: rstly as a mechanism for prodcing treated wastew-
ater which might be reused in the irrigation of green areas,nd secondly as green
spaces themselves. It seems that up to this point, concernbaait high capital and
land costs associated with the installation of constructedvetlands as well as proper
wetland operation and maintenance (for example, those rédal to Lima's Oasis de
Villa arti cial wetland as expressed by Julio Gesar Moscoso @vallini in his 2011 re-
port) have been the primary barrier to the wider-scale implaentation of constructed
wetlands in Lima. [75] All wastewater treatment systems reqre proper operation and
maintenance in order to be e ective. Constructed wetlandsra no exception, and this
would be a pre-requisite for their success in Lima. However, gjate their relatively
high installation costs, operation and maintenance costsefar lower for constructed
wetlands than in a conventional treatment plant, and theres also potential for recuper-
ating some investment costs via the harvesting of wetlandaotts for use as fuel and for
other purposes. [79] Municipalities might be further incemtized to allocate space for
the construction of wetlands despite high land costs becausgtheir potential to pro-
vide multiple urban services (ex., a constructed wetland o@d function as a secondary
wastewater treatment step AND as a recreational area, etc.) 8mading awareness of
constructed wetlands as multi-purpose urban infrastructie elements might not only
increase the perceived value of green areas in the city in aotithemselves, but also
promote the idea that setting aside urban land for use as (mulpurpose) green space is
not a waste of potential residential or commercial space bunhahe contrary, actually
adds value to adjacent real estate. [88] Finally, de-centhgltreating wastewater in
constructed wetlands would help improve wastewater managent in Lima on a larger
scale by increasing the amount of wastewater treated in theetropolitan area while
avoiding costs associated with the construction of new ceatrtreatment plants or the
extension of the pre-existing sewerage network.



1.3 What is a water audit? 14

1.3 What is a water audit?

A water audit is a water accounting procedure aimed at an assesent of the quantity
and/or quality of water resources available in an area or to aroject. The purpose
and scale of water audits vary; for example, a public utilityprovider could implement
an audit to assess how much water is being lost in its distribiotn network [121],
a family could audit how much water they use for various houbeld purposes in a
given day, etc. A water audit supports the preliminary stagesf WSUD by providing
information about speci c water quality and quantity parameters which can be used
to constrain and guide early design development, leading taxsngs in money and time
at future stages of the project. When considered alongsideaggect goals for water
usage or treatment, \boundary conditions" based on inform&bn about water ow
rates or contaminant levels collected via an early-stage @iti can help ensure that
initial design prototypes function as envisioned, and segvas a starting point for the
selection of speci ¢ water treatment or other technologiet® complement the proposed
designs. Further, information collected during an audit aahelp steer project resources
away from ideas which simply won't work, before much time or nmey is wasted on
investigating them more thoroughly. A well-thought out audt might be particularly
helpful in rapid planning because it streamlines the colleon of a customized set
of technical data which could contribute to more informed dgsion-making, providing
reliable information about the project in early planning plases and reducing the overall
time needed for project development.

1.4 Research framework, thesis goals and link to
LiWwa project

The LiWa project, o cially named \Sustainable Water and Wastewater Management
in Urban Growth Centres Coping with Climate Change | Concepts for Lima

Metropolitana,” is a ve-year scheme being funded by the Ddsche Bundesminis-
terium far Bildung und Forschung (English: German FederalMinistry of Education

and Research) (BMBF) which is part of the \Future Megacities" Programme, an
initiative which seeks to address three universal challeeg faced by the world's
megacities: climate change, urban growth management, and ethpromotion of
sustainability. [15] LiwWa aims at the development and apptiation of tools for
participatory decision-making related to the sustainable lanning and management
of water and sanitation in Lima Metropolitana, especiallyn consideration of future
e ects of climate change and urban growth. [104], [105] Workaekage 9 of the Liwa
project, \Integrated Urban Planning Strategies and PlanningTools" (WP9) is being

led by the Institut far Landschaftsplanung und Okologie at Universifat Stuttgart

(English: Institute for Landscape Planning and Ecology) (IPO) and is centered on
the establishment of an overall strategy for natural spacend green structures in
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Figure 1.9: Prototypes for water-sensitive ecological irgstructure were developed for
a neighborhood in San Martn de Porres, a district located vthin the Province of Lima
but bordering the Province of Callao to the west.

Lima. [103] The intention is that work package results suppba shift in urban water

management from existing ad hoc tactics towards a more coheteand integrated

approach, and that they contribute to an updated urban plan bieg developed for the
metropolitan area.

One speci c goal of WP9 is the creation of planning tools whictan be used to identify
potential strategies for the development of a water-sensig system of ecological infras-
tructure in Lima that considers the multi-functional potertial of green spaces in relation
to their present and future water demands. [116] A related gb& the development
of prototypes for water-sensitive ecological infrastruate at pilot sites in Chuquitanta,
a neighborhood located within Lima's District of San Martinde Porres (Figure 1.9).
In support of the latter, a group of architecture students frmn Universitat Stuttgart
traveled to Lima to participate in the \Lima: Beyond the Park"™ Summer School spon-
sored by ILPO in collaboration with the Centro de Investigacon de la Aralitectura y
la Ciudad (English: Center for Research on Architecture anche City) (CIAC) of the
Ponti cia Universidad Cablica del Peu (PUCP) in February /March of 2012. [89] The
workshop partnered the students from Germany with a group of éuvian architec-
ture and engineering students to generate new concepts foetdevelopment of public
spaces which utilize a water-sensitive approach and intege the total water cycle, as
well as strategies for ecological parks based on performargdesign and not just aes-
thetics. [115] Student work in Lima was focused on several elient water sources in
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and near Chuquitanta and was complemented by pre- and posti®mer School design
work they carried out within a larger framework for the devapment of preliminary
WSUD concepts for the sites. The framework can be consideredtimee phases, each
of which incorporates design work carried out by the studest as well as a technical
component (Figure 1.10):

Organizational Phase | | Initital Impressions: Design work in this phase fo-
cused on preparatory work for the Summer School, speci calbverall strategic
planning for the di erent types of waters found in and near Chquitanta and the
exploration of WSUD concepts in ecological parks which might ba&ppropriate
for Lima within the larger urban context. Technical work invdved initial obser-
vations made at the site, research into water-related chatiges in Chuquitanta
and in Lima in general, and rst steps in developing a water aliting strategy
for Chuquitanta.

Organizational Phase Il | \Lima: Beyond the Park"” Summer School: Design
work in this phase focused on the development of concepts foater-sensitive
ecological infrastructure at four sites in or near Chuquitata as elaborated above.
Technical work involved nal steps in developing a water auting strategy for

Chuquitanta, as well as conducting interviews, collectingther existing data, and
carrying out preliminary eld testing as part of conductingthe audit.

Organizational Phase Il | Anteproyecto: Design work in this phase focused on
the development of more detailed WSUD concepts for various eit in Chuqui-
tanta based on the Summer School results and experience. Tachl work in-
volved eld sampling and testing as part of conducting the adit as well as the
compilation of nal audit results.

The rst objective of this thesis was to plan and undertake a water audit in
Chuquitanta by carrying out the technical work described abve for each of the
three organizational phases. A second goal was to encourageraction between
the technical and design work carried out during prelimingr WSUD project phases
in order to generate sounder, more robust design prototypes early project stages.
One of the steps towards this goal was the presentation of @aand other technical
information in a manner appropriate for comprehension by a ane general audience.
Additionally, during Phases Il and Ill, technical information and design ideas were
shared and used to inform work carried out in subsequent prajephases. The third
thesis objective was to generate a set of nal deliverablesed on nal audit results
AND the more re ned design concepts generated at the end of PRI, supplemented
by additional research on constructed wetland technologieand the implementation
of a simple tool developed to estimate required wetland areas'hese deliverables,
namely nal recommendations for constructed wetland con grations which might
be successfully implemented in WSUD prototypes for Chuquitéa and estimations
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Figure 1.10: Schematic illustrating work ow throughout prdiminary phases of Chuqui-

tanta WSUD project, with points of interaction between desigrand technical work and
nal deliverables.

of the land area these con gurations would require, would nonly ful Il technical
requirements for water treatment or utilization within the study area, but also be
speci cally catered to the vision embodied in the proposededigns.

In summary, the three major goals of the work presented in thithesis were as follows:

1. To develop and conduct a water audit in order to rapidly prodce a set of
data which adequately characterizes the quantity and quayi of water sources
in Chuquitanta for the purpose of their application in WSUD cogepts which in-
corporate constructed wetlands for the treatment of wasteater and/or polluted
surface water for reuse in the irrigation of urban agricultte and green areas.

2. To support WP9 by utilizing nal audit results to:

(a) guide and re ne student design work throughout the prelinmary phases of
the WSUD project, and

(b) generate suggestions for technically feasible and dgsiappropriate con-
structed wetland con gurations which could be incorporaté into WSUD
prototypes developed for various water sources in Chuquiten with an es-
timation of the land area they require. Ful liment of this objective involved
the development of an Excel-based tool for wetland area estation.
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3. To challenge the traditional parallelism of the preliminey design and technical
phases of an infrastructure development project by encowiag interaction and
communication between design and technical work and promiog the sharing of
information and ideas towards the goal of generating morelyast design proto-

types at early project stages.



2 Developing a Water Audit

2.1 Organizational Phase I: Initial Impressions

Technical and design work carried out during Phase | of the gmminary development of
WSUD concepts for Chuquitanta was aimed at becoming familiarith the project area
and its water resources and developing initial ideas about Wwdocal water resources
might be managed in a more sustainable and integrated way.

2.1.1 Phase | Technical Work

The technical part of Phase | was primarily devoted to gainig a basic understanding
of the project sites in and near northeastern Chuquitanta, specially with regard to
available water resources and their management. While someagtitative information
was gathered in this phase, the focus was not on the collectiof numerical data,
but rather on gaining a sense of the state of a airs in the studwrea. Chuquitanta
is located in the northwestern part of San Martn de Porres $MP), a district in
northern Lima which borders the Province of Callao to the wegDistrict of Callao)
and northwest (District of Ventanilla), and the following districts in the Province of
Lima: the District of Puente Piedra to the northeast, the Disricts of Los Olivos,
Independencia and Rmac to the east, and the District of Lira to the south. The
Rmac River forms SMP's southern border while the ChilbnRiver forms its northern
border (Figure 2.1). The neighborhood bordering Chuquitaat to the east, also
within SMP, is San Diego. Land in Chuquitanta is primarily ugd for residential
or agricultural purposes, with some commercial activity. Mst of the residential
development is informal and illegal, though more than halffanhabitants have lived
in the area for more than 15 years. Roughly 14% of inhabitantge children under age
12 while 16% are children between the ages of 13 and 18; averhgusehold income is
estimated at 1525 PEN (roughly 475 EUR). [87] Most land in Chugtanta is devoted
to agriculture; products grown in the area include lettucepnions, cabbage and corn,
and eld parcel sizes range from 0.25 to 4 hectares. [57] Commial activity includes
small general stores and eateries, as well as (illegal) Bweck farming.

There are six major water sources in or near the northeastepart of Chuquitanta

19
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Figure 2.1: The neighborhood of Chuquitanta is located in theorthwestern corner of
the District of San Martn de Porres, shown here with bordeing districts and two of
Lima's three rivers to the north and south.
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Figure 2.2: Six major water water sources in or near northeasteChuquitanta were
considered in this study. The area shaded in pink is within Chguitanta; that shaded
in dark grey is within the adjacent neighborhood of San Dieg@lso in SMP).
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(a) Chilbn River in February 2012 (b) Chilbn River in November 2011
[photo: Emma Hillard]

Figure 2.3: The ow of the Chilbn River varies greatly throughout the year; (a) during
the period of high ow between Dec. and Apr. ow rates have rise to 28,000 L/s
during ooding events [3] while (b) during the period of low ow from May to Nov.
ow can cease entirely.

which were explored in the context of this study: the Chilm River, e uent from
the SEDAPAL Puente Piedra WWTP, groundwater from a local pumpingstation,
a spring or \puquio” forming a small groundwater pond, domdsg wastewater from
the Santa Cruz Hill residential area, and a network of irrigabn canals channeling
redirected river water through the neighborhood (Figure 2)2 For various reasons
related to project development, not all of these sources veexplored in Phase Il or
evaluated in the nal audit during Phase Ill, but consideredtogether they do give a
complete picture of local water availability, usage and magement and were therefore
all explored in this phase of the study.

For much of the year, theChilbn River is a major water element in the study
area, though there are annual periods when it runs dry (Figur@.3). River ow
rates experienced at the project site are articial; they a manipulated rst in
the management of a system of Andean reservoirs far upstream igéh contains the
source waters of the Chilbn, and again further downstrean(though still upstream of
Chuquitanta) as water is diverted from the river for the prodiction of drinking water
or for agricultural irrigation. Despite these human interentions, Chilbn River ow
volumes increase dramatically as the result of upstream raievents. For example,
the ow rate of the Chilbn River in Lima increased 128% to 243 m®/s as a result
of upstream rainfall in February 2012; though the river ow ate did not reach the
historical maximum of 28 n¥/s at this time, it was a cause for concern. [3] Local
ooding often occurs when the volume of the Chilbn River ireases, and results can
be severe; an Inca bridge which used to span the river in nodghastern Chuquitanta



2.1 Organizational Phase I: Initial Impressions 22

was washed away by ooding which occurred several years ag0]| and river ooding
in 2001 a ected 500 homes in SMP. [91] Since that time, the mupal government
of SMP has erected some ood retention walls (gabions) alortge Chilbn directly
upstream of the study area in the neighborhood of San Diegohieh because of its
low elevation and high water table is particularly prone to a@ding, but as of 2010
SMP did not have the nances necessary to extend this infrasicture to Chuquitanta.
[26] Though a dike separates riverside settlements from ti@hilbn in the study area,
river banks are not reinforced here, and annual preventagv ood protection measures
such as sediment removal from the river channel are not alwsagarried out due to the
limited availability of required machinery. [108] The thrat of local ooding events in
the area has increased as more and more solid waste has bdegally dumped into
the river or dry riverbed, further impeding the river's natural course and forcing water
into riverside settlements. [91] The residential ooding pblem is not helped in that,
especially in areas along the Lower Chilbn both up- and dawstream of the project
site, people have settled not only in the oodplain, but in tke river channel itself; it
seems not uncommon for solid waste to be dumped in the riverbddring periods of
low ow, leveled out, and then rapidly built up with informal residential structures, all
in a matter of days. [6] With regard to water quality, general onsensus amongst the
locals is that Chilbn River water is too dirty to drink or use for household purposes.
This is a reasonable assumption considering the diversity legal and illegal activities
conducted in the Upper and Middle Chilbn catchments, or upgeam of the project
site in the Lower Chilbn catchment, which could impact rive water quality in the
project area. These include agriculture and animal husbang industrial activities,
mining, the channeling of domestic wastewater into the riveand the dumping and/or
burning of solid waste. The illegal dumping of industrial ad especially mining
waste in the river is acknowledged as a particularly signiant problem, but e ective
emissions monitoring and mining facility inspections by gernment authorities have
been hampered by a lack of available resources and low acdability. [85] It is also
worth noting that just downstream of the study area, within Chuuitanta as well
as across the river in the District of Ventanilla, signi can tracts of riverside land
are devoted to illegal pig farming. Pigs are fed with unsortesolid waste, and the
river likely receives most of the by-products from this actity. River water quality
downstream of the study area is also a ected by solid waste weh is illegally dumped
into the river or burned in the riverbed, agricultural runo , and the dumping of
domestic wastewater. [36], [80]

The Puente Piedra WWTP  was built in 2002 on 6 hectares of land in Chuquitanta
for the treatment of domestic wastewater from 150,000 inh#@hnts of Puente Piedra,
Chaclacayo, Ate Vitarte, Santa Anita and other districts in nathern Lima (NOT
including SMP. Despite the wastewater treatment plant in tleir backyard, residents
of Chuquitanta remain without connection to the public sewege system, in part
because the legality of their claims to the land they live onsiquestioned.) At a
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Figure 2.4: Out ow from the SEDAPAL Puente Piedra WWTP is used to irigate local
agriculture. [photo: ILPO]

cost of 9.5 million USD (roughly 75% provided by the World Bank ad 25% by
SEDAPAL), the WWTP was equipped with the most advanced wastewatereatment
technology employed in Lima at the time, and was lauded as a mesafor reducing
pollution of the Chilbn River and Paci ¢ Ocean as well as helh risks related to the
irrigation of vegetables with untreated wastewater. [59] e plant was designed to
process 422 L/s (36,460 mday) of wastewater for reuse in irrigation of agricultural
areas and other green spaces in the Chilbn River Valley. Asedigned, biological
treatment is via activated sludge and aeration/sedimentabn steps carried out in a
three-chamber modi ed sequencing batch reactor (CSBR-3jhe rst two chambers
alternate between sedimentation and aeration processeshil@ the third is used for
aeration only. Mechanical pre-treatment with an automaticscreening chamber and
removal of sand and fats/oil along with nal disinfection usng chlorine round out
the treatment process; sludge is treated by thickening, deweing and drying in
a centrifuge in preparation for land lling. When operated asdesigned, the plant
reduces organic load, partially removes nitrogen, and lovgethermotolerant coliform
counts to levels suitable for reuse of the e uent in irrigaton. [95] However, in uent
volumes and organic loads higher than those which the plantas designed to
handle have caused major operational problems, and the e ueneleased into open
channels in Chuquitanta is generally malodorous and of dy poor quality (Figure
2.4). Despite this, it is still used for irrigation of agriclture in the surrounding
area, though not in full capacity since the treatment plant at ow is located at an
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(a) Extraction well with tubing (b) Groundwater pump in San Diego

Figure 2.5: San Diego's pumping station was erected to prevemoding in areas
where the groundwater table is high and to provide water foriiigation of green spaces
throughout SMP.

elevation below that of most surrounding agriculture. [75]EDAPAL plans to upgrade
and/or expand this facility in the future, though detailed pans for this are unavailable.

Between 2008 and 2010, the municipal government of SMP ereatte groundwater
pumping station just outside Chuquitanta in the neighborhood of San Diego. e
long-term goal was to extract groundwater from parts of San iBgo where the water
table is naturally high (in some places shallower than 4 mbgin order to reduce their
susceptibility to ooding [125], and then to route the extrated water into a system of
subterranean reservoirs for subsequent use in the irrigai of green spaces throughout
SMP. Two extraction wells (Figure 2.5a) and two 50 hp electricgmps (Figure 2.5b)
were installed to withdraw 80-100 L/s of groundwater colld¢ed in a 3 m-deep drainage
piping matrix. 10 km of the pipe network necessary for tranef of the extracted
groundwater to sub-surface holding tanks were also laid, bbecause holding tanks
have not yet been constructed, extracted groundwater is awntly transported by
truck for use in irrigation of green areas throughout the munipality. [78] In the
future, the municipality would like to transport e uent from the Puente Piedra
WWTP for use in irrigation throughout SMP via the same pipe netwdk currently
under construction for the transport of groundwater, altenating between the two ow
streams rather than mixing them.

