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RESUMEN 
El acelerado crecimiento poblacional que enfrenta la mayor parte de las ciudades de la zona 
árida Mexicana ha puesto en evidencia las fuertes limitaciones de las instituciones para 
proveer servicios de agua adecuados a los niveles de desarrollo. La problemática que 
enfrentan los centros urbanos es compleja y mezcla, desarrollo urbano no planeado, 
servicios de agua y drenaje ineficientes, disposición no controlada de agua y residuos, 
degradación de recursos de agua y suelo, envejecimiento de la infraestructura, uso intensivo 
de recursos de calidad potable, desaprovechamiento de recursos no-convencionales, 
escasez de agua y conflictos entre usuarios. Los retos actuales hacen evidente la necesidad 
de tomar decisiones urgentes respecto a la manera en la cual se proporcionan y gestionan 
los servicios de agua urbana.  
El análisis sistémico y el concepto holístico del ciclo de agua urbana son enfoques que se 
promueven cada vez más para el análisis integrado de los servicios de agua, con el fin de 
atenuar el estrés hídrico en las grandes aglomeraciones. Sin embargo, el análisis integrado 
no se aplica con frecuencia debido a la inherente complejidad, las limitaciones en 
disponibilidad de datos y especialmente, a la carencia de prototipos y herramientas de 
software apropiadas.  
Esta tesis aplica un modelo de balance total de agua urbana llamado UVQ a la Zona 
Metropolitana de San Luis Potosí, México. UVQ es un modelo hidrológico conceptual, 
determinístico que describe los flujos de agua y contaminantes en el área urbana desde las 
fuentes a los puntos de descarga. Incluye todos los tipos de agua tales como agua de lluvia, 
agua importada, escurrimiento superficial, agua residual y agua subterránea. Los resultados 
fueron especialmente útiles para el cálculo espacial de la recarga urbana. Un rango de 
escenarios, incluyendo diferentes