The groundwater pumping station in San Diego is not in operain all day or every
day; further, often more groundwater ows through the subteranean drainage matrix
than the pumping station is equipped to extract. Non-extractd groundwater ows
by gravity through the subsurface matrix to a ground outlet bcated on the opposite
side of the Chilbn River in the District of Ventanilla (Province of Callao) to form a
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Figure 2.6: The puquio in Ventanilla (Callao) is a small pond wich is fed by a matrix
of drainage pipes that carry groundwater from an area near ¢hpumping station in
San Diego.

small pond which locals call the puquio ", a Quechua word meaning \spring" (Figure
2.6). Ownership of and jurisdiction over the puquio is in queion and the controversy
is mired in rumors and misinformation. SMP believes that sircit is fed by water
from their district, the puquio belongs to them, while Ventailla argues that since it
is located on their land, they own and control the puquio. A lege \private property"
sign and rumors that the puquio actually belongs to the samedividual who owns
adjacent agricultural land complicates matters; so do clais from representatives of
SMP that the drainage matrix outlet was originally in the Chibn riverbed, but that
during a dry period the government of Callao used heavy mactary to alter the river
channel such that the puquio outlet was subsequently situadl on the bank on their
side of the river. Regardless of who owns it, the puquio is usby everyone, including
residents of Chuquitanta and San Diego (who reach Ventarallvia a pedestrian bridge
over the Chilbn located just upstream of the groundwater pmping station in San
Diego) as well as people from Ventanilla, Puente Piedra, andamre distant districts.
It also seems to be used for a variety of purposes includingiswning and recreation,
bathing, clothes washing, mototaxi washing, and irrigatio. [17] The puquio water is
clear and cool, and supports a population of small sh.

The residential area on Santa Cruz Hill (SCH) is one of several in Chuquitanta
with no connection to the public water supply or sewerage neorks (Figure 2.7). As
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Figure 2.7: The residential community on Santa Cruz Hill is onef several settlements
in Chuquitanta without connection to Lima's piped water suply or sewerage networks.
[photo: ILPO]

one of the oldest established residential areas in Chuquita, SCH is particularly well-
organized with respect to political activism and communitynvolvement, and residents
have achieved much as a result of their collective e orts. @amunity members have
formed themselves into committees which organize and caiwyt common services such
as the collection of trash and recyclables and the fair distution of government food
assistance to families with children, etc. They also sucs#slly lobbied for connection
to the municipal electricity network several years ago. SCHas now turned its focus
to bringing piped water supply and sewerage connections tbe community, and hopes
to achieve this in the next few years. For now, potable watesidelivered by truck
and stored in plastic or metal cisterns outside homes. Dontesgreywater is generally
discarded in the street, often as a means for controlling dyisno formal latrine or
other hygienic facilities are available and it is assumed &t blackwater generally nds
its way into the river. [17] An interview with community representatives yielded the
following demographic and water consumption-related inforation for SCH: there
are about 59 households in SCH, and the average household $&z& people. Each
household has 3-4 cisterns for storing potable water; a @sh has an average volume
of 200 L. In general, one household requires about 1 cisterf pptable water per
day for domestic needs. Water delivery trucks visit Chuquainta about 3 times per
week, but sometimes run out of water at the base of the hill, lgeng households at
the top without enough. Residents pay about 2 PEN (roughly 62 EUR) per cis-
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Figure 2.8: The network of canals which passes through Chutpnta carries water
diverted from the Chilbn River for use in ood irrigation of local agriculture; the
opening and closing of sluice gates along the network corgdhe inundation of eld
parcels. [57] [photo: ILRD]

tern of potable water, which equates to on average 10 PEN (rghly 3.10 EUR) per n¥.

The nal water source in or near Chuquitanta considered witim the context of this
study is the network of irrigation canals  which snakes through the neighborhood.
The network of open channels is fed by water diverted from thehibn River at a
point upstream of the study area in Los Olivos and is used forrigation of roughly
23 hectares of agriculture in Chuquitanta and 24 hectaresrther downstream in the
neighborhood of Oquendo (Callao). Local irrigation infrasucture was built in the
1960s and utilizes basic technology: irrigation is by oodingontrolled at each eld
parcel via the opening or closing of a sluice gate (Figure 2.8)he canal network serving
Chuquitanta and Oquendo is one of 17 serving the Lower ChitbRiver Valley. [92] The
total monthly volume of river water diverted into each of thee irrigation canal networks
is determined by Peru's Autoridad Nacional del Agua (ANA) (English National Water
Authority) according to seasonal river ow rates, the volumeof river water reserved
for potable water production, and estimated water demand dhe crops irrigated using
the canal systems. In turn, water usage within each canal wetrk is managed by
a local irrigation board made up of farmers; decisions reghing the canal network
in Chuquitanta are made by two boards: that of Chuquitanta ad that of Oquendo.
Members of the irrigation board meet weekly to create an igation schedule for the
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eld parcels serviced by their canal network based on the typof crop being grown and
the area planted, seasonal weather conditions, and the anmbwf water which has been
allocated to their canal network that month. In general howeer, it can be assumed
that each eld parcel is irrigated at least once a week. The apunt of water diverted
into the network of canals passing through Chuquitanta vaes throughout the year;
during the upstream rainy season between December and Apray rates are typically
between 800 and 1000 L/s, while between May and November thegalease to between
40 and 50 L/s, but do not fall to 0. Flow rates also vary throughot the day and with
location along the network depending on which elds are beingigated at what time.
Regardless of what crops are grown and how much water they va®g, farmers pay
250 PEN (roughly 78 EUR)/hectare/year for their irrigation water, a portion of which
goes towards reimbursement of local irrigation board memise [57] The demand for
housing in Lima Metropolitana has generally made it more prodble to sell land for
residential development than to farm it, and because agrittural land is not protected
by zoning laws, it is disappearing from the city. Much former gricultural land in
Chuquitanta is now built up, and sections of the irrigation etwork which serviced these
areas have consequently been closed o . Other parts of thetwerk now pass through
residential developments on their way to the elds. Domestigrey- and blackwater are
often dumped into these sections of the network, along wittoamuch solid waste that
irrigation board members meet monthly to clear the canals ofash in order to ensure
that water reaches the elds beyond. Residents have also leal for the covering of
open channels in settled areas for health and safety reasons

2.1.2 Phase | Design Work

In the design part of Phase I, carried out in Stuttgart duringWinter Semester 2011/12,
German architecture students focused on the exploration /SUD concepts for an
ecological park which might be appropriate for implementatin with the di erent water
types present in Chuquitanta or elsewhere in Lima. Their maiideas at the end of this
phase are brie y summarized as follows:

Green Lifeblood Irrigation Park for Chuquitanta's irrigation canals: It is in-
evitable that agricultural areas in Chuquitanta will be repaced by residential
settlements, and that the people living in these settlemestwill need water.
The system of irrigation canals is an established network oecting local green
spaces, and especially because water ows through them yeaund, rather than
covering it over, the connective function of this network cdd be exploited in a
future recreational space to bring people together aroundater.

The Colourful Grey for Chuquitanta's irrigation canals: Rural and urban space
meet in Chuquitanta and are connected via its network of irgation canals. In
anticipation of future urban expansion along these waterway wastewater and
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solid waste streams could be optimized to reduce local pdlan via the intro-
duction of constructed wetlands for the treatment and reusef canal water and
the development of systems for the collection, sorting anécycling of solid waste
which is currently discarded in the canals.

Re-Cycles Parkfor the Chilbn River in Chuquitanta: Much as the pig farms

of Ventanilla have succeeded through the unconventional gtice of recycling
solid waste by using it as livestock feed, the key to a truly stainable riverside
park in Chuquitanta might lie in incorporating the recycling and reuse of water
and materials wherever possible towards the improvement whter and soil qual-
ity and the provision of ood protection. Implemented recydhg systems could
be specialized for local conditions and serve as an examptanbegrated waste
management to all of Lima.

Phase Changdor the Chilbn River in Chuquitanta: By integrating the fun ctions

of the local irrigation canals and the WWTP with new surface andub-surface
ow constructed wetlands, river water quality could be impoved and maintained
while river volumes are e ectively managed in all ow phasesi.e., in seasonal
low- and high-water periods, as well as during extreme EIl Nofin uenced events.

The Valley of Gardensfor the neighborhood of Chuquitanta and beyond: To
foster a cohesive yet diverse garden community which is engically aware and
engaged, di erent types of green space could be employed éodiversity of pur-
poses in and near Chuquitanta: backyard gardens and greenrradors to green
the densely settled area to the south, farms providing leamg and economic
opportunities in the neighborhood's agricultural areas,ecreational green space
along the Chilbn River, and a naturally dry wilderness in the hills of Ventanilla.

The Rising One - Let it Grow! for the neighborhood of Chuquitanta and beyond:
A park could grow step-by-step starting with treatment and euse of domestic
wastewater in a vegetable garden at a local school, expanglito treatment and
reuse of WWTP e uent for more extensive irrigation and groundvater recharge,
then incorporating steps for river renaturation to protectagainst local ooding
and to support natural wildlife habitats, and nally to support a network of
urban agriculture criss-crossing the city.

Lurn(e)Scape for the Lower Lurn River Watershed: In the face of increasig
pressure from residential and industrial development, amtegrated development
strategy for the Lower Lurn Valley which incorporates traditional technologies for
water management, constructed wetlands, agricultural teacing, and recreational
and educational infrastructure will help preserve the areas Lima's agricultural
center and rural escape.
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2.2 Selection of audit parameters and auditing
methods

From the end of Phase | through the beginning of Phase Il, a sttegy was developed
for undertaking a water audit in Chuquitanta. In particular, the set of parameters
to be evaluated in the audit was established, along with the rtteod which would be
used to determine the value of each parameter for each source

Several considerations were made in order to decide whicht s parameters
would give the best overview of the quantities and qualitiesfdhe six water sources
described in Section 2.1.1. It was decided early on that infoation on the quantity
of water contained in or owing through each source should beollected, with
consideration of how that amount might vary with time (ex., ower the course of a day,
throughout the year, etc.) With regard to quality parameters constraints related to
money, time and logistics made it clear that the same set of watquality parameters
would be evaluated at each source, ex., it would not be the eathat levels of heavy
metals would be measured at the river and canal, but not in dorsgc wastewater, or
that AOX would be measured at the WWTP, but not for any of the othe sources,
etc. But which set of quality parameters would provide an adpiate overview of
such a diverse set of water sources? Thought was rst given tehich parameters are
generally considered in assessments of surface waters ardtewaters. In order to
facilitate this decision-making process, quality paramets were grouped into several
broad categories; shown irbold are those water quality parameters which can be
directly measured:

Temperature: Temperature a ects the rates of biological and chemical processes
in water and a ects the health of aquatic organisms. The tymal temperature
range experienced in a water body largely dictates which spes of sh will
be found there, and also has a direct relationship to level$ dissolved oxygen
(DO) (as temperature increases, DO decreases) and the rafgpbotosynthesis in
aquatic plants. Temperature is measured in degrees CelsmsFahrenheit. [113]

Oxygen Balance The amount of oxygen in a water body is often measured
in its dissolved form asdissolved oxygen (DO) . In water bodies, DO is
gained from the atmosphere and through photosynthesis by aapic plants
and consumed via the respiration of aquatic animals, the demposition of
organic matter, and in various other chemical reactions. Bause of its churning,
running water dissolves more oxygen from the atmosphere thatill water, and
DO levels are therefore typically higher in rivers and streasthan in lakes or
ponds. As mentioned, temperature also in uences DO levels, asas altitude
(as altitude increases, DO decreases). DO is measured in ln@t % saturation.
Biochemical oxygen demand (BOD) is a measure of the amount of oxygen



2.2 Selection of audit parameters and auditing methods 31

consumed by microorganisms as they decompose organic mattewater, and
as such is an indirect indicator of the amount of organic magt present. Organic
materials in the form of leaves and woody debris, dead anirsaand plants, and
animal manure are often present in waterbodies and contribeito a balanced
ecosystem. However, in waters which receive large additiovalumes of organic
material in the form of untreated sewage waste or stormwateuno from urban

streets or agricultural areas, high rates of organic mattedecomposition (i.e.,
high BOD levels) may cause DO levels to drop to the extent thahe water body
can no longer support aquatic plant or animal life. Tests fomeasuring BOD
consider the amount of oxygen consumed by organisms over &g period of
time and at a certain temperature, usually 5 days at 2@ via the BODs test.

The rate of oxygen consumption by microorganisms during deoosition is
a ected by temperature, pH, the type and number of microorgaisms present,
and the types of organic and inorganic materials in the waterThe greater the
BOD, the more rapidly oxygen is consumed by microorganisms@the less DO
is available to support other aquatic plant and animal life[11], [113]

Though BODs is the most established and widely used indicator for the
amount of organic matter in water, levels of organic matteran also be measured
via a faster indirect test for chemical oxygen demand (COD)ralirectly as total
organic carbon (TOC). Chemical oxygen demand (COD) is a measure not
only of the amount of oxygen consumed by microorganisms asthdecompose
organic matter in water, but also the amount of oxygen extracted fromwater
during chemical reactions involvinginorganic matter in water (i.e., chemical
oxidation). COD tests are generally much faster than the BOPtest (some only
take 2-3 hours) and vyield results which are higher than or in see cases equal
to (but never lower than) those for BOy. That being said, there is no xed
ratio between BOD;, and COD or between BOD and COD, though it is possible
to develop non-generalizable correlations between the twmarameters for a
speci ¢ pollutant in a speci ¢ waterbody. Total organic carbon (TOC) is a
direct measure of the amount of organic matter in water whiclwas speci cally
developed as a technique for measuring the quality of drimig water. BOD,
COD and TOC are all measured in mg/L. [11], [113]

Salt Content Salts are ionic compounds, many of which dissolve in water to
negatively-charged anions such ashloride (Cl ), nitrate (NO 5), sulfate
(SOZ ), phosphate (PO 2 ), bicarbonate (HCO ;), and carbonate (CO 3 )
and positively-charged cations such asodium (Na *), magnesium (Mg 2*),
calcium (Ca ?*), iron (Fe ?* and Fe3*), and aluminum (Al 3*), among oth-
ers. Base levels of salts in surface waters are largely inneed by the presence
or absence of ionizable materials in the geology of the ardadugh which sur-
face waters or contributing groundwaters ow. Positive andhegative deviations
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from natural levels can indicate the in uence of pollutant seams; for example,
sewage discharge would raise levels of CNO, and PG} . High salt levels in
freshwater bodies or in water used for irrigation can negatly a ect native plant
and animal life and contribute to soil and groundwater salization. Levels of in-
dividual salts in water can be measured (in mg/L) using testéor concentration,
while overall salt content can be measured via electric conctivity (EC). Elec-
tric conductivity (EC) is measure of the ability of a medium to pass electrical
current. The presence of anions and cations facilitate the gsing of electrical
current through water and generally the higher the EC, the Igher the salt con-
tent in the water. Because temperature also has an a ect on E@s temperature
increases, EC increases), EC readings are typically repedtas conductivity at
25 C. EC is measured in microsiemens per centimeterg/cm). [11], [113]

Acidity/Alkalinity : The acidity or alkalinity of water can be determined on
a scale of 1.0 (acidic) to 14.0 (basic/alkaline) apH . As described by the
United States Environmental Protection Agency, \The pH scalemeasures the
logarithmic concentration of hydrogen (H) and hydroxide (OH ) ions which
make up water...When both types of ions are in equal concentian, the pH is
7.0 or neutral. Below 7.0, the water is acidic (there are moteydrogen ions than
hydroxide ions). When the pH is above 7.0, the water is alkakn or basic (there
are more hydroxide ions than hydrogen ions). Since the scagelogarithmic, a
drop in the pH by 1.0 unit is equivalent to a 10-fold increaseniacidity." pH
levels a ect many biological and chemical processes whichcor in water; levels
between 6.5 and 8.0 are conducive to the largest variety of adic life. [11],
[113]

pH levels in water bodies can increase or decrease due to timeuence of
domestic and industrial wastewaters and the occurrence otid rain. Total
alkalinity is an indicator of a water body's ability to neutralize acidigoollution
from sources such as these. Alkaline compounds such as HCOO3 and OH
which are present in the water are able to combine with Hintroduced by acidic
in uences to make new (neutral pH) compounds, keeping the adig of the
water low and acting as a bu er against decreasing pH. The high the number
of alkaline compounds in the body of water, i.e., the highehe total alkalinity,
the less sensitive the body of water is to extreme changes iH paused by acidic
inputs. Total alkalinity is measured by measuring the amounof acid needed to
raise the pH of a water sample to 4.2 (i.e., the pH at which allfahe alkaline
compounds in the sample will have been incorporated into nes@mpounds and
where the alkaline bu ering capacity will thus be exhausteld Total alkalinity is
measured in mg/L of calcium carbonate (CaCg). [11], [113]

Nutrient Content: Nutrients are essential substances that an organism needs t
live and grow. The most important nutrients for plants whichare not derived
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from water are nitrogen (N), phosphorus (P), potassium (K), ragnesium (Mg),
sulfur (S) and calcium (Ca). Nitrogen and phosphorus compods can have
very negative e ects on surface water bodies when present gertain forms
or large amounts, and monitoring levels of these parameteis important
to the proper assessment of water quality. Nitrogen in the emenment is
converted between its various chemical forms according to athis known as
the nitrogen cycle. Nitrogen can enter water bodies in severirms, including
as organic nitrogen (N,g) from urea in domestic wastewater discharge. The
cycle begins with the partial conversion of organic nitroge by bacteria to
nitrogen which exists in the form of ammonium (i.e.,ammonium-nitrogen
(NH 4-N) ). This in turn is oxidized by oxygen-consuming microorgasms to
nitrate-nitrogen (NO  3-N) in a process known as nitri cation. NQ can
also enter water bodies directly via agricultural runo whth contains excess
nitrogen-based fertilizers, or via industrial discharge.Depending on pH and
temperature in the water body, excess NHmay also be converted tammonia
(NH 3), which is very toxic to sh. Also, incomplete oxidation of NH,-N during
nitri cation can lead to the formation of nitrite (NO ), which is also toxic to
sh and when ingested causes cancer in humans. As an importamitrient for
algae, elevated amounts of NQO in water bodies can rapidly lead to eutrophic
conditions in which low dissolved oxygen levels threaten aatic plant and
animal life. Ingestion of NQ -rich water also causes methemoglobinemia, or
\blue baby syndrome,"” a condition which a ects the oxygen-caying capacity
of the blood in newborn babies and can lead to death. In the niegtep of the
nitrogen cycle, under conditions of low dissolved oxygen, N is converted
by heterotrophic microorganisms to gaseous, elementary nigen (N;) which
enters the atmosphere. Plants then xate atmospheric nitrogn to meet their
nutritional needs; they are in turn consumed by animals andumans, and the
cycle begins again.Total Kjeldahl nitrogen (TKN) is the sum of organic
nitrogen, NHs-N, and NHy-N, and is a helpful parameter to measure when
trying to determine Nog, a parameter which is not directly measurableTotal
nitrogen (N ) is the sum of TKN, NOs-N and NO,-N. In general, N&-N
is the best nutrient indicator for wastewater pollution in diy climates because
NO; dissolves readily in water, facilitating its rapid detectionin water bodies.
Other nutrients like PO4-P, which has a greater tendency to adsorb to soil
particles than to dissolve in water, could be present in thengironment long
before they are detected in surface water (in some cases,eitibn is only possi-
ble after a rain event causes the erosion of soil into water hed). [11], [102], [113]

Phosphorus is another important nutrient which warrants maitoring in

water bodies. Even at only moderately elevated levels, plpi®rus can cause
signi cant eutrophication in water bodies because it natuwally occurs in only
very low amounts. Elemental phosphorus (P) is rare in natureand instead
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usually occurs as phosphate (P£P) in either an inorganic (ex., orthophosphate,
polyphosphate) or organic form. PQ-P in water bodies can come from domestic
wastewater (via raw sewage and from detergents in greywateragricultural
runo (containing excess phosphorus-based fertilizersjndustrial wastewater,
or from natural sources such as dead animals, animal waste dageology.
Phosphorus levels in water bodies can be measured in un legl samples as
orthophosphate (PO 4-P), in Itered samples asdissolved phosphorus , and
in un ltered, digested samples adotal phosphorus (P ), which includes
inorganic and organic phosphorus in both dissolved and pamlate states.
Concentration of all nutrients and nutrient forms in water samples is measured
in mg/L. [11], [102], [113]

Microbiology: Levels of bacteria commonly found in the feces of humans and
animals are often tested in waters as an indicator of sewagellption. These
bacteria are generally not harmful themselves, but their dection indicates the
possible presence of pathogenic bacteria, viruses, andtpmmans that also live
in human and animal digestive systems but are much more timewsuming and
expensive to test for directly. The most commonly tested fatbacteria indicators
are total coliforms , fecal coliforms , Escherichia coli , fecal streptococci ,
and enterococci . All coliforms can occur in human feces, but some can also be
present in animal manure, soil, and submerged wood and in ethplaces out-
side the human body. For this reason, fecal coliforms and althermotolerant
coliforms (distinguished from total coliforms in that they tolerate devated in-
cubation temperatures during culturing) have been prefeed over total coliforms
as more fecal-speci ¢ indicators, though they too can be fod in other places.
Escherichia coli is a fecal bacteria speci c to fecal material from humans and
other warm-blooded animals; until recently it was di cult t o measure but ad-
vances have made testing more straightforward and it is novhe preferred fecal
bacteria indicator in water quality testing. Enterococci,a subset of fecal strep-
tococci, is frequently used as an indicator for human fecalaterial in salt water.
Salmonella is a pathogenic bacteria (i.e., not an indicator) which can cae
gastrointestinal problems in humans and which is often tramitted in raw or
uncooked food or via water polluted by animal feces. Bacterlavels are mea-
sured in units of \most probable number" (MPN) per volume, i.g, the statistically
likely number of bacteria in the sample based on the number bécteria counted
in a dilution. If ingested, parasitic worm (helminth) eggs and cysts can
spawn parasites which live in the human digestive tract andcato disrupt nutri-
ent absorption, leading to disease. In addition to pollutedvater, infected food,
mosquitoes, and infected soil can act as a vector for helntist Levels of parasitic
worm eggs and cysts are given in count per volume. [37], [113]

Other: Additional parameters which may be helpful in the characteration of
water qualities includetaste , odor and color ; total solids , total suspended
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solids (TSS) and turbidity ; fats & oils ; total hardness and carbonate
hardness; heavy metals and metalloids such asadmium (Cd) , copper (Cu) ,
chromium (Cr) , iron (Fe) , manganese (Mn) , lead (Pb) , and zinc (Zn) ;
adsorbable organohalogens (AOX) , harmful by-products which result from
the application of common disinfectants such as chlorine twastewater or other
waters containing elevated levels of organic matter; organand inorganic chem-
icals and other pollutants from industry and mining; pesticles, herbicides and
other pollutants from agriculture; radioactive pollutants and pharmaceutical and
hormonal pollutants. Much of the organic content in water isontained in sus-
pended and settleable solids, and high levels of these pariers can indicate
pollution. Further, toxic substances including excess pesides in agricultural
runo cling to suspended solids in water that passes throughrigation canals,
causing problems for the water bodies into which the canal #gms discharge.
High TSS levels can also cause operational problems in irrigat systems and
WWTPs, and along with high turbidity levels, slow photosynthesis, increase wa-
ter temperatures and lower levels of DO in surface water badi. Elevated levels
of fats & oils or of total or carbonate hardness can cause ctpgg problems in
irrigation systems and WWTPs and are thus important to monitor while high
heavy metals levels can be toxic to human and animal life and @lid also be
controlled. [53], [113]

The rst consideration made in deciding which set of qualityparameters would give
the best overview of water sources in Chuquitanta waswhich of the water quality
parameters described above are typically considered in the assessment of surface waters
and wastewaters in Germany and in Peu?The two countries di er greatly in terms of
the number and type of parameters normally measured. Germgatypically monitors
a very wide variety of parameters in surface waters and wastaters discharged into
surface water bodies which covers all of the categories déidt above and includes
many parameters which are not described here. The monitognof microbiological
parameters is not of extreme importance in Germany as levetton't tend to be
high enough to pose a threat to surface water qualities or hwam health, and the
focus in wastewater treatment and water quality monitoringis moving towards
the development of specialized or optimized treatment tenblogies, ex., for the
reduction of pharmaceutical pollutants in WWTP e uent and surface water bodies,
for innovative and more e cient methods for recovering nutrents from wastewater,
etc. On the other hand, the three most important parametersof assessing wastewater
and surface water qualities in Peu are BOD, total coliforms, and parasitic worm
(helminth) eggs/cysts. Threats to human health from bactea and other water-borne
pathogens are very real in Peu: few have forgotten the chake epidemics of the
1990s which were fueled by poor sanitary conditions and lowimking water qualities
and which killed thousands and infected millions of people[97] As such, levels of
microbiological parameters are generally monitored in sade- and wastewaters. At
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treatment plants, parameters which a ect operations such atemperature and TSS
may also be measured, and in the case of pollution issues Wwhave recently received
a lot of public attention, ex., the contamination of Lima's ivers by industrial and
mining waste, additional relevant parameters (ex., levelsf heavy metals in the Chilbn
River and other rivers in Lima and Peu) may be monitored as wll. Nutrient con-
tent seems to be only very rarely measured in water bodies aadient streams, if ever.

The next consideration made was: which parameter levels in the water sources
in Chuquitanta might be aected by \upstream" activities or by day-to-day uses?
Domestic wastewater tends to have a fairly predictable corogition which does not
change appreciably without signi cant changes in lifestyleor domestic behavior.
Similarly, the quality of the WWTP e uent would likely change o nly with wors-
ening or improving operating conditions at the plant, and tlen only with regard
to an established set of parameters over a predictable rangdf. WWTP e uent is
chlorinated before it is released from the plant, AOX levelgould be a signi cant
problem. Groundwater quality, especially in and near Chugtanta where the water
table is relatively high, is strongly a ected by land use. Nutients from agriculture,
salts from agriculture and domestic sewage, and other pdiunts from industry or
urban settlement could all nd their way into the groundwater in Chuquitanta, and
consequently into puquio water as well. As the puquio is alsosed for washing
clothes, vehicles, etc., its water also likely contains etgted levels of phosphates, fats
& oils, etc. The variety of upstream activities which might a ect levels of downstream
parameters in the Chilbn River and the water in Chuquitanta's irrigation canal system
is enormous: mining and industrial activities could a ect ¢vels of heavy metals and
water temperatures; agricultural runo could a ect levelsof chemicals from pesticides
and fertilizers as well as nutrient content; the dumping ofdid waste and domestic
wastewater could a ect oxygen balance, acidity, levels of isrobiological parameters;
erosion and ooding could aect TSS levels; etc...though thse were important re-
lationships to think about, approaching the problem in thismanner was overwhelming.

An additional consideration made which provided some usefulomstraints was:
which parameter levels are important to the intended or \downstream" uses of the
water sources in Chuquitanta? The goal was to use constructed wetlands to treat
water from the various sources in Chuquitanta for use in imgation. Constructed
wetlands are dimensioned using, among other data, the owteand level of BOD; in
the incoming water. Information about these parameters wdd be necessary for the
determination of estimated wetland sizes. Further, espedly because wetlands have
been shown e ective in reducing levels of nutrients and migbiological parameters,
having information about these parameters would help in thedetermination of
projected wetland e ciencies. With regard to the subsequentise of wetland e uent
in irrigation, it would be helpful to have information about pH, salt content, heavy
metal content, and excess pesticides to ensure that wetlaeduent would be suitable
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Figure 2.9: Methods used to collect audit information abouthe water sources in
Chuquitanta were prioritized to save money and time and withlthought to logistics.

for irrigation and that the proper con gurations and plant types were chosen to
maximize wetland treatment capabilities. [14]

The nal consideration made was:which parameters are easiest and cheapest to obtain
information about? This consideration is directly related to the choice of methds
available for collecting information about water qualitis in Chuquitanta, namely:
collecting data directly via observation, interviews, avitable literature and other print
sources (i.e., \Data We Have"); making estimations based on mfmation collected
via observation, interviews, and print sources (i.e., \Dad We Can Estimate");
carrying out eld testing or collecting samples in the eld br testing \in-house" at
the laboratories of the Centro de Investigacon en Tratam@nto de Aguas Residuales
y Residuos Peligrosos at the Universidad Nacional de Ingerae(English: Center
for Research on Wastewater Treatment and Hazardous Waste) TRAR-UNI); and
collecting samples to send to a private laboratory for test@ in this case EnviroLab
Peu S.A.C. (i.e., \Data We Will Measure"). Chuquitanta is a challenging place to
conduct a water audit, and in addition to constraints of mong and time there were
several incentives to keeping parameter testing simple artd a minimum. For one,
Chuquitanta is far away from everything, including sizeala stores, computer facilities,
laboratory facilities, and even a refrigerator for storingwvater samples. Everything
needed for eld sampling or testing had to be carried in and @u The neighborhood
is also not particularly safe, and every time the project séis were visited it was with
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a security escort (generously provided by the municipalityof SMP) which had to
be taken away from its everyday duties to accompany the tesy team. Roads are
unpaved, which usually meant a bumpy ride to each source in acktup truck full of

people and supplies, and dust, sun and heat were especially imge in the summer
months when the audit was carried out. Apart from challengesrpsented at the site,
in general equipment and materials needed for water qualitiesting in Lima are
expensive and hard to come by, if they are available at all (8eSection 5.1). For all
of these reasons, and to save time and money on unnecessastiig, methods for
obtaining information about water quality parameters in Cluquitanta were prioritized

according to Figure 2.9.

From this point, audit development focused on potential WSUD mjects in-
volving the Chilbn River, the irrigation canals, domestc wastewater from SCH, and
e uent from the Puente Piedra WWTP. The pumping station was not considered in
audit development because SMP had already allocated this i&afor the irrigation of
green areas in other parts of the district, while the puquio vealeft out due to political
issues which might impede any development of the source. @ftdetermining the
parameters for which print information was available or whiec could be determined
via interviews, observation, or estimation for those fourairces, decisions were made
about additional parameters to measure by testing, largelyased on the considerations
described above. While domestic wastewater was included inet water audit, it was
not considered in the choice of which additional parametet® measure by testing
because of health risks involved in handling untreated blaalater and the potential to
make good estimates of grey- and blackwater quality based bierature values.

A summary of the parameters which the audit considered for ela source, along with
the method which was used to collect each piece of informatiois shown in Tables
2.1, 2.2, 2.3, and 2.4. Testing equipment which was selectet use in the collec-
tion of audit testing results in the eld and in-house at CITRAR-UNI included a set
of eld probes and meters, an Aquamerck Compact Laboratory for Water Testing,
and Merck Spectroquant Cell Tests (discussed in more detail in future sections). In
essence, almost all parameters which could be directly detened for each source via
observation, interviews, print sources or reasonably deteined via estimation were
included in the audit. With regard to the choice of parametersvhich were selected for
determination by testing, DO, temperature, EC and pH were achosen because of the
relative ease with which they can be measured in the eld uginprobes and meters.
Because of their importance to constructed wetland dimemsiing and e ciency deter-
minations for all sources, the decision was made to measueseral nutrient parameters
at the in-house laboratory, along with COD, which in compasgon to BODs is the much
easier indicator of organic content to measure accurately the laboratory. Cl was
also selected for measurement as a representative indigadd salt content (along with
EC). Finally, the decision was made to send samples to the paie laboratory for eval-



Table 2.1: Summary of Source Data for Quality and Quantity Pameters: SCH Domestic Wastewater

Data We Have

Data We Can Estimate
(Method)

Data We Will Measure
(Method)

Water Quantity

avg. household size, avg. cistern
size, avg. household water
consumption 2012 [82];number of
households 2012 [82], [GIS Data]

daily per capita wastewater
production (based on number of

households, avg. household size, avg.

cistern size, avg. household water
consumption)

Temperature

Oxygen Balance

BOD 5 (based on data in Norma
0S.090 Sec. 4.3.6)

Salt Content

Acidity

Nutrient Content

NO 3-N, TKN, P ; (based on data
in Norma 0S.090 Sec. 4.3.6)

fecal coliforms, Salmonella ,
parasitic worm (helminth)

Microbiology eggs/cysts (based on data in Norma
0S.090 Sec. 4.3.6)
Other TSS (based on data in Norma

0S.090 Sec. 4.3.6)
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Table 2.2: Summary of Source Data for Quality and Quantity Pa@ameters: Puente Piedra WWTP E uent

Data We Have

Data We Can Estimate
(Method)

Data We Will Measure
(Method)

Water Quantity

actual ow rate  2003-2010 [43];
design ow rate [43], [75]

Temperature

2002-2010 [43]

(hand-held conductivity meter and
cell or hand-held oxygen meter and
cell)

Oxygen Balance

actual BOD s 2002-2008 [43], [75];
design BOD s [60]; DO 2002-2007
[43]

DO (WTW hand-held oxygen meter
Oxi 325 & oxygen sensor CellOx

325), COD (Merck Spectroquant®
Cell Test 1.14895.0001)BOD 5

(EnviroLab Peu using EPA 405.1)

Salt Content

EC (WTW hand-held conductivity
meter LF 340/SET & standard
conductivity cell TetraCon 325), ClI
(Merck Spectroquant® Cell Test
1.14730.0001)

Acidity

pH 2002-2010 [43]

pH (WTW hand-held multimeter pH
91 & probe)

Nutrient Content

NO 3-N (Merck Spectroquant® Cell
Test 1.14764.0001NH 4-N (Merck
Spectroquant® Cell Test
1.14558.0001) PO 4-P & Py
(Merck Spectroquant® Cell Test
1.14543.0001)

total coliforms  2003-2007 [43];
actual thermotolerant coliforms
2003-2008 [43], [75]design

total coliforms  (EnviroLab Peu
using SM 9221-B), parasitic worm
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Microbiology thermotolerant coliforms [60]; (helminth) eggs/cysts  (EnviroLab
parasitic worm (helminth) Peu by observation)
eggs/cysts 2008 [75]
Other TSS 2002-2008 [43], [75] |




Table 2.3: Summary of Source Data for Quality and Quantity Pa@ameters: Chilbn River

Data We Have

Data We Can Estimate (Method)

Data We Will Measure (Method)

Water Quantity

ow rate , Pte. Magdalena (Yangas) May
10, 2007 [96]; avg. monthly ow rate ,
Obrajillo (Canta) Sep 2007 - Aug 2008 [90];
historical max., min., avg. ow rates ,
Pte. Magdalena (Yangas) 1920 - 1998 [1],
[40], [77]; monthly ow rates & volumes
diverted for potable water production
[13], [7]; monthly volumes diverted for
irrigation  [7]

avg. monthly ow rate , Chuquitanta
(based on average monthly ow rates
observed at Pte. Magdalena, river ow
diverted for potable water production, river
ow between Pte. Magdalena and
Chuquitanta diverted for irrigation,
estimates of river water lost via in Itration
and evapotranspiration)

Temperature

Border of San Diego 2010 [65]

(hand-held conductivity meter and cell or
hand-held oxygen meter and cell)

Oxygen Balance

BOD 5, DO , Puente Chilbn 2003 [44]

DO (WTW hand-held oxygen meter Oxi
325 & oxygen sensor CellOx 325), COD
(Merck Spectroquant ® Cell Test
1.14895.0001), BOD 5 (EnviroLab Peu
using EPA 405.1)

Salt Content

EC,Ca ?*,Na*,Mg?2* K*,Cl ,
CO2 ,HCO ,,S02% ,NO ,, Puente
Chilbn 2003 [44]

EC (WTW hand-held conductivity meter
LF 340/SET & standard conductivity cell
TetraCon 325), Cl (Merck Spectroquant R
Cell Test 1.14730.0001)

Acidity

pH, total alkalinity , Puente Chilbn 2003

[44]

pH (WTW hand-held multimeter pH 91 &
probe)

Nutrient Content

PO 4-P, NH 4-N, Puente Chilbn 2003 [44]

NO 3-N (Merck Spectroquant R Cell Test
1.14764.0001,NH 4-N (Merck
Spectroquant ® Cell Test 1.14558.0001),
PO 4-P & Pt (Merck Spectroquant ® Cell
Test 1.14543.0001)

Microbiology

total coliforms Border of San Diego 2010,
Feb 2011 [65], [66]); thermotolerant
coliforms Border of San Diego 2010, Feb.
2011 [65], [66]); Escherichia coli  Border of
San Diego 2010, Feb. 2011 [65], [66]); fecal
coliforms Puente Chilbn, 2003 [44]

total coliforms  (EnviroLab Pew using SM
9221-B), parasitic worm (helminth)
eggs/cysts (EnviroLab Peu by
observation)

Other

Cd, Cu, Cr, Fe, Mn, Pb, Zn , Border of
San Diego 2010, Feb. 2011 [65], [66]); fats
& oils , Border of San Diego 2010 [65];

turbidity, cyanides, carbonate
hardness, total hardness, As, Hg, Ni,
B, Ras proteins , Puente Chilbn 2003 [44]
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Table 2.4: Summary of Source Data for Quality and Quantity Pameters: Chuquitanta Irrigation Canals

Data We Have

Data We Can Estimate
(Method)

Data We Will Measure
(Method)

Water Quantity

avg. monthly ow rate

[57]

Temperature

(hand-held conductivity meter and
cell or hand-held oxygen meter and
cell)

Oxygen Balance

DO (WTW hand-held oxygen meter
Oxi 325 & oxygen sensor CellOx

325),COD (Merck Spectroquant®
Cell Test 1.14895.0001)BOD 5

(EnviroLab Peu using EPA 405.1)

Salt Content

EC (WTW hand-held conductivity
meter LF 340/SET & standard
conductivity cell TetraCon 325), ClI
(Merck Spectroquant® Cell Test
1.14730.0001)

Acidity

pH (WTW hand-held multimeter pH
91 & probe)

Nutrient Content

NO 3-N (Merck Spectroquant® Cell
Test 1.14764.0001NH 4-N (Merck
Spectroquant® Cell Test
1.14558.0001) PO 4-P & Py
(Merck Spectroquant® Cell Test
1.14543.0001)

Microbiology

total coliforms  (EnviroLab Peu
using SM 9221-B), parasitic worm
(helminth) eggs/cysts  (EnviroLab
Peu by observation)

Other
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uation of BODs, total coliforms and parasitic worm (helminth) eggs/cystssince these
parameters are key indicators of water quality in Peu. Natwally, several compromises
were made in these decisions; ex., it would have been veryer@sting to test for heavy
metals, but since there are so many di erent metals and becs@ recent information
is available about heavy metal content in the Chilbn River(the source most likely to
exhibit high levels of heavy metals), they were not measuredSS was also reluctantly
left o the list of parameters examined because of concernsgarding access to an oven
for drying samples and preparing the necessary lters. In geral it should be noted
that, especially where nal audit results are derived from ésting, there are changing
conditions throughout the year and results will provide ol a snapshot in time.

2.3 Organizational Phase Il: \Lima: Beyond the
Park" Summer School

Technical and design work carried out during Phase Il of therpliminary development
of WSUD concepts for Chuquitanta was conducted as part of the ima: Beyond the
Park™ Summer School (see Appendix A) and focused primarily oodir of the six water
sources described in Section 2.1.1: the Chilbn River, theuguio, domestic wastewater
from SCH and the system of irrigation canals (Figure 2.10). Asemtioned, the pumping
station was not considered in this phase or in audit developnt because SMP had
already allocated this water for the irrigation of green a&s in other parts of the district.
Also, ideas were not developed for the e uent from the Puente iedra WWTP in this
phase due to objections voiced by SEDAPAL; even though the déepment of WSUD
ideas for the puquio had already been ruled out, it was congigkd in this phase in
place of the WWTP e uent.

2.3.1 Phase Il Technical Work

Technical work in Phase Il began with nalization of the audiing methodology for
Chuquitanta as described in Section 2.2. Also, as part of theudit some interviews
were carried out and additional print information was assebled to complete the
collection of pre-existing data. Finally, a round of prelimiary eld testing was
carried out for two purposes. The rst was as a preparatory sp to \formal"
eld sampling and testing conducted in Phase Ill. Results &im preliminary testing
provided rough estimates of the outcomes which could be exped from Phase Ili
testing and thus ensured that the Merck Cell Tests ordered fause in Phase 111 would
measure parameter values over the appropriate ranges. Thecend purpose was to
support design work in this phase by giving the students songuantitative informa-
tion about the quality of the waters they were working with duing the Summer School.

Phase Il testing was done using a set of portable probes and met as well as
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Figure 2.10: Work carried out during the \Lima: Beyond the Pak" Summer School
focused on four water sources in or near Chuquitanta: the Qi River, the puquio,
domestic wastewater from SCH and the system of irrigation nals. Shown here with
red markers are the locations of design installations/forrgliminary eld testing.

(a) pH probe calibration in Chuquitanta (b) Aqguamerck® Compact Laboratory
[photo: ILP O] for Water Testing

Figure 2.11: Preliminary testing in Phase Il was carried outsing (a) a set of portable
probes and meters and (b) a Compact Laboratory.

a portable water quality testing kit (Figure 2.11). Temperatue and DO were
measured with an Oxi 325 oximeter microprocessor using a {@et 325 oxygen sensor,
while pH was measured with a pH 91 probe and multimeter, all fro WTW GmbH.
According to its instruction manual, the CellOx 325 was calitated in the OxiCal®
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beaker and then inserted into the water being tested [124]; @ measurements were
then read o the oximeter's display. The oximeter's \AutoReal" function was enabled
to limit drift in DO readings. Temperature readings were alg taken using the CellOx
325; these were subsequently used for manual temperaturenp@nsation in the pH
readings. The pH 91 probe was calibrated using a two-point lda&ation with bu er
solutions of pH 7 and 10 and the temperature reading made witthe CellOx 325.
[122] It was then inserted into the water being tested and thpH measurement read
o of the meter display screen. Portable probes and metersagenerally ideal for eld
testing because they are durable, easy to use and when usedperly give accurate
readings.

A clean plastic bottle was then used to collect a sample from &a source; in
some cases (i.e., for the puquio and the SCH cisterns), a condsl sample was taken.
An Aquamerck®™ Compact Laboratory for Water Testing was used to measure lels
of NO,, NO;, NH; and PO; in the collected samples. The tests contained in
the kit use colorimetry (a technique used to determine the ooentration of colored
compounds in solution) or titration (a technique used to detrmine the concentration
of a known compound, in this case utilizing a colored indicatpto allow the rapid
visual assessment of parameter concentrations. The kit dams chemical reactants
which are added to a water sample in an amount and order speed for the parameter
which is being measured. The additives cause a reaction whiproduces colored
compounds that give the water sample a certain tint. The moref the parameter being
measured which is present in the water sample, the greateretlextent with which the
additives will react with it and the more intense the resultig tint of the water sample
will be. The colored water sample is then compared to a coloard provided for each
parameter; the value of the parameter being measured compesds to the color on
the card which is closest to the color of the water. Detailedrpcedures for each of the
parameters measured in Phase Il can be found in Appendix B. Thé can also be used
to measure carbonate hardness, total hardness, pH, oxygen amd/gen consumption,
temperature, and other parameters related to salt contengcidity/alkalinity, nutrient
content and heavy metal content, but it cannot be used to mease any microbiological
parameters. [62] Some tests need to be done immediately afteater samples are
taken because the parameters they measure (ex., NONH;) have the tendency
to react with other components in the water and their concengitions may change
quickly. Others measure parameters which are more stablex(eNO,, PO; ) and
can be carried out up to several hours after samples are takeAdvantages to using
the Compact Laboratory in this application included its simficity and portability;
its clear instructions and straightforward procedures mak it appropriate for use by
individuals without any speci c training, and Phase Il tesing was logistically much
easier to carry out than testing completed during Phase llIHowever, the kit's ease
of use comes at the price of its sophistication. Results arellpark values only, and
because their determination depends in the end on a subjeeticolor comparison,
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reliability is not guaranteed.

More detailed sampling information as well as results fromreliminary testing are
shown in Table 2.5. As mentioned, in the case of SCH, neither blavater nor greywater
were tested because of the possibility to make fairly accueaestimations about the
guality of domestic wastewater based on information avaitde in the literature (see
Section 3.2) and because of the dangers associated with Hargluntreated blackwater.
Instead, at the group's request the quality of the drinking ater in the SCH cisterns was
tested. Also, in addition to information about the four watersources in Chuquitanta
examined during design work in this phase, results are alsmosvn for two points along
the Chilbn River outside Chuquitanta which were sampled dring a Summer School
excursion to the part of the Lower Chilbn River Watershed Iezated in Canta Province
(just upstream of the Lima and Callao Provinces): one at the yder of the Lima and
Canta provinces, and one further upstream within the limitsof Canta City. These
samples were taken in order to be able to compare river wateualities at di erent
distances from Lima Metropolitana, but unfortunately theywere unplanned and neither
the colorimetry kit nor the set of probes were brought along othe excursion. For this
reason, only a very limited number of tests could be run on tse two samples as shown
in the table. Additionally, it should be mentioned that the pH levels of these samples
were determined using the Compact Laboratory, not the pH pitwe and meter. Testing
results were compared to Peruvian environmental quality ahdards for water which
is used in the irrigation of short-stemmed plants (\Esandares Nacionales de Calidad
Ambiental para Agua, Categora 3: Paametros para Riego de \@getales de Tallo Bajo"
[English: \Approved National Standards for Water Quality, Caegory 3: Parameters
for Irrigation of Short-stemmed Plants"], see Tables 3.2 ah3.3 for standard values)
and shared with the students as described in more detail in 8®n 2.3.3; however,
in order to avoid redundancy with the discussion of testingesults from Phase I,
preliminary testing results will not be discussed in detaihere.

2.3.2 Phase |l Design Work

In the design part of Phase |Il, students worked in mixed Peruan-
German/architecture-engineering student groups to devgbadesigns for water-sensitive
urban infrastructure at the four sites in Chuquitanta exploed during this phase.
Towards the end of the process, they built installations athe project sites to showcase
their ideas. Schematics illustrating student ideas alongitlh a brief description are
shown in Figures 2.12, 2.13, 2.14, and 2.15.

2.3.3 Phase Il Sharing Information & ldeas

Work produced in the technical and design parts of the projecame together for the
rst time during Phase Il. Whenever possible, encouragemennd rough guidance was



Table 2.5: Results of Preliminary Water Quality Testing Caried Out During \Lima: Beyond the Park” Summer School

Sample 1: Sample 2: Group 1: Group 2: Group 3: Group 4:
Canta City Lima-Canta Puquio Chilbn River Irrigation SCH Cisterns
Border Canals
Date 2/20/2012 2/20/2012 2/29/2012 2/29/2012 2/29/2012 2/29/2012
Sampling Start Time 4:55 PM 6:40 PM 11:00 AM 3:00 PM 4:10 PM 5:15 PM
Combined
Combined sample taken
sample taken in from metal
At riverbank o . P : From river storage tank
. . N At riverbank, the middle of . Just upstream .
Description of Sampling \Road 18", 10 . shoreline and plastic
. . just upstream of | the lagoon near . of group work i
Location minutes south of : . adjacent to . storage tank;
. Puente Trapiche spring outlet, . site g
Canta City group work site water in both
and near the
tanks meant for
shore
human
consumption
Parameters Measured
using Meter & Probes
pH 7.5 7.75 7.1 8.1 8 7.3
Temperature ( C) [ | 25.9 29.3 28.6 33.3
Dissolved Oxygen (DO) | | 46 73 8.9 90
(mg/L)
Parameters Measured
using Colorimetric Kit
Nitrite (NO , ) (mg/L) | | 0.025 0.15 0.2 0
Nitrate (NO ;) (mg/L) 10 17 25 25 25 10
Ammonium (NH ;) (mg/L) | | 0 0 0 0
3
Orthophosphate (PO; ) 0 10 0.5 0.25 0.25 0

(mg/L)

[00YDS JBWWNS Med ay) puokag :ewiT\ :|| aseyd [euoneziueblQ €2

Ly



2.3 Organizational Phase IlI: \Lima: Beyond the Park" Summer School 48

Figure 2.12:Group 1 Puquio developed a basic shower next to the puquio and using
puquio water; greywater from the shower and from clothes-whing on the shore of the
puquio would be channeled towards a green area for directigation of trees. [graphic:
ILP O]

Figure 2.13: Group 2 Chilbn River created a linear connection between the set-
tlement behind the dike and the river itself by incorporatilg a terraced wetland for
greywater treatment on the settlement-side of the dike, a girpark on top of the dike,
and enhanced ood protection on the river-side of the dike ugy gabions. [graphic:
ILP O]

o ered regarding di erent technical components includedn the designs (i.e., yes, ex-
posure to sunlight has been shown to reduce bacteria levalswater so routing it into
clear plastic bottles for disinfection by the sun would prodbly work; no, cylindrical
gabions might not be e ective as bank reinforcement, but mde shaping them con-
ically would provide some stability; etc.) and by the end of tB phase most groups
had sought out this \technical support" in some form. Thoughhe student groups did
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Figure 2.14:Group 3 Irrigation Canals  incorporated recreational space for children
(i.e., a playground) into a system for canal water puri caton constructed largely out
of recycled and \found" materials. [graphic: ILFO]

Figure 2.15: Group 4 SCH Domestic Wastewater opted to collect greywater at
each house and to use gravity and an in-line Itration systento clean the water while
moving it towards a green area for direct irrigation of trees[graphic: ILPO]

not have much speci c information about the qualities of thedi erent source waters
until towards the end of the phase, the general assumptioneseed to be that source
waters were dirty, and most groups tried to incorporate sommechanism for water pu-
ri cation into their designs. Particularly interesting and thought-provoking were ideas
which might be considered unconventional from a technicatasmdpoint, such as the
terraced wetlands for greywater treatment on the side of thdike at the Chilbn River.
Once some quantitative information on water quality was avtable and shared with
the students, it became apparent that a blunt presentation fothe facts was generally
unhelpful to them (ex., Me: \Results show that nitrate leve$ in the river water are
high." Architecture student: \What's nitrate?" Me: \It's a nu trient that plants need
to grow. But when levels of nitrate are too high in water, theycan cause negative
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e ects for humans, like blue baby syndrome." Architecture stdent: \Blue baby syn-

drome?! What's that?" Me: \I don't really know. But it's bad. An yway, nitrate levels

in the river are high." Architecture student: \Oh.") For a na | exhibition of Summer

School results, preliminary results were presented vistialusing colors (ex., green if
the parameter was under the standard of comparison, red if was over) to at least
make relative parameter levels easier to see, even if thd fukeaning behind the results
could not be adequately communicated. The students adaptebeir own method for

displaying preliminary testing results in the nal Summer $hool Booklet, utilizing a

legend, symbols and di erent typefaces to indicate relater parameter levels. [17]



3 Conducting a Water Audit

This chapter is devoted to a description of the technical paof Phase Ill: Anteproyecto.

A description of results from the design part of Phase Il wlilbe given as part of the
discussion of the application of water audit results in Seicns 4.3, 4.4, 4.6 and 4.5.
As mentioned, because of concerns voiced by SEDAPAL, e uent fro the Puente

Piedra WWTP was not considered in Phase Il; however, becausedbes constitute

a major water source in the area providing both opportunitie and challenges to the
community of Chuquitanta, in the end the WWTP e uent was considered in Phase
[1l and therefore in the water audit.

3.1 Collecting information from observation, inter-
views, and print sources

Various methods and di erent sources, including observain, interviews and ques-
tionnaires; laws and legal norms; reports and presentatisrby government ministries,
private enterprises, non-governmental organizations (NGOand international organi-
zations; statistics made publicly available by governmentgublished scienti c research;
and newspaper articles were considered in the collection\pfe-existing" information
relative to the audit. Information collection started rather informally during Phase I,
and as it became clear which types of water quantity and qualiinformation the audit
would consider, continued into Phase Il with more directionIn general, the most in-
formation from these types of sources was available for théhibn River, where some
water quality testing and river ow rate measurements had ben carried out, and for
the Puente Piedra WWTP, where limited monitoring data had beerreleased to the
public by SEDAPAL. A summary of the types of data collected and th sources from
which they came can be found in Tables 2.1, 2.2, 2.3, and 2.4.

3.2 Estimation methods
Simple estimation methods were used in conjunction with prexisting data to esti-

mate the per capita daily domestic wastewater (combined blewater and greywater)
production in SCH along with the quality of this wastewater, & well as the average

51



3.2 Estimation methods 52

monthly ow rate of the Chilbn River in Chuquitanta.

3.2.1 Quantity & Quality: SCH Domestic Wastewater

Domestic wastewater production volumes can be assumed rblygequal to water con-
sumption volumes. Using data about water consumption habiia SCH given in Section
2.1.1, the average amount of wastewater produced in SCH eyelay was estimated as

1 tank 200 L . 11,800 L water
_ famil = :
family/day tank (59 families) day

Assuming a child under age 12 produces 1/3 as much wastewateramsadult and a
child between the ages of 13 and 18 produces 2/3 as much wastiewas an adult [48],
daily average per capita wastewater production in SCH wastasated using

1 5 people .
§X + “Family (59 families) (016)

5 people . _ 11,800 L water
TFamily (59 families) (070) (x) = day

5 people 2x N
family

(59 families) (014) 3

as  x = 47 L water
~ capita/day’

Concentrations of certain parameters in SCH domestic wastater, namely BOD;,

NO3z-N, TKN, Py, fecal coliforms,Salmonella parasitic worm (helminth) eggs/cysts
and TSS, were estimated using the daily average per capitalwme of wastewater
production in SCH as calculated above along with informatio on daily per capita
pollutant masses given in Peruvian legal norm OS.090: \Pl&éas de Tratamiento de
Aguas Residuales" (English: \Wastewater Treatment Plants") [69] For example, using
the 0S.090 value of 50 g BOBcapita/day, BOD 5 concentration was estimated as

50 g BODs capita/day 1000 mg _ 1100 mg BODL

capita/day 47 L water g L

Values for the other SCH domestic wastewater parameters wecalculated similarly
and can be found in Tables 3.2, 3.3, and 3.4.
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3.2.2 Quantity: Chilbn River

Rough estimations of the ow rates of the Chilbn River in Chuquitanta during the
upstream rainy period (Dec. - Apr.) and the upstream dry perid (May - Nov.) can
be made based on monthly average river ow rates recorded beten 2007 and 2008 in
Obrajillo (100 km upstream of Chuquitanta, in the Canta Proince near Canta City)
[90], data from ANA on the amount of water diverted from the Chitbn River for use
in irrigation or for drinking water production in the Lima Province each month from
2008 to 2009 [7], estimations of monthly average precipitah rates based on monthly
precipitation volumes in Lima Province in 2009 [43], and an &wation of the rate
of evapotranspiration from the river between Obrajillo andChuquitanta. In ow to
the river outside of precipitation is assumed negligible. Wihe Q is ow rate, ET is
evapotranspiration and PR is precipitation, in general

QChuquitanta = QObrajiIIo Qirrigation:drinking water + PR ET:

Assuming an average monthly evapotranspiration in centraloastal Pacic Peu of
70.13 mm [81], the average evaporation rate over a 100-kmettth of the Chilbn River
with an average width of 20 m was estimated as

o Im 100 km length 1000 m
ET = (7013 mm) 7558 mm 1 1 km
. 1 month _ 005
(2O mwidth) o0 4 h 3800s - s

Monthly average precipitation rates were estimated simity using the area of the
Lima Province. Determining Qhuquitanta  fOr €ach month using the equation above and
averaging results over the corresponding period led to estited ow rates for the
Chilbn River in Chuquitanta of 6250 L/s from Dec. through Apr. and 2400 L/s from
May through Nov. These estimations are likely high, and coulde made more precise
if they were able to include data about river water losses due in Itration and seepage
as well as the amount of water diverted from the Chilbn Rive for irrigation in the
Canta Province between Obrajillo and the border with the LimaProvince.

3.3 Field measurements

Audit data which was not collected using either of the two metbds above was
determined via eld sampling and laboratory testing. As mentined, the groundwater
pumping station is not considered in Phase Il because SMPapls to use this water in
expanded irrigation network to irrigate green spaces thra@hout the district. However,

the decision was nonetheless made to carry out audit testimgly (i.e., no collection of
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Figure 3.1: Phase Il testing focused on ve water sources in aear Chuquitanta: the
Chilbn River, the puquio, the system of irrigation canals the groundwater pumping
station, and e uent from the Puente Piedra WWTP. Shown here with black markers
are the locations where samples were taken and eld testingag/carried out.

literature or estimated values) for this source to providesme quantitative information
about it to the district. Further, though the puquio was not considered as a potential
area for WSUD initiatives or in the audit, ideas for this sourcevere developed by a
student group in Phase Il and Phase Il preliminary testing waslso carried out here.
Because of this, it was decided to carry out Phase Il testingere as well in order to
round out the Summer School investigation.

Field sampling and testing was carried out over two days at there water sources in
or near Chuquitanta shown in Figure 3.1. In two cases where tls®urces had already
been evaluated during the round of preliminary testing cared out in Phase II, the
sampling/ eld testing location was changed: a point slighy upstream of the Phase I
testing point but with much easier access from the bank was aben along the Chilbn
River, while the system of irrigation canals was measuredrtbher downstream, at the
limit of Chuquitanta’s residential area, in order to be ableto observe the full e ect
of domestic settlement on the canal water quality. Groundwar was measured at
an open outlet located inside the pumping station, the puqaiwas measured at the
western edge of the waterbody, and the Puente Piedra WWTP e uenwas measured
at the mouth of the outlet canal, which is located in a public eea in Chuquitanta
just north of the WWTP by the river. The limited availability of testing materials
did not allow the sampling and testing of each source on bothays; because it had
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(a) Collecting samples in Chuquitanta (b) Carrying out Merck Spectroquant® Cell
Tests [photo: CITRAR-UNI]

Figure 3.2: The technical part of Phase Ill involved eld tesing using a set of probes
and meters and the collection of samples for (a) testing in aipate laboratory as well
as (b) in-house testing at CITRAR-UNI.

already been decided that the groundwater pumping stationna the puquio would
not be included in the nal audit, these sources were sampleahd tested only on the
rst day in the eld.

At each source on each day it was visited, three steps were ¢ak a set of portable
probes and meters was used to measure temperature, pH, DO, d&@; a sample was
taken for in-house testing at CITRAR-UNI for COD, NOs-N, NH4-N, PO4-P, Py
and Cl using Merck Spectroquant Cell Tests; and another sample was taken for
delivery to a private laboratory for analysis of BOR, total coliforms, and parasitic
worm (helminth) eggs/cysts. The set of meters and probes ubas the same as
that described Section 2.3.1, with the addition of a WTW LF 34(5ET meter and
standard cell TetraCon 325 for the measurement of electriorductivity. The electric
conductivity probe and meter were operated using temperate compensation for
natural waters at 25 C and automatic range selection, and as with the other meters
and probes, measurements were taken by inserting the probeoirthe water being
tested and reading results o the meter display screen. [1P8nfortunately, on the
rst day of testing with the conductivity meter, automatic range selection was not
enabled; readings taken on this day were therefore highlynable and thus discarded.
On the second day of testing, after taking measurements usiniget meters and probes,
a roughly 1 L-sample was collected at each source using m&éy provided by the
private laboratory (i.e., bottles, cooler) and at the end othe day the samples were
delivered to the laboratory for analysis (Figure 3.2a). On kb days of testing, roughly
1 L-samples were also taken at each source for subsequentlysia using Merck
Spectroquant Cell Tests (Figure 3.2b); these were collected in clean plasbottles,
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(a) Merck Spectroquant® Cell Test (b) Merck SQ 118 Photometer loaded with a
testing cell testing cell

Figure 3.3: During in-house Phase Il testing carried out at TRAR-UNI, (a) water
samples were added to special testing cells before (b) arsadywith a photometer.
[photos: CITRAR-UNI]

stored in a cooler, and brought to CITRAR-UNI at the end of each dayor storage

in a refrigerator. There, 2 mL of sulfuric acid (HSO;) was added to each sample
to preserve it for later analysis. This was necessary due toraughly one-week de-
lay between sample collection and receipt of the materialecessary for sample analysis.

In-house laboratory testing was carried out using a set of Mk Spectroquant Cell

Tests along with a Merck SQ 118 Photometer and a Merck Spectjgant® TR 320

Thermoreactor. The principle behind the Cell Tests is the sae as that behind the
tests included in the Compact Laboratory used during Phasd:Ireactants are added
to a water sample in an amount and order speci ed for the paraater which is being
measured. These additives cause a reaction which producekE compounds that
give the water sample a certain tint; the intensity of the tintcan then be related to the
amount of the parameter which the sample contains. However,dlsystem for carrying
out and evaluating Cell Tests is more re ned than the CompacLaboratory system.
For each test, a speci ed amount of the water sample is added & 16-mm diameter
test tube, or \cell", which is made from glass that has spedi@ptical properties which
allow it to be used in photometric analyses (Figure 3.3a). Theell is pre-dosed with
the rst chemical which is required in the colored compoundeanerating reaction;
additional reactants are then added to the cell in an amountral order specied
for the parameter which is being measured. The glass cell isenh loaded into a
photometer, which directs a beam of light at the cell. Deperlg on the colored tint
of the sample, some amount of the light directed at it will be aworbed. The light
which passes through the sample is converted into an electl current and then
into a concentration by a microprocessor; the concentratiois then output on the
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photometer display screen (Figure 3.3b). [63]

Additional preparatory steps were taken before photometri@analysis, sometimes
depending on the parameter being measured and the quality thle samples. In order
to preserve the samples, $¥60, had been added to each sample to lower its pH below
2. Because the NEi cell test requires a pH above 4, the pH of all samples was ralse
before commencing with sample preparation and analysis. @&hthermoreactor was
used in preparation for the Ry analysis to heat the cells to 12@C for 30 minutes in
order to allow digestion (i.e., boiling with acids and oxidéon agents) for conversion
of all inorganic and organic forms of P to P@P. It was also used before the COD
analysis to heat the cells to 14& for 120 minutes. Because turbidity can interfere
with the accuracy of photometric analysis, all samples weradso Itered using syringe
Iters before they were analyzed (for the P@Q-P and COD tests, this was done after
digestion/heating with the thermoreactor). In the case oftie WWTP e uent, because
levels of PQ-P and P, were higher than the detection limit for the Cell Tests, thes
samples were diluted by 10% using distilled water before dpsis. For each test,
samples were tested against blanks containing distilled e and the reagents used in
the test. Detailed procedures for each of the parameters nsesed in Phase Ill can be
found in Appendix C.

Field testing results are shown in Table 3.1. In comparing thes® the Phase
Il testing results and to one another, some interesting obseations can be made. For
the three sources measured in both Phases Il and Il (the puiguy the Chilbn River,
and the irrigation canals), NG;-N levels were lower in Phase Ill than anticipated,
though this could be due to the very rough precision with whic the Compact
Laboratory allows levels of this parameter to be measured. Axpected, water from
the puquio and from the groundwater pumping station exhibgd similar qualities,
except with regard to levels of and N@N and PO,-P which werelower in the puquio:
this could imply that some mechanism is working to reduce leis of these parameters
in groundwater as it moves through the subsurface. Higher R&P and Py levels in
the irrigation canals as compared to the Chilbn River indiate that the residential
areas in Chuquitanta are contributing to canal pollution. Fnally, WWTP e uent
gualities con rm that plant operation needs to be improved.

3.4 Audit results & comparison to water quality
standards

Audit results have been compiled in three parts shown in Talde3.2, 3.3, and 3.4.
The method used to collect each result has been indicated Migpeface: boldface
indicates values directly determined by observation, intgiews or from information



Table 3.1: Results of Water Quality Testing Carried Out as Pd of Chuquitanta Water Audit

Sample 1: Sample 2: Sample 3: Sample 4: Sample 5: Sample 6: Sample 7: Sample 8:
BOM PUQ RIO 1 RIO 2 IRR 1 IRR 2 ww 1 WW 2
Date 4/4/2012 4/4/2012 4/3/2012 4/4/2012 4/3/2012 4/4/2012 4/3/2012 4/4/2012
Sampling Start Time 10:20 AM 10:50 AM AM 11:10 AM AM 1:10 PM AM 1:40 PM
- . Groundwater Chibn River Ju.St - SEDAPAL Puente
Description of Sampling . . downstream of the bridge Secondary irrigation canal .
. pumping Puquio . Piedra WWTP e uent
Location ; between Chuquitanta and o Jose na canal
station . at mouth of outlet canal
Ventanilla, Callao
Parameters Measured using
Meter & Probes
pH 7.39 7.48 | 8.40 7.96 8.22 7.32 7.28
Temperature ( C) 23.4 24.0 25.6 22.8 23.6 243 26.6 27.2
Dissolved Oxygen (DO) (mg/L) 3.02 3.27 8.02 8.46 7.86 7.40 8.17 1.38
Electric Conductivity (EC) ( slcm) 606 603 | 440 | 439 | 1820
Parameters Measured using
Merck Cell Tests
Chemical Oxygen Demand (COD) <15 <15 o8 52 104 17 1652 454
(mg/L)
Nitrate (NO 3-N) (mg/L) 19 9 12 19 13 9 7 4
Ammonium (NH 4-N) (mg/L) < 0:2 < 0:2 < 0:2 < 0:2 < 0:2 < 0:2 28.1 294
Orthophosphate (PO 4-P) (mg/L) < 0:05 < 0:05 < 0:05 0.17 0.89 0.56 4.72 7.00
Total Phosphorus (P tot ) (mg/L) 15 0.3 0.4 15 2.4 8.0 28.0 14.0
Chloride (Cl ) (mg/L) 45 33 16 18 16 14 200 270
Parameters Analyzed by Private
Lab
Biochemical Oxygen Demand
(BOD s) (mg/L) ND ND | 7 | 5 | 135
Total Coliforms (MPN/100 mL) 540 7,900 | 79,000 | 490,000 | 46,000,000
Parasitic Worm (Helminth)
Eggs/Cysts (count/1000 mL) <1 <1 | <1 | <1 I 30
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Table 3.2: Chuquitanta Audit Results & Comparison to Standadls Part I: Quantity, Temperature, Oxygen Balance,

Salt Content, Acidity

Parameter SCH Domestic Pue\?\;\?V'FI')IIDedra Chilbn River Clhrlrjigzlttizzta Standarq for
Wastewater E uent Canals Comparison
. 498 L/s (as of 6250 L/s (Dec. - 92(3)r|3/;54(5Di;33-
Water Quantity 47 L/person/day 2010) [43] Apr.); 24,(31(())\I/_/)s (May (May - Nov.) |
' (as of 2012) [57]
Temperature ( C) | 26.9 24.4 24.0 < 357
Oxygen Balance
Biochemical Oxygen Demand
BOD:) (ﬁg 0 1100 135 7 5 19
Chemical Oxygen Demand (COD) | 1053 40 61 A0P
(mglL)
Dissolved Oxygen (DO) (mg/L) | 4,78 8.24 7.63 4p
Salt Content
Electric Conductivity (EC) (  s/cm) | 1820 440 439 2000
Chloride (CI ) (mg/L) | 235 17 15 100
Acidity
pH | 7.3 8.4 8.1 65 85°

aAs per Peruvian decree 003-2010-MINAM: \Aprueba Lmites Maximos Permisibles para los e uentes de Plantas de Tratamiento de Aguas
Residuales Donresticas o Municipales" (English: \Approved Maximum Allowable Limits for E uent of Domestic or Municipal Wastewater Treatme nt

Plants")

bAs per Peruvian decree 002-2008-MINAM: \Aprueban los Estinderes Nacionales de &idad Ambiental para Agua, Categora 3: Paametros
para Riego de Vegetales de Tallo Bajo" (English: \Approved National Standards for Water Quality, Category 3: Parameters for Irrigation of

Short-stemmed Plants")
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Table 3.3: Chuquitanta Audit Results & Comparison to Standardd?art Il: Nutrient Content & Microbiology

SCH_ Puente Piedra _ _ Chu_quit_anta Standard for
Parameter Domestic WWTP Chilbn River Irrigation Comparison
Wastewater E uent Canals
Nutrient Content
Nitrate (NO 3-N) (mg/L) 170 6 16 11 10°
Ammonium (NH 4-N) (mg/L) | 28.8 <02 < 0:2 8C°
Total Kjelda?#l;}tr)ogen (TKN) 260 | | | |
Orthophosphate (PO;-P) | 5.86 0.11 0.73 1P
Total Phosphorus (P ) (mg/L) 65 21 1.0 5.2 7°
Microbiology
Fecal Coliforms (MPN/100 mL) 440,000,000 201
Thermotolerant Coliforms | 51,000 (as of 340,000 (max. | 1000
(MPN/100 mL) 2008) [75] monthly 2010) [65]
Total Coliforms (MPN/100 mL) [ 46,000,000 79,000 490,000 5000
Escherichia coli (MPN/100 mL) | | m:rigigozoofg)ax'[aa | 100°
Salmonella (MPN/1000 mL) 2,200,000 | | | QP
Parasitic Worm (Helminth) 8,700 30 <1 <1 < 1b

Eggs/Cysts (MPN/1000 mL)

¢Maximum allowable level for treated wastewater used in irrigation as esablished by the Standards Institution of Israel
dMaximum allowable level for unrestricted use of treated wastewater f agricultural irrigation as established by the Standards Institution of

Israel
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Table 3.4: Chuquitanta Audit Results & Comparison to Standads Part Ill: Other Parameters

SCH

Puente Piedra

Parameter Domestic WWTP Chilbn River .ChL'qutanta Standarq for
Irrigation Canals Comparison
Wastewater E uent
Other
. 0.021 (max. i
Cadmium (Cd) (mg/L) | | monthly 2010) [65] | 0:008
. 0.028 (max. b
Chromium (Cr) (mg/L) | | monthly 2010)  [65] | 01
0.226 (max. b
Copper (Cu) (mg/L) | | monthly 2010)  [65] | 0:2
12.46 (max. b
Iron (Fe) (mg/L) | | monthly 2010)  [65] | !
1.99 (max. b
Manganese (Mn) (mg/L) | | monthly 2010)  [65] | 0:2
0.222 (max. b
Lead (Pb) (mg/L) | | monthly 2010)  [65] | 0:05
. 0.518 (max. b
Zinc (zn) (mg/L) | | monthly 2010)  [65] | 2
. 19.0 (max. b
Fats & Oils (mg/L) | | monthly 2010)  [65] | 1
Total Suspended Solids (TSS) 2000 11 (as of 2008) | | 150°

(mg/L)

[75]
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3.4 Audit results & comparison to water quality standards 62

in a print source, italics indicate values determined by estimation, while regular
typeface indicates values determined via sampling and tesgj carried out during
Phase Ill. Average values are shown where sources were sath@led tested on two
consecutive days. The rightmost column in each table showset standard value used
for comparison of each audit result; the corresponding foaite indicates the source of
the standard.

Many sets of quality standards exist for treated wastewatereused in the irriga-
tion of both agricultural areas and non-agricultural greengace; there are even more
for treated wastewater in general. Specic quality standals have not yet been
established in Peu for wastewater reused in irrigation. Heever, the country has set
general national water quality standards for waters used ifali erent purposes (ex.,
drinking water, water used in the irrigation of short-stemned plants, etc.) which are
largely directed at minimizing risks to human health. [71] Bu has also established
guidelines for the quality of domestic WWTP e uent which are aimed at protecting
surface water bodies against contamination from treated stharge [70], as well as
guidelines for non-domestic wastewater discharged intodldomestic sewerage system
which are intended to protect against damage to sewers, treagmt plants, and other
infrastructure. [67] Outside Pew, other arid countries sch as Jordan and Israel
have set speci c standards for reclaimed wastewater reusead irrigation [94], [100],
while countries which lead in methods and technologies foragtewater treatment,
such as Germany and the USA, have established standards for wlseems like
every conceivable quality parameter in a myriad of water usand reuse applications,
including wastewater reused in irrigation. [5], [114] Fing}, international organizations
such as the WHO and the Food and Agriculture Organization of the Uted Nations
(FAO) have set their own standards for water quality accordig to the priorities of
their organizations (i.e., protecting human health or supgrting global agriculture).
[9], [120] But which set of standards is the right one for Chugtanta? Choosing an
appropriate standard for comparison in a project such as thene in Chuquitanta
is challenging: too high a standard can mean that \low-tech"low-cost treatment
alternatives which would considerably reduce pollutant lels are ruled out in favor
of more expensive, high-tech alternatives, just becausesitment e ciencies in the
former are not good enough to meet sometimes arbitrarily-cken standards. On the
other hand, setting too low a standard can result in treated eent which still poses
human health or environmental risks. One school of thoughtdaocates setting no
standards at all for domestic wastewater reused in irrigain other than those which
might be required by law, simply focusing instead on the impheentation of solutions
for the e cient use and reuse of water which minimize extreme sks to human health
and groundwater contamination. In a location with a low groudwater table where
public access to agricultural areas is restricted, for exate, this philosophy would
support the direct irrigation of long-stemmed agriculturdcrops (ex., fruit trees) with
raw domestic sewage, with the idea that soil is a better pollaht sink than surface
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water and that the overall risk to human health is lower and ecient use of water
higher if raw sewage is used for agricultural irrigation tha if it is dumped untreated

into a river or the sea. [56] Because of the high groundwatealile, the predominance
of short-stemmed agricultural crops and unrestricted acces$o the elds, this is not a

safe option for Chuquitanta, though it is still a thought-provoking idea.

For Chuquitanta, those standards given in Peruvian decree P2008-MINAM:
\Aprueban los Esanderes Nacionales de Calidad Ambiental para Ag, Categora 3:
Palametros para Riego de Vegetales de Tallo Bajo" (English\Approved National
Standards for Water Quality, Category 3: Parameters for ligation of Short-stemmed
Plants") were selected as the \top tier" standards for comp@son, in order to aim
for the goal that discharge from constructed wetlands chasdor Chuquitanta's water
sources be legally compliant for subsequent use in irrigati in Peu. [71] For CI ,
a range of limit values is given by this decree, but the loweiniit value has been
chosen as the standard of comparison here because of the isgitg of wetland
functionality to salts. In the case of parameters for whichtandards were not set in
decree 002-2008-MINAM, the somewhat less stringent standardiven in Peruvian
decree 003-2010-MINAM: \Aprueba Lmites Maximos Permisibes para los e uentes
de Plantas de Tratamiento de Aguas Residuales Donesticas oulicipales" (En-
glish: \Approved Maximum Allowable Limits for E uent of Domes tic or Municipal
Wastewater Treatment Plants") were selected as the \secontier,” in order to strive
that the quality of constructed wetland e uent meets legal requirements set for
discharge from conventional treatment plants in Peu. [7DFor the three remaining
parameters for which no standard was set in either of these flegian decrees, namely
NH4-N, Py and fecal coliforms, standards for the reuse of wastewater irrigation
as established by the Standards Institution of Israel wereekected as the \third tier"
for comparison, largely because of Israel's similar clineatand consequent motivation
to keep water quality standards realistic in order to maximig water reuse potential.
[100] No standard for comparison is given for TKN; as it is a comogite parameter
determined as the sum of organic nitrogen, NHand NH; , standards of comparison
for TKN are not often established. With the exception of qualiy standards dictated
by decree 002-2008-MINAM, and therefore by law, adherence tioet standards shown
in Tables 3.2, 3.3, and 3.4 should be strived for but not be arbsolute determinant
for whether or not to implement a particular treatment systen at any of the water
sources in Chuquitanta.



4 Applying Water Audit Results
for Design Re nement

One of the three goals of this study was to utilize audit restd along with the results
of the design work completed in Phase Ill to suggest constructevetland types and
con gurations which would be appropriate for use at each othe water sources con-
sidered in Phase IlI, with the goal of treating source waterof reuse in irrigation of
agriculture or other green areas.

4.1 Overview of wetland types and wetlands in
Lima

Wetlands are land that is wet all year. Natural wetlands inclde swamps, marshes
and bogs; they typically occur at low ground and act as natutawater collectors.
The presence of large amounts of water allows a higher rate ablbgical activity in
wetlands than in most ecosystems, enabling the transformah of pollutants which
typically occur in wastewater into essential nutrients or Brmless by-products. Con-
structed wetlands are man-made systems intended to replteahe function of natural
wetlands, with regard to both ood protection (i.e., in the form of riparian bu ers
or retention wetlands) and water treatment (i.e., in the fom of treatment wetlands).
[47], [119] Numerous studies show that constructed wetlandancsuccessfully reduce
organic content and levels of nutrients, suspended solidsjambiological parameters
and heavy metals in municipal wastewater under a variety ofp@rating conditions,
including in arid climates. As passive systems with long retéon times, constructed
wetlands need minimal energy for successful operation an@ dot produce excess
sludge or other by-products which require handling other thabiomass, which when
harvested has a multitude of potential applications for usas fuel, in construction
and handicrafts, and when mulched as a means of enrichinglsguality. [51], [55]
Constructed wetlands can be grouped into two major hydrologtypes: free water sur-
face constructed wetlands (FWSW), and subsurface ow constrted wetlands which
include both horizontal subsurface ow constructed wetlasls (HSSFW), and vertical
ow constructed wetlands (VFW). [47] The choice of which wetlad type to implement
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4.1 Overview of wetland types and wetlands in Lima 65

depends mostly on which pollutants are targeted for removahow much land area is
available, the level of wetland management which can be pided and site-specic
issues such as soil permeability and the potential for intaction with groundwater. [51]

FWSW contain open water, oating vegetation and emergent plas. They are
typically densely vegetated, have a permeable base to alloltration of water into
deeper soil layers, and are shallow enough to allow sunlightpenetrate to the wetland
base in order to promote algae growth and photosynthesis. Iperation, wastewater is
directed into the wetland area and allowed to ow over and inltrate the bed medium
as well as to ow between plant stems and other surface debri®f the three wetland
types, FWSW most closely resemble natural wetlands and as sucte a&haracterized
by many of the same pros (ex., they o er additional bene ts awildlife habitats or
human recreational spaces) and cons (ex., they can act as adxing ground for insects
and may expose humans to water-borne pathogens). To minimizsks to humans,
FWSW are typically used only for secondary treatment of high cplity wastewater or
for tertiary treatment. Because they can tolerate non-commuous in ows and changing
water levels, they are often implemented for the treatmentfestormwater, and are also
frequently used to treat mine drainage and land Il leachate FWSW are the wetland
type which requires the most land area; installation costsra typically comparable to
those of conventional treatment plants, though operatiodacosts remain much lower.
[47], [51]

HSSFW are gravel, soil or soil/sand beds which are planted witlvegetation.
They are designed to promote horizontal ow through the substace in order to
allow water to ow in and around plant roots; when properly orated, water levels
in HSSFW remain below the gravel/soil surface. There is typidig a liner installed at
the wetland base to prevent in ltration to groundwater. Be@use water remains below
bed level, a lower risk of human exposure to pathogens or ampod-borne diseases
is associated with HSSFW than with FWSW; on the other hand, opportuities for
wildlife habitat and human recreational space in HSSFW are nofsggreat as in FWSW.
HSSFW also require less area than FWSW in order to achieve similareatment
e ciencies, but are generally more expensive to install. HFSV are typically used
for primary treatment before soil in Itration or discharge to surface water, small-scale
secondary treatment, or treatment of industrial wastewates. [47], [51]

VFW follow the same basic principle as HSSFW in that ow is throughthe
subsurface and water levels are maintained below the bed levait deviate in that the
direction of ow is vertical rather than horizontal. Typically, water is \pulse-loaded" at
the top surface of the vegetated wetland and allowed to petdete down through several
soil layers before being collected in a network of drainaggps at the bottom of the
system. VFW can also be con gured for recirculated ow or upwardow depending
on treatment goals and system constraints. VFW were originallyedeloped in Europe
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to provide higher rates of oxygen transfer than possible in KFB5W in order to promote
ammonia oxidation, and are thus often used to treat ammoniseach wastewaters such
as land Il leachate and e uent from food processing operatins. Conversely, VFW
can also be used to block oxygen transport and create anaeimbonditions in lower
sediment layers, fostering sulfur chemistry conditions vith encourage the removal of
heavy metals from industrial and mining e uents. [47] This weland type has also been
successfully used to treat raw sewage and for sludge dewatigy and in one study was
even shown to signi cantly reduce AOX levels in wastewaterdm a small hospital. [53]

Lima Metropolitana has several constructed wetland faciles for wastewater
treatment, as well as two natural coastal wetland areas. P#anos de Villa is a
244-hectare natural marsh located in at depression betwedwo hills and the coast
in the District of Chorillos. [31] Several water sources fdehe swamp, including the
Surco \River" (actually a pre-Incan irrigation channel buit to direct water from the
Rmac River to agricultural areas to the south), in Itratio n from the Rmac River, and
wastewater from settlements on the surrounding hills. In tl past, channels connected
the wetland with the ocean and enabled regulation of the watéevel, but with coastal
urbanization they were lled in and water levels are now redated by pumping into
the ocean. [72] Additionally, residential development andhe construction of a private
recreational facility on marsh land has led to a 40% reductioin the wetland's original
size. However, the area is now protected by an internationateaty (the Ramsar
Convention) and is preserved as a sanctuary for waterfowl arfdr its typical Pacic
coastal marsh ecosystem. [75] Evaporation has increaseck thalinity of wetland
water and soil, but vegetation still grows in abundance andsiharvested for use.
[72] Pantanos de Ventanilla is another natural coastal wethd covering 366 hectares
in the Lower Chilbn Watershed in the eastern part of the Digrict of Ventanilla in
Callao. Though it is located within a regional conservationraa, unfortunately it does
enjoy the same level of protection as the Pantanos de Villa and $au ered from
the e ects of informal settlements, illegal poachers, agnltural activities, and waste
dumps which infringe on its area. Despite this, the wetlandsistill recognized as an
important migratory stop for birds and a habitat for coastal vegetation, including
totora (Schoenoplectus californicus ssp. totora) which isarvested for use by a local
handicrafts cooperative. [32], [75]

Several pilot-scale constructed wetlands have been set upy bnunicipalities in
Lima Metropolitana or their private partners in recent yearsto treat domestic
wastewater for various purposes. These include a wetlandiended to treat water
for reuse in the irrigation of 2 hectares of agricultural lach in the neighborhood
of Oquendo, a wetland at a public school intended to treat schbwastewater for
partial reuse in the irrigation of its garden, and \micro-wéands" built at individual

houses in the community of Nievera to treat separate blackwar, yellow water and
greywater streams as part of an ecological sanitation (eewg project. [73] The largest
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pilot-scale constructed wetlands project in Lima Metropaiana was constructed to
provide 0.3 L/s of treated wastewater for irrigation of a pak and sports eld at the
Villa de Oasis slum in the District of Villa el Salvador. The con guation included a
primary treatment step for the removal of sand, fats and oilfllowed by both a VFW
treatment step and treatment with a horizontal ow wetland. [74] In general, these
initiatives did not succeed (i.e., they su ered operationlaproblems which resulted
in either inadequate treatment e ciencies or a complete halin operations) because
of their very small scales and a lack of expertise in planninghd maintaining the
implemented wetlands. [75] For example, in the case of VillaedOasis, BOR and
fecal coliform levels remained high in plant e uent, likelybecause wetland retention
times were not long enough, and operation of the plant was fimér hampered by a
lack of sta, safety equipment and adequate nances for opation and maintenance.
[74] These experiences imply that the success of wetlandstiatives in Lima will
likely depend on their implementation on larger scales andith the full support of
SEDAPAL.

4.2 \Wetland area estimation tool

A simple, Excel-based tool was created to roughly estimateeas required for FWSW,
HSSFW, and VFW. The 1990s saw a signi cant increase in the amount afdrature
about constructed wetlands and their sizing. Several singlequations were put forth
during this period for calculating wetland areas based ony ow or tanks-in-series
models which incorporated in ow and out ow rates, in ow and targeted out ow con-
centrations of a dimensioning parameter, and rst-order aal or volumetric reaction
rate constants which considered temperature e ects, bed drwater depths, internal
hydraulics, vegetation types or event parameters. [29] Oburse, wetland processes are
much more variable and complex than these early models wergl@to re ect, but in
the past two decades their sophistication and applicabiiitto diverse scenarios has in-
creased greatly, bene ting especially from a growing vatieof relevant empirical data
and better computing capabilities. A more recent method fodetermining wetland
area is discussed in detail in Kadlec (2009) and builds on &ar tanks-in-series models
to de ne the following relationship, known as theP-k-C model:

(Co, C) _ 1
(CG C) P
i 1+|:I>(_gl

where C, denotes the target out ow concentration of a dimensioninggrameter (often
BODs, sometimes NQ-N, Py, or fecal coliforms if the wetland is designed for speci c
removal of one of these pollutants, etc.) (mg/L),C; denotes the in ow concentration
of this parameter (mg/L), C denotes the background concentration of this parameter
(mg/L), k denotes the modi ed rst-order areal constant for this paraneter (m/day),

A denotes the required wetland area (f), P denotes the number of tanks-in-series,
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and Q; denotes the in ow rate. [47]

The P-k-C model was developed based on assumptions of steady ow, gl
ble water gains and losses, and concentrations averaged a@&veral nominal detention
times. Based on empirical data, Kadlec has developed staital distributions
for k values based on the dimensioning parameter being considgrevetland type
(i.e., FWSW, HSSFW, or VFW), and the anticipated in ow concentration d the
dimensioning parameter;C and P values are also recommended based on these
factors. The area estimation tool was developed based on ghmodel using a
statistical percentile of 0.90, with BODy as the dimensioning parameter for SCH
domestic wastewater and the Puente Piedra WWTP e uent and NQ-N as the
dimensioning parameter for the Chuquitanta irrigation caals and the river (since
BODs levels in the latter sources were under the established lihi k, C , and P
values were subsequently adopted from Tables 8.8 and 8.16Kadlec (2009) based
on wetland type and in ow concentration of BOD;, while values of these parameters
for NO3-N were adopted from Kadlec (2012); values will be given as @d in
Sections 4.3, 4.4, 4.5 and 4.6. [47], [46] In order to generanhore accurate area
estimations, the P-k-C model can be given additional complexity to account for
contributing pollutant removal processes, speci cs of iernal wetland hydraulics, and
other factors a ecting wetland performance. However, for # rough early-stage area
estimations required here, the basic model described by thquation above is su cient.

The next sections discuss the wetland con gurations which dve been recom-
mended for each of the water sources considered in Chuquitatrased on nal audit
results and the results of design work completed in Phase.llh order to facilitate a
rapid overall understanding of the water quality of each saae, a graphical display
of nal audit results for each source has been created based the data shown in
Tables 3.2, 3.3, and 3.4. In these graphics, the standard obneparison for each
parameter is indicated with a \+" symbol. It should be noted that for pH, two
\+" symbols are used to bookmark an acceptable range of valsevhile the standard
value indicated for DO is a lower limit. Where the measured vat exceeded the
standard, the bar is red; where it remained below the limit, e bar is green. Blue
bars indicate that no appropriate standard of comparison veaavailable, while the
notation \N.V." means that no value was measured for the partiglar parameter.
Finally, microbiological parameters are abbreviated in the rgphics as follows: fecal
coliforms (fec), thermotolerant coliforms (ttc), total cdiforms (toc), Escherichia coli
(eco), Salmonella(sal), and parasitic worm (helminth) eggs/cysts (pwe).
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Figure 4.1: Graphical display of Phase Il design results f&@CH Domestic Wastew-
ater . [graphic: ILPO]
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Figure 4.2: Graphical display of nal audit results forSCH Domestic Wastewater
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4.3 SCH Domestic Wastewater

Student design ideas at the end of Phase Ill focused on the lection of grey- or
blackwater from SCH for transport by gravity to the base of tle hill for treatment in a

constructed wetland. This system was proposed as a tempoyasolution until Lima's

sewerage network could be expanded to the area. The top of th#l should remain

relatively dry, without plans for an irrigated green spacen this area (Figure 4.1).
Final audit results for combined grey and black domestic wastvater indicate high
BODs, high nutrient levels, high levels of microbiological paraeters, and elevated
TSS, as might be expected for untreated wastewater (Figure2s.

The recommended technical solution generally supports theesign idea and
suggests the inclusion of elements from Phase Il design riésdor SCH as well. In
the absence of a sewerage system, grey and black wastewatesashs in SCH are not
combined, which provides an advantage in that treatment mébds can be optimized
for each stream. Domestic greywater (i.e., water used for thing, washing and in the
kitchen) could be collected either at each household or at tithousehold collection
points on the hill where solids and grease could be removed-gite using a Iter and
grease trap or a settling tank. Greywater could then be chanlegl by gravity through
a basic pipe network to the base of the hill for treatment in a VFWwith recirculating
ow, i.e., a VFW in which water that has vertically passed throudh a series of soil
layers is collected and returned to the top of the system foeapplication to the VFW.
A recirculating VFW is recommended in this case because thisdhnology maintains
high pollutant removal e ciencies while keeping the land aea required to achieve
these e ciencies to a minimum. This technology has been suessfully implemented in
pilot installations at the household and neighborhood soas in Israel for the treatment
of domestic greywater for reuse in irrigation, achieving BDs reduction rates of over
95%, TSS removal rates over 90%, and fecal coliform removates close to 100%. [35],
[99] The recommendation deviates from the graphical repesgation of the students'
ideas (Figure 4.1) in that the proposed constructed wetland auld be built on one
level, as opposed to along terraces as shown. Further, pipeslecting water from
households would carry greywater only and no provision wallbe included in the
design for supplying water for household use via a piped dery system. Special
considerations for the recommended design include the need & power source to
run the pump required to recycle ow throughout the wetland,and that VFW are
often subject to problems with bed clogging. There is poteial for harvested wetland
material to be used either directly for powering the recirdation pump using biogas,
or in the production of handicrafts or other materials whichmight be sold to o set
the cost of electricity. Though solar power would not be a gaooption for powering
the pump because skies in the area are cloudy for so much of tleay; the possibility
for generating hydropower using a water wheel or other simplastallation at a
nearby irrigation canal branch could also be explored. Bedagging is the result
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of the normal activity of microorganisms in wetland soil, btican be minimized by
controlling TSS levels in the in ow via adequate pre-treatrent, pumping wastewater
onto the wetland intermittently, and utilizing wetland plants with well-developed
root systems such as totora. In support of student design ide, wetland e uent
could be channeled by gravity for the irrigation of an urban agculture plot which
could be established adjacent to and exclusively for SCH. Toree extent, blackwater
generated in SCH could be handled by installing ecologicalrstation (ecosan) latrines
equipped with urine diverting dry toilets (UDDT) to separate urine and feces; urine
could be collected and used for direct irrigation of trees dnother long-stemmed
vegetation while dehydrated human waste could be used forilsenrichment. This
has been successfully done within a Sustainable Sanitati@fliance (SuSanA) project
carried out in the District of Chorillos in Lima at a school fo handicapped children.
[39] However, successful implementation of UDDTs in SCH couldce challenges
related to the larger number of people these facilities woultked to serve and because
sawdust is required for their successful operation. They mayso face some opposition
by community members holding out for household sewerage oections and the
installation of classic ush-toilets in their homes.

The water quality and quantity data collected for SCH duringthe audit consid-
ers total combined (i.e., black and grey) domestic wastewat In order to roughly
estimate the size of a greywater wetland for the communityt is assumed that 50%
of the domestic wastewater from SCH is greywater and that 50%f the BODs in
the domestic wastewater comes from greywater [41]; it shdube noted however that
these percentages are rough estimates largely based on gadgr and blackwater
composition data collected in developed countries with cdrimed sewerage systems,
and that an estimate of 50% greywater is likely higher than iactually the case in
SCH (where much lower total quantities of wastewater are praded per capita per
day). Based on results shown in Table 3.2, these percentagewply that roughly
24 L/capita/day of domestic greywater is generated in SCH, etaining 550 mg/L
BODs. Using these data, values ok = 554 m/year, C = 2.0 mg/L, and P = 2
were determined for VFW from Table 8.16 in Kadlec (2009) [47]; veim applied to the
tool, these data generate an estimated VFW area of roughly 50°’mecessary for the
treatment of greywater generated by the 295 people living iI8CH.

4.4 Puente Piedra WWTP E uent

Student design ideas at the end of Phase Ill were motivated inag by a plan by
SEDAPAL to double the Puente Piedra WWTP's capacity to handle a degn ow of
1000 L/s, extending current facilities into the riverside ane between the current plant
location and the Chilbn River in order to accommodate the epansion. The argument
was made that because the expanded facility would infringenahe riverside zone
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Figure 4.3: Graphical display of Phase Il design results fétuente Piedra WWTP

E uent
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designated by ANA as a protected area (i.e., the faja marginaljhe new treatment
facility should double as a public recreational space. Stadts envisioned SEDAPAL's
new treatment system as a pair or series of lagoons which anlhe low-cost, biological
(secondary) treatment of the plant's current e uent, but suggested that the nal
system con guration be developed through a partnership beeen SMP, SEDAPAL,
and Peru's Universidad Nacional de Ingeniera (UNI). They alsoecommended that
a recreational space be designated within the treatment area incorporate both
green space adjacent to the treatment lagoons and parts ofethreatment plant which
could be made open to the public to provide an opportunity foknowledge-sharing
(Figure 4.3). Final audit results indicate high BODQ, and COD levels, high levels
of PO4-P and Py, high CI , and high levels of microbiological parameters (Figure 4.4).

The recommended technical solution is partial treatment oMWVWTP e uent in

a HSSFW which could serve primarily as a stop-gap treatment ntedd while SEDA-
PAL upgrades and/or expands the Puente Piedra WWTP. After additonal treatment
in the wetland, the e uent could then be used to irrigate locad agriculture as originally
intended. HSSFW have been established as e ective means of ming organic mate-
rial and microbiological pollutants from wastewater; BOI3 reduction e ciencies of up
to 80% have been achieved in municipal wastewater underggisecondary treatment,
and COD reduction e ciencies of up to 70% as well as microbiogical pollutant
removal rates of almost 100% have been achieved in benchlsddSSFW planted
with a mixture of reeds, bulrushes and cattails in China. [§2[117] Unfortunately,
HSSFW and constructed wetlands in general do not seem to be patarly e cient

at removing nutrients containing PQy-P. This is due to the fact that PO,-P tends to
adhere to the soil matrix; once the soil is fully saturated, femoval from waters is
typically limited to plant growth periods during which plants take up P from the soll
matrix, thereby freeing up space for the adsorption of new PEP from polluted water.
However, the ability of HSSFW to reduce PQ@-P and Py levels in pollutant waters
can be increased by utilizing wetland base media with a high-Binding capacity, such
as calcium-rich soils and sands. [4] One requirement for pexly functioning HSSFW
is that TSS concentrations in the in ow should be low to avoidbed clogging; the audit
data show that the WWTP does seem to be at least achieving a reasdne level of
primary treatment and TSS levels in the e uent are quite low, adding strength to
the choice of a HSSFW in this case. This recommendation deviattom the student
suggestions in that HSSFW do not look like or function as lagosn However, this
type is preferred to a FWSW (the wetland type most similar to th& envisioned in
the student design) in this case for several reasons: rstlthe quality of the WWTP

e uent is too poor for it to be channeled into an open water tratment lagoon which
could successfully be incorporated into a recreational sgacThe levels of pollutants
in the e uent pose too high a risk to humans and have the potenél to generate
odors or invite vermin which are not likely to welcome humanisitors. The better
and safer option might be to maintain this polluted water unér the ground surface
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for treatment in a HSSFW, which would still be planted with vegeation that would
contribute to an overall greening of the area, even if this sge could not be directly
accessed by the public. An additional advantage to using a HSSFYdther than a
FWSW in this application is that the former requires consideralyl less land area
to achieve the same treatment e ciencies. An educational fadiy which opened
portions of the conventional WWTP to the public and also providd information and
limited contact with the HSSFW and its ecosystem, perhaps via giewing platform
or boardwalk, would also be a welcome addition to the site, drperhaps could remain
in place alongside a reduced-size wetland after the WWTP had e successfully
upgraded.

Based on results shown in Table 3.2 for the Puente Piedra WWTP owate
and BODs levels, values ofk = 107 m/year, C = 10.0 mg/L, and P = 3 were
determined for HSSFW from Table 8.8 in Kadlec (2009) [47]; wheapplied to the
tool, these data generate an estimated HSSFW area of roughlyb&a necessary for
the treatment of the full volume of WWTP e uent. This area is of course quite large.
However, the recommendation made here is envisioned as arnermediary solution
while SEDAPAL upgrades its plant. With every improvement in thequality of the
water owing into the wetland (i.e., with every reduction in the amount of BODs in
the WWTP e uent), the required wetland area gets smaller. It is unlikely that the
full area predicted by the tool would be needed for the entirstermediary period,
and a smaller area could be used at rst to treat some percerga of the WWTP
e uent. As the e uent quality improved, the same wetland area could be used to
treat more and more of the e uent. The relationships betweerBODs concentrations
in the wetland in ow, ow rate into the wetland, and wetland area can be explored
using the wetland area estimation tool.

4.5 Chilbn River

Student design ideas at the end of Phase Il focused on riveenaturation via the
development of a natural morphology and native bank plantgs to encourage the
return of local ora and fauna to the river and to provide a spae for public recreation.
It was also suggested that the ow of the river be supplementeduring dry periods
using water which now ows into the puquio or with treated WWTP e uent, and
that river banks be reinforced to provide ood protection (Fgure 4.5). Final audit
results indicate elevated N@-N levels and high levels of microbiological parameters
and most heavy metals (Figure 4.6).

The recommended technical solution generally agrees witthet student design
ideas in that overall, re-establishing a more natural rivemorphology and installing
native plantings would improve the amount of green space imé area and could have
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(a) Chilbn River in high ow period (b) Chilbn River in low ow period

(c) Chilbn River in average ow period

Figure 4.5: Graphical display of Phase Il design results fehe Chilbn River . [graph-
ics: ILPO]

some positive e ect on river water qualities. For example,atora, a bulrush species
which as mentioned above grows in abundance in Pantanos dentmilla just across
the Chilbn River in Callao, might be a good species to intrduce to the lower bank
areas because of its proven capacity for absorbing heavy mist though necessary
detention times would have to be considered to ensure its e€&veness. [28], [30]
However, routing waters from the puquio and/or WWTP into the river channel to
supplement river plantings during periods of low ow may pas technical problems
related to water qualities, not to mention political and ethcal issues. For example,
it would not be a good idea to route WWTP e uent into the river if i ts quality
remains low. Or, even if issues surrounding puquio ownershigere resolved, AND
the community agreed to let the puquio pond dry up, should pugo water really be
used during dry periods to keep riverbank plantings alive stead of for the irrigation
of agricultural land or multi-purpose green space? Particatly because of its highly
variable ow rate, a FWSW might be the best wetland treatment chiace for the
river, though in order to accommodate the river's maximum arage ow of 6250
L/s between Dec. and Apr., the FWSW would be truly huge. Values ok = 25
m/year, C =0, and P = 4.4 were determined for FWSW based on Kadlec (2012)
[46]; when these data along with the river's maximum averagew rate and results
shown in Table 3.2 for N@-N levels in the Chilbn River are applied to the tool, they
generate an estimated FWSW area of roughly 39 ha necessary fbe ttreatment of



4.5 Chilbn River

76

Oxygen Balance [mg/L]

Nutrient Content [mg/L]

+

N.V.

B +

L e
NO3-N NH4-N TKN PO4-P Ptot
CI', Fats & Oils, TSS [mg/L]

50 100
25¢ 50¢
+
s 0
BOD5 COD DO
Heavy Metals [mg/L]
20 ; ‘ ‘ ‘ 200
107 100t
0 +—+——+ + 0
Cd Cr Cu Fe Mn Pb 2Zn
0 Microbiology [MPN/100 mL]
10 ‘ ‘ ‘ ‘ 14
s N.V. N.V.
10

10

+
+ 4
N.V.
| . ‘
Cl- Fats & Oils TSS
pH [-] & EC [microS/cm]
-
+
+
pH EC

Figure 4.6: Graphical display of nal audit results for theChilbn River

river water. Of course, this calculation has been made for ¢hpart of the year when
river ow volumes are largest. Further, because higher wethd in ow rates require
larger wetland treatment areas, steps could be taken to rede the in ow rates to
a FWSW for river water, for example via the implementation of citection basins
which could store the full ow of the river and release it to thewetland at a lower
rate, or by diverting only a portion of the river's ow to the wetland. But, these
are major decisions about a prominent water source and vergrfje land areas which
would no doubt have lasting consequences reaching far a etd Chuquitanta. The
development of a truly e ective and realistic constructed wtland treatment system
for implementation with waters from the Chilbn River is a major undertaking and

beyond the scope of this study.

However, it might be interesting to more deeply explore sométhe suggestions made at
the end of Phase Il design work for the river, which although doot refer to treatment

of the river water itself, could be incorporated into a morea@mprehensive solution for
the area. The suggestion was made that a terraced constructedtland be installed on

the settlement-side of the river dike in Chuquitanta as a gening element and a means
for domestic greywater treatment. In addition to this, Phasél design results proposed
gabions for riverbank reinforcement on the river-side of thdike. It may be possible to
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(a) Concrete basin with plantings (b) Tawantinsuyu agricultural terracing
as constructed wetland \module” in the southern Peruvian Andes
[photo: [107]] [photo: Julie Oppermann]

Figure 4.7: Greywater treatment and bank reinforcement codlbe combined on the
Chilbn River dike by (a) creating a constructed wetland \module" for greywater treat-
ment using reeds or totora planted in concrete basins and (layranging the modules
in terraces along the river-side of the dike for bank reinfoement, perhaps taking in-
spiration from the stylings of Incan terracing in southern Bu.

combine these ideas towards the creation of a terraced systef constructed wetland
\modules"” on the river-side of the dike for combined greywat treatment and bank
reinforcement. Greywater could be collected at the top of ¢hdike and treated in a
sedimentation tank or with a Iter and grease trap to remove sads and oils (as with
the system for SCH). From there, it could be channeled into a siem of concrete basins
planted with Phragmites australis (reed) and/or totora andarranged into terraces on
the river-side of the dike (Figure 4.7). The reeds would act ta¢at the greywater, while
their extensive root systems in addition to the mass of the norete basins could work
to help stabilize the bank. Implementation of this system wad necessitate either the
installation of a pumping system to bring greywater from thesettlement to the top of
the dike (with the possibility of o setting electricity costs with harvested biomass, as
with the system for SCH) or require that it be carried it up. Alsq before this solution
could be con dently implemented, the e ect of plant roots aml in Itration water on
dike stability would need to be examined, and an investigain would need to be made
into whether or not enough greywater is generated by the s&tnent adjacent to the
dike to maintain the module plantings.

4.6 Chuquitanta Irrigation Canals

Student design ideas at the end of Phase Il focused on the taéation of canal
channels made from natural materials (i.e., nhot concretegovering canals where water
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Figure 4.8: Graphical display of Phase Il design results fahe Chuquitanta Irri-

gation Canals . [graphic: ILPO]
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guality remains poor as it moves through settlements in Chwgtanta, and utilizing
the canals as \river-like" dual-purpose recreational/costructed wetland areas. They
also propose that wetlands treat canal water AND household greater, and that
treated water be used for the irrigation of urban agricultue as well as medians and
green strips along local avenues (Figure 4.8). Final audit rdsuiindicate high levels
of COD, NO3-N and total coliforms (Figure 4.9).

The recommended technical solution is a FWSW which doubles asgaeen park.
FWSW have been shown to e ectively reduce COD, NON and coliform levels in
polluted waters; in two studies from the western USA, FWSW reduceNOs-N levels
in e uent by 80-90% [10], [86], while a study in France reveatt FWSW removal
e ciencies of over 60% for COD and another in Australia of ove®0% for coliforms.
[34], [54] Canals could be covered throughout the settlemeatea, and then outlet
into a planted basin forming the FWSW. After treatment, the wetlard e uent could
be directed back into a \semi-renaturalized" (i.e., lined arthen) canal system outside
of the settlement area for subsequent use in agriculturalrigation (lining the canals is
likely necessary to prevent water losses to seepage or iatign). The recommendation
deviates from the students' suggestions in that it opts forreatment in a collection
basin rather than within the canals themselves. One problemwith trying to treat
water as it moves freely through a vegetated canal system isat contact time with
plants (i.e., detention time) might not be long enough to adeve desired treatment
e ciencies. Incorporating basins or some other device footlecting and holding canal
water in the planted area makes it much more likely that adequa pollutant removal
e ciencies will be reached. With regard to using the FWSW for grgwater treatment,
it may also be possible and appropriate to install a greywatgre-treatment and piped
collection system (as with the system for SCH) in the settlemémwhich outlets to
the FWSW. In support of student design ideas, as available, treed FWSW e uent
could also be diverted for use in smaller agricultural plotaithin the settled area or
to irrigate road medians.

Values of k = 25 m/year, C = 0, and P = 4.4 were determined for FWSW
based on Kadlec (2012) [46]; when these data along with the xitaum ow rate
between Dec. and Apr. of 900 L/s and results shown in Table 3.8rfNOs-N levels in
the Chuquitanta irrigation canals are applied to the tool, tley generate an estimated
FWSW area of roughly 1 ha necessary for the treatment of the igation canal
water. This is a large area, but not an unrealistic amount ofpace in Chuquitanta.
However, the advantages of a multi-functional FWSW/recreatioal green space which
incorporates irrigation canal water would have to be weiglkeagainst the loss of
agricultural land to the installation.

Figure 4.10 shows a summary of Phase Il design results, aud#sults, and the recom-
mended constructed wetland con gurations for the source wexs in Chuquitanta.
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Figure 4.10: A summary of nal audit and design results as wetecommended con-
structed wetland con gurations for the four sources conseated.



5 Re ection & Future Outlook

5.1 Auditing the audit

Was the water audit carried out in Chuquitanta a success? Thehort answer is,
yes, it was. The audit achieved the goal of collecting a badmut useful set of water
guantity and quality data which informed the design process tloughout its early
phases and led to the development of robust design alternas at the end of the
preliminary stage. Further, there is potential for continue application of audit results
in subsequent design stages and for application of the gesleauditing methodology
developed in this case study to other similar projects. Howex, the process could
certainly be streamlined and optimized so that it goes morey®othly in the future.

Naturally, part of the challenge in carrying out scienti c investigations in the
developing world is the general unavailability of necessamaterials and equipment,
and it was expected that both time and money need be reserveor fgetting water
quality testing supplies to Lima. However, the biggest chalhge and largest barrier
to successfully undertaking the water audit in Chuquitantadescribed here most
de nitely lay in the logistics behind getting the Merck Spetroquant® Cell Tests
and associated equipment (i.e., the photometer and thernmemactor) to Lima. The
choice was made to order the Cell Tests from an internationaicienti c equipment
and materials vendor (without a local distribution o ce in Lima) for shipment to
Lima from the United Kingdom, and to carry the photometer and hermoreactor to
Lima from Germany as checked baggage. Carrying scienti ¢ @gment as checked
international baggage proved di cult with regard to the collection and preparation of
required accompanying documentation, time spent in the gort at customs waiting
for the equipment to be cleared for entry into Peu, and bothexcess baggage costs
and import tari s. Additionally, the vendor provided extremely disappointing service
at almost every stage, taking over two months to prepare anchig what in the end
was the wrong materials order to Lima and providing no assistae whatsoever with
the customs and import process in Peu. The result was a mudhigher expenditure
of time and money than anticipated. Though the wrong order wa lled, luckily it
did contain most of the Cell Tests which had been planned for HDquitanta, with
the exception of tests for Total Nitrogen. Information on ths parameter would have
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been useful to the study, but it was not absolutely essentiabtthe integrity of the
audit. However, delays in receipt of the Cell Tests were so seg that the author
could not carry out the laboratory testing herself; in fact,testing was only made
possible through the kindness of Rosa Elena Yaya Beas, dimgcof CITRAR-UNI,
who volunteered to conduct the Cell Tests with a team of her stlents in the author's
absence. This gesture was of course a huge help and in the emdvhat made the
collection of many of the audit results possible, but it did equire that unanticipated
time be spent working with UNI students to train them in the use ofthe testing
equipment and to familiarize them with Cell Test proceduresAll of these experiences
taken together beg the question: was this all really necesga In hindsight, maybe not.

For a preliminary stage audit such as the one carried out in Ciguitanta, the
colorimetric tests contained in the Aquamerck Compact Laboratory for Water
Testing probably give enough information to be able to guidearly design work, and
use of the Merck Spectroquarit Cell Tests could most likely be avoided entirely.
As described, the results the Compact Laboratory provides ergood estimates only,
but can be used along with an appropriate standard to providenaadequate level
of information at this early stage, i.e., awareness of whickpeci c parameter levels
treatment should most urgently be directed at lowering. The @mpact Laboratory
was transported from Germany to Lima via the USA as carry-on lgggage; at airports
it was usually necessary to go through an additional screegiprocess and to produce
documentation detailing the kit's contents and authorizingit to be carried, but
otherwise no other time delays or costs were associated witlansporting it to and
from Peu. The tests contained in the Compact Laboratory ae also fairly easy
to use, and after a brief introduction could be successfullgarried out by someone
without a technical background or speci c training. The kits major disadvantage is
that it does not allow the testing of microbiological paramedrs, which are important
indicators of water quality in many parts of the world. Howeve use of the Compact
Laboratory (along with the set of meters and probes utilizethroughout the study in
Chuquitanta) could be combined with recently developed, ptable and easy-to-use
eld tests for microbiological parameters in order to gain avery good overview of
a variety of water quality parameters in the eld, entirely avoiding the need for
laboratory facilities at preliminary project stages. [64]fl more sophisticated results
or information about parameters which are harder to accuraty test in the eld (ex.,
oxygen content) were needed, then samples could be collecéad sent to an approved
private laboratory for testing, as successfully done in Pksa Il of this study for BODs,
total coliforms and parasitic worm (helminth) eggs/cysts. Though private testing
needs to be paid for, when materials and shipping costs as wa#f import tari s
associated with the materials and equipment necessary foesting at an in-house
laboratory like CITRAR-UNI are considered, private testing isprobably the cheaper
option; with about a two-week wait between dropping samples at the laboratory
and the receipt of results, it is without a doubt the faster opon as well.
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With all methods utilized to collect information, including testing, accurately
and rapidly carrying out a water audit hinges on appropriateand adequate planning
which considers the goals of not only the preliminary but alssubsequent project
phases. Steps carried out during Phase | should be completeisoon as possible in the
auditing process to allow ample time for consideration of wtth parameters are most
important to include in the audit and to maximize the amount ofinformation which
can be collected through observation, interviews, print swces, and estimation, in
order to save time and money by minimizing testing. That beig said, it is important
to remember than any testing carried out as part of an audit mvides only a snapshot
in time. If time and resources allow, testing should be repead when in uencing
conditions change, ex. during the rainy season if the rst raud of testing was carried
out during the dry season, or over a weekend when residente at home if the rst
round of testing was carried out on a weekday, etc. Conducgnan appropriately
timed second testing round would improve the reliability ofwdit results greatly. Also,
if logistics, time and money allow, it would in some cases baiitg helpful to have
additional supplementary information about some source$or instance, in this study
it would have been useful to have data about levels of heavy taks in the irrigation
canals and AOX in the WWTP e uent.

In this study, nal audit results were quantitatively applied to a limited extent in the
calculation of land area estimates for the proposed constted wetland con gurations
carried out in Chapter 4. However, in subsequent phases of peoj development as
design ideas become more detailed and constructed wetlamdsre fully dimensioned,
there is great potential to apply results even more extengly via the calculation of
estimated wetland removal e ciencies for organic contentpitrogen, phosphorus, heavy
metals, and other contaminants. It should be noted that the ecuracies of estimated
land areas determined here and of estimated contaminant rewad e ciencies which
might be carried out in future project stages are helped immeely through the
availability of the more accurate set of results determinedsing the Cell Tests and
through analysis in the private laboratory. Priorities woutl need to be weighed and
decisions made in early audit planning in order to determind the costs and time
expenditure associated with in-house laboratory testingsing imported equipment
and materials (not recommended) or with sending samples to aiyate laboratory for
analysis (recommended) would be justi ed in that they wouldprovide more accurate
data which could then be constructively applied throughousubsequent project phases.

Finally, the water auditing methodology developed in this stdy is likely trans-
ferable to other similar scenarios, i.e., early-stage dgsi projects which could be
helped by a rapid assessment of local water sources. Of coutbe choice of param-
eters which the audit would consider and the methods used tmltect information
about these parameters would likely di er in other projects.However, the questions
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considered in choosing parameters and the priority given tmethods for information
collection (as outlined in Section 2.2) are applicable outke of this case study, as is
the general framework for audit execution (as outlined in Steon 1.4).

5.2 Are constructed wetlands a good choice for
Lima and for incorporation into WP9 proto-
types for Chuquitanta?

As described in Section 1.2, shown in Figure 1.8, and illusted in Chapter 4,
constructed wetlands for the treatment of waste- and surfacsaters for reuse in the
irrigation of agricultural and other green spaces are a viabloption for Lima and for
inclusion in prototypes developed for Chuquitanta in WP9, in grticular considering
the additional objective of increasing the amount of green @a in the metropolitan
area. However, it is important to address potential drawbackso implementing
constructed wetlands in this setting which have not yet beediscussed, among them
the potential for FWSW to act as a vector for mosquitoes and othiepests, and that
constructed wetlands may remove nutrients from treated wats which might actually
bene t agriculture and soil quality via irrigation.

Tropical diseases are not as much of a problem in Lima as in eth parts of
Peu. Though throughout the country there is some risk of eposure to malaria at
elevations below 1500 m [112], the dry climate in Lima and algnPeu's southern
coast is generally not conducive to mosquito breeding andete is no malaria in this
area. For similar reasons, yellow fever, dengue fever, lasis, arboviral encephalitides
and other vector-borne diseases are not considered a proble Lima Metropolitana.
[110] However, populations of mosquitoes and other bloodefing arthropods can
thrive in FWSW when poor construction or operational problemseh as clogging
lead to the formation of shallow, still pools of low quality wter which can serve
as a breeding ground for insects. [38] Despite the relatiyelow risk they pose for
spreading disease in Lima, it is important that steps be taketo control mosquito
populations in the metropolitan area's constructed wetlatls. These might include
the strategic removal of vegetation to allow the agitation ofvetland water by wind,
introducing sh species which prey on mosquito larvae, indducing nematodes and
other parasites for which mosquitoes act as a host, or the ueé chemical agents to
control insect populations. [49] In a well-functioning wedind, mosquito populations
will naturally be held in check by sh, birds and insects whib eat their larvae. It
is certainly possible to achieve this type of healthy balance wetlands in Lima, as
evidenced by a 1996 study of Lima's Pantanos de Villa wetlandhich found that in
reservoirs with high instances of mosquito bioregulatorsge., species which naturally
control mosquito populations, no mosquito larvae were fodn [27]
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Nutrients in irrigation water such as N, P, K, Mg, S and Ca can &aally be
bene cial to plant growth and soil quality. Levels of N and P mred not be lowered to
the same extent in treated waters intended for reuse in irrig@n as in treated waters
discharged into surface water bodies, where they can causgagdblooms which pose a
threat to aquatic plant and animal life. [14] Because they  are composed of plants
and soil, constructed wetlands benet from N and P and may reove these nutrients
more e ciently than desired in cases where treated water wibe reused in irrigation.
Several adjustments can be made to wetland design and opeoatiin order to lower
the removal e ciencies of N and P, including shortening hydralic residence times;
choosing plant species which are less e cient at removing trients; varying water
depths, levels and bed surfaces to control plant colonizati; varying operational
parameters such as pH, temperature and DO to discourage n@nit uptake by plants;
and for P in particular, choosing a wetland substrate mateal which discourages
nutrient adsorption. [4], [51] Of course, the choice of whatr or not to make any of
these changes would need to be made in consideration of theeets changes might
have on removal e ciencies of other parameters. Other optits for harnessing the
nutrients taken up by wetland plants include harvesting wdand plants, mulching
them and mixing them with agricultural soil, or planting wetands with garden plants
or other commercially-viable species to not only achieve desli water treatment
e ciencies, but also to harvest and sell as part of a sustairde nursery enterprise
operated in conjunction with the wetland. [55], [83]

Additionally, it should again be stressed that proper operan and manage-
ment of constructed wetland systems is essential if they ate function as intended.
Related to this is the selection of wetland plant species in esideration of not only
their capacity for removing targeted pollutants, but also he frequency with which
they need to be harvested. Before a decision is made about ghhplants to use in a
wetland, a cost-bene t analysis should be carried out whichakes into account both
harvesting costs and potential nancial bene ts related to he production of biomass.
[49]

5.3 Did technical and design work come together
for better outcomes?

Combining technical and design input towards the developmeof prototypes for water-
sensitive ecological infrastructure for Chuquitanta redted in technically-sound recom-
mendations which strived to remain true to design ideas. Shag information and
ideas throughout preliminary project stages also gave botrchitecture and engineer-
ing students some understanding of the tasks, methods of worg and types of result
typically attributable to the other, and how we could work tagether for better results.
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However, interaction between technical and design work calbe better timed in future
projects to optimize outcomes. For example, in this study,rgliminary testing carried
out during Phase Il would have better served student designonk completed in the
same phase if results had been available to the students stigtearlier, i.e., towards
the beginning of the phase, since the students would have hawbre time to incorporate
them into their ideas. It would have also been very helpful tdvave had interaction
with the architecture students during Phase |, on the one hahto learn more about
their initial ideas for WSUD in Chuquitanta and Lima in generalin order to begin to
think about how the audit could serve their development, and rothe other hand to
give them some introduction to water quality testing and howesults might be useful
for guiding and shaping their design ideas. Finally, it wouldhave been helpful and
interesting to reunite with the students after developing sggestions for constructed
wetland con gurations which were combined with their Phaséll design ideas towards
the development of prototypes, in order to have feedback abichow well they felt their

ideas had been interpreted and honored in the recommendat# In general, however,
bringing together design and technical work was a worthwhilebjective which brought
value to nal deliverables, as well as to the overall expemee of the author in Lima.
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November 2011

v Pretreated sample | 5 ml Inject into the test tube with the sy-

(20-30°C) ringe.
Reagent NH,-1 12 drops? Add and mix.

Reagent NH,-2 1 level blue Add, close the tube, and shake vigor-
microspoon (in ously until the reagent is complete-
the cap of the ly dissolved .
NH,-2 bottle)

Leave to stand for 5 min.
Reagent NH,-3 4 drops? Add and mix.

Insert the test tubes into the sliding comparator as shown in
the diagram and place the comparator on the color card as
indicated by the latter.

Leave to stand for 7 min.

Measuring range / color-scale mber
graduation ¥ leterminations
02-04-06-1-2-3-5 mg/INH,"
50

Slide the comparator along the color scale until the closest possible color match is
achieved between the two open tubes when viewed from above.

Read off the result in mg/l NH,* or NH,-N from the color card indicated by the pointed end
of the sliding comparator.

Please the warnings on the packaging materials!

analysis = measurement value x dilution factor

conversion
factor

mg/l NH,-N mg/l NH ,* 0.776

‘ Units required nits given X
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Rinse both test tubes several times wi pretreated sample.

Measuremer
sample

Pretreated sample | 5 ml ject il e test tube with the syringe.
(15 - 25 °C)

Reagent NO;-1 2 level green Add, close the tube tightly, and shake
microspoons vigorously for 1 min .
(in the cap of the
NOs-1 bottle)

Insert the test tubes into the sliding comparator as shown in
the diagram and place the comparator on the colour card as €
indicated by the latter.

Leave to stand for 5 min
Slide the comparator along the colour scale until the closest possible colour match is
range / colour Number of achieved between the two open tubes when viewed from above.
graduation determination: Read off the result in mg/l NO5” or NOs-N from the colour card indicated by the pointed end
of the sliding comparator or, if necessary, estimate an intermediate value.
10 - 25 - 50 - 75 - 100 - 125 - 150 mg/I NO 5
200

measurement value x dilution factor

nits required nits given

Please note the warnings on the packaging materials!
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January 2012

1.08025.0001
I

Nitrite Test N Oz-

Aquamerck

Result of analysis = measurement value x dilution factor

conversion
factor

Units required units given X

Measuring range / color-scale Number of
raduation ¥ deteri ns

Please note the warnings on the packaging materials!

se both test tubes several times with the pretreated sample.

Measuremen Blank
sample
Pretreated sample | 5 ml Inject into the test tube with the sy-

(15-25°C) ringe.
Reagent NO,-1 5 drops? Add, close the tube, and mix.

Reagent N 1 level grey Add, close the tube, and shake vigor-
microspoon ously until the reagent is completely
(in the cap of dissolved .
the NO,-2 bottle)

Insert the test tubes into the sliding comparator as shown in
e diagram and place the comparator on the color card as
indicated by the latter.

Leave to stand for 1 mi

Slide the comparator along the color scale until the closest possible color match is
achieved between the two open tubes when viewed from above.

Read off the result in mg/l NO,” or NO,-N from the color card indicated by the pointed end
of the sliding comparator.

Merck KGaA, 64271 Darmstadt, Germany, Tel. +49(0)6151 72-2440, Fax +49(0)6151 72-7780
test-kits@merck-chemicals.com www.merck-chemicals.com/colorimetric-test-kits
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.|
Aquamerck®

Q pH Test pH

e / colour-scale Number of
1ation

Please note the warnings on the packaging materials!

Rinse both test tubes several times with the pretreated sampl

Measure t Blank
ample
Pretreated sample | 5 ml 5ml Inject into the test tube with the
(15-25°C) syringe.

Reagent pH-1 2 drops? Add and mix.

Insert the test tubes into the sliding comparator as shown in

the diagram and place the comparator on the colour card as
indicated by the latter.

Slide the comparator along the colour scale until the closest possible colour match is
achieved between the two open tubes when viewed from above.

Read off the pH from the colour card indicated by the pointed end of the sliding compara-
tor or, if necessary, estimate an intermediate value.

Merck KGaA, 64271 Darmstadt, Germany, Tel. +49(0)6151 72-2440, Fax +49(0)6151 72-7780
environmental.analysis@merck.de www.merck-chemicals.com/colorimetric-test-kits
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1.14558.0001

Spectroquant”
T

Ammonium
Cell Test

NH,*

1. Method

Ammonium nitrogen (NH,-N) occurs partly in the form of ammonium ions and
partly as ammonia. A pH-dependent equilibrium exists between the two forms.
In strongly alkaline solution ammonium nitrogen is present almost entirely as
ammonia, which reacts with hypochlorite ions to form monochloramine. This in
turn reacts with a substituted phenol to form a blue indophenol derivative that is
determined photometrically.

The method is analogous to EPA 350.1, APHA 4500-NH
DIN 38406 E5.

3D, 1SO 7150/1, and

2. Measuring range and number of determinations

0.26 - 10.30 mg/l NH;*

For programming data for selected photometers see the website.

3. Applications
This test measures both ammonium ions and dissolved ammonia.

Sample material:

Groundwater and surface water, seawater

Drinking water

Wastewater

Nutrient solutions for fertilization

Soils and food after appropriate sample pretreatment

4. Influence of foreign substances

This was checked in solutions containing 4 and 0 mg/l NH,-N. The determination
is not yet interfered with up to the concentrations of foreign substances given in
the table.

Concentrations of foreign substances in mg/l or %
Al 1000 | Mn?* 10 | EDTA 1000
Ca* 250 | Ni>* 25 | Primary amines 0
Cd?* 1000 | NO, 500 | Secondary amines 2 10
CN- 25 | Pb?* 1000 | Aminophenols 25
Cré* 10 | PO> 250 | Aniline 50
Cr,0# 250 | S 5 | Triethanolamine 1000
Cu? 25| SiOg* 1000 | Surfactants® 1000
F 1000 | Zn* 50 | Na-acetate 10 %
Fe®* 50 NaCl 20 %
Hg?* 50 NaNO; 10 %
Mg 50 Na,SO, 15 %

Reducing agents interfere with the determination.

Y tested with methylamine
2 tested with dimethylamine
3) tested with nonionic, cationic, and anionic surfactants

5. Reagents and auxiliaries

The test reagents are stable up to the date stated on the pack when stored
closed at +15 to +25 °C.

Package contents:

1 bottle of reagent NH,-1K (contains granulate + desiccant capsule)

25 reaction cells

1 cell with blank (white screw cap); required only when using the SQ 118
photometer

1 blue dose-metering cap

1 sheet of round stickers for numbering the cells

Other reagents and accessories:

Universal indicator strips pH 0 - 14, Cat. No. 109535

Sodium hydroxide solution 1 mol/I TitriPUR®, Cat. No. 109137

Sulfuric acid 0.5 mol/l TitriPUR®, Cat. No. 109072

Spectroquant® CombiCheck 10, Cat. No. 114676

Ammonium standard solution CRM, 0.400 mg/l NH,-N, Cat. No. 125022
Ammonium standard solution CRM, 1.00 mg/l NH,-N, Cat. No. 125023
Ammonium standard solution CRM, 2.00 mg/l NH,-N, Cat. No. 125024
Ammonium standard solution CRM, 6.00 mg/l NH,-N, Cat. No. 125025

Pipette for a pipetting volume of 1.0 ml

April 2011
6. Preparation

® Analyze immediately after sampling.

® Samples containing more than 8.00 mg/l NH,-N must be diluted with distilled
water. Alternatively, it is also possible to use the Spectroquant® Ammonium
Cell Tests Cat. No. 114544 (measuring range 0.5 - 16.0 mg/l NH,-N) or
114559 (measuring range 4.0 - 80.0 mg/l NH,-N).

® The pH must be within the range 4 - 13.
Adjust, if necessary, with sodium hydroxide solution or sulfuric acid.

® Filter turbid samples.

7. Procedure

Notes on the measurement:

® For photometric measurement the cells must be clean.

Wipe, if necessary, with a clean dry cloth.

Measurement of turbid solutions yields false-high readings.
Ammonium-free samples turn yellow on addition of reagent NH,-1K.

The pH of the measurement solution must be within the range 11.5 - 11.8.

The colour of the measurement solution remains stable for at least 60 min
after the end of the reaction time stated above.

In the event of ammonium concentrations exceeding 500 mg/l, other reaction
products are formed and false-low readings are yielded. In such cases it is
advisable to conduct a plausibility check of the measurement results by di-
luting the sample (1:10, 1:100).

8. Analytical quality assurance

recommended before each measurement series

To check the photometric measurement system (test reagent, measurement
device, handling) and the mode of working, the ammonium standard solutions
CRM, 0.400 mg/l NH,-N, Cat. No. 125022, 1.00 mg/l NH,-N, Cat. No. 125023,
2.00 mg/I NH,-N, Cat. No. 125024, and 6.00 mg/l NH,-N, Cat. No. 125025 or
Spectroquant® CombiCheck 10 can be used. Besides a standard solution ~ with
4.00 mg/l NH,-N, CombiCheck 10 also contains an addition solution  for deter-
mining sample-dependent interferences (matrix effects).

Additional notes see under www.merck-chemicals.com/ga

Characteristic quality data:
In the production control, the following data were determined in accordance with
I1SO 8466-1 and DIN 38402 A51:

Standard deviation of the method +0.042

(mg/l NH,-N)

Coefficient of variation of the method +1.0

(%)

Confidence interval +0.10

(mg/l NH,-N)

Number of lots 39
Characteristic data of the procedure:

Sensitivity: 0.04

Absorbance 0.010 A

corresponds to (mg/l NH,-N)

Accuracy of a measurement value max. + 0.19

(mg/l NH,-N)

For quality and batch certificates for Spectroquant® test kits see the website.

9. Notes
® Reclose the reagent bottle immediately after use.
® Rinse glassware ammonium-free with distilled water. Do not use detergent!

@ |nformation on disposal can be obtained under the Quick Link “Waste
Disposal Advice” at www.merck-chemicals.com/test-kits.

Merck KGaA, 64271 Darmstadt, Germany, Tel. +49(0)6151 72-2440, Fax +49(0)6151 72-7780
environmental.analysis@merck.de www.merck-chemicals.com/photometry
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1.14730.0001

|
Spectroquant

2 Chloride -
.O» Cell Test Cl

Please note the warnings on the packaging materials!

Reagent Cl-1K 0.50 ml Pipette into a reaction cell and mix.

Pretreated sample 1.0ml Add with pipette, close the cell, and mix.
(10 - 30 °C)

Measure the sample in the photometer.

Merck KGaA, 64271 Darmstadt, Germany, Tel. +49(0)6151 72-2440, Fax +49(0)6151 72-7780
environmental.analysis@merck.de vww.merck-chemicals.com/photometry
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the warnings on the packaging materials!

Pretreated sample 2.0 ml | Carefully allow to run from the pipette down the inside

of the tilted reaction cell onto the reagent (Wear eye pro-
tection! The cell becomes hot!

Tightly attach the screw cap to the cell.

In all subsequent steps the cell must be held only by the screw cap!

Vigorously mix the contents of the cell.

Heat the cell at 148 °C in the preheated thermoreactor for 120 min.

Remove the hot cell from the thermoreactor and allow to cool in a test-tube rack.

Do not cool with cold water!

Wait 10 min, swirl the cell, and return to the rack for complete cooling to room temperature
(cooling time at least 30 min).

Measure in the photometer.
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1.14764.0001

Spectroquant”
T

Nitrate
Cell Test

1. Method

In sulfuric and phosphoric solution nitrate ions react with 2,6-dimethylphenol
(DMP) to form 4-nitro-2,6-dimethylphenol that is determined photometrically.
The method is analogous to DIN 38405 D9.

2. Measuring range and number of determinations

4 -221 mg/INOy

For programming data for selected photometers / spectrophotometers see the
website.

3. Applications

This test is not suited for the determination in waters with chloride contents ex-
ceeding 2000 mg/l and COD values exceeding 1000 mg/I.

Sample material:

Groundwater, drinking water, and surface water
Spring water and well water

Mineral water

Wastewater and industrial water

Nutrient solutions for fertilization

Soils after appropriate sample pretreatment
This test is not suited for seawater.

4. Influence of foreign substances

This was checked in solutions containing 25 and 0 mg/l NOs-N. The determination
is not yet interfered with up to the concentrations of foreign substances given in
the table.

Concentrations of foreign substances in mg/l or %
AR+ 1000 | Mg?* 1000 | EDTA 1000
Ca? 1000 | Mn?* 1000 | Surfactants? 1000
Cd* 500 | NH,* 1000 | COD (K-hydrogen
Cl- 2000 | Ni?* 1000 | phthalate) 1000
CN 100 | NOy 10Y | Organic substances
Cr3* 1000 | Pb?* 250 | (glucose) 1000
Cr,0* 100 | PO 1000 | Na-acetate 20 %
Cu? 1000 | SiOs* 500 | NaCl 0.5%
F 1000 | SOz* 100 | Na,SO, 20 %
Fe?* 250 | Zn** 1000
Hg?* 250

Y In cases of higher concentrations, eliminate nitrite ions acc. to section 6.
2 tested with nonionic, cationic, and anionic surfactants

5. Reagents and auxiliaries

The test reagents are stable up to the date stated on the pack when stored
closed at +15 to +25 °C.

Package contents:

1 bottle of reagent NO5-1K

25 reaction cells

1 cell with blank (white screw cap); required only when using the SQ 118
photometer

1 sheet of round stickers for numbering the cells

Other reagents and accessories:

Merckoguant® Chloride Test, Cat. No. 110079,

measuring range 500 - >3000 mg/I CI

Merckoquant® Nitrite Test, Cat. No. 110007,

measuring range 2 - 80 mg/l NO, (0.6 - 24 mg/l NO,-N)
Amidosulfuric acid for analysis EMSURE?®, Cat. No. 100103
Acilit® indicator strips pH 0 - 6.0, Cat. No. 109531

Sulfuric acid 25 % for analysis EMSURE®, Cat. No. 100716
Merckoquant® Nitrate Test, Cat. No. 110020,

measuring range 10 - 500 mg/l NO3 (2.3 - 113 mg/l NO;-N)
Spectroquant® CombiCheck 80, Cat. No. 114738

Nitrate standard solution CRM, 2.50 mg/I NOs-N, Cat. No. 125037
Nitrate standard solution CRM, 15.0 mg/l NOs-N, Cat. No. 125038
Nitrate standard solution CRM, 40.0 mg/l NOs-N, Cat. No. 125039

Pipettes for pipetting volumes of 0.50 and 1.0 ml

February 2011
6. Preparation
® Analyze immediately after sampling.
® Check the chloride content with the Merckoquant® Chloride Test.
Samples containing more than 2000 mg/I CI must be diluted with distilled
water.
Check the nitrite content with the Merckoquant® Nitrite Test.
If necessary, eliminate interfering nitrite ions. The stated amounts apply for
nitrite contents of up to 100 mg/I:
To 10 ml of sample add approx. 50 mg of amidosulfuric acid and dissolve.
The pH of this solution must be within the range 1 - 3. Adjust, if necessary,
with sulfuric acid.
Check the nitrate content with the Merckoquant® Nitrate Test.
Samples containing more than 50.0 mg/I NO;-N (221 mg/l NO3) must be di-
luted with distilled water.
o Filter turbid samples.

7. Procedure

Notes on the measurement:

® For photometric measurement the cells must be clean.
Wipe, if necessary, with a clean dry cloth.

® Measurement of turbid solutions yields false-high readings.

® The colour of the measurement solution remains stable for 30 min after the
end of the reaction time stated above. (After 60 min the measurement value
would have increased by 5 %.)

8. Analytical quality assurance

itis recommended prior to each measurement series

To check the photometric measurement system (test reagents, measurement
device, handling) and the mode of working, the nitrate standard solutions 125037,
125038, and 125039 or Spectroquant® CombiCheck 80 can be used. Besides a
standard solution with 25.0 mg/I NOz-N, CombiCheck 80 also contains an ad-
dition solution  for determining sample-dependent interferences (matrix effects).
Additional notes see under www.merck-chemicals.com/ga

Characteristic quality data:

In the production control, the following data were determined in accordance with
I1SO 8466-1 and DIN 38402 A51:

Standard deviation of the method +0.25
(mg/l NOs-N)

Coefficient of variation of the method +0.9
(%)

Confidence interval +0.6
(mg/l NOs-N)

Number of lots 22

Characteristic data of the procedure:

Sensitivity: 0.3
Absorbance 0.010 A
corresponds to (mg/l NOz-N)

Accuracy of a measurement value
(mg/l NOs-N)

max. = 1.0

For quality and batch certificates for Spectroquant® test kits see the website.

9. Notes
® Reclose the reagent bottle immediately after use.

@ For information on disposal/return for disposal please contact your
local Merck organization or Merck dealer.
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Spectroquant

Phosphate P
Cell Test

Number
determinations

Please note the warnings on the packaging materials!

April 2011

At the first use replace the black screw caps of the reagent bottles P-1K
and P-3K by the corresponding dose-metering caps:
Reagent P-1K: green dose-metering cap
Reagent P-3K: blue dose-metering cap
Hold the respective reagent bottle vertically and, at each dosage, press the
slide all the way into the dose-metering cap. Before each dosage ensure
that the slide is completely retracted
Reclose the reagent bottles with the black screw caps at the end
of the measurement series, since the function of the reagents is
impaired by the absorption of atmospheric moisture.

Pretreated sample oml Pipette into a reaction cell

1 dose Add, close the cell ti
Heat the cell at 120 °C? in the preheated thermoreactor for 30 min.
Allow the closed cell to cool to room temperature in a test-tube rack.
Do not cool with cold water!

Pretreated sample
(10 - 35 °C)

Pipette into a reaction cell and mix

or - after digestion for total phosphorus -
shake the tightly closed cell vigorously after
cooling.
Reagent P-2K?
Reagent P-3KV

Add, close the cell tightly, and mix.
Add, close the cell tightly, and shake vigorously
until the reagent is completely dissolved

en measure the sampl e photomete!



	Table of Contents
	Introduction
	Lima's challenges to the management of water resources and the provision of green space
	Water-sensitive urban design
	What is a water audit?
	Research framework, thesis goals and link to LiWa project

	Developing a Water Audit
	Organizational Phase I: Initial Impressions
	Phase I Technical Work
	Phase I Design Work

	Selection of audit parameters and auditing methods
	Organizational Phase II: ``Lima: Beyond the Park'' Summer School
	Phase II Technical Work
	Phase II Design Work
	Phase II Sharing Information & Ideas


	Conducting a Water Audit
	Collecting information from observation, interviews, and print sources
	Estimation methods
	Quantity & Quality: SCH Domestic Wastewater
	Quantity: Chillón River

	Field measurements
	Audit results & comparison to water quality standards

	Applying Water Audit Results for Design Refinement
	Overview of wetland types and wetlands in Lima
	Wetland area estimation tool
	SCH Domestic Wastewater
	Puente Piedra WWTP Effluent
	Chillón River
	Chuquitanta Irrigation Canals

	Reflection & Future Outlook
	Auditing the audit
	Are constructed wetlands a good choice for Lima and for incorporation into WP9 prototypes for Chuquitanta?
	Did technical and design work come together for better outcomes?

	``Lima: Beyond the Park'' Summer School Announcement
	Detailed Testing Procedures: Aquamerck® Compact Laboratory for Water Testing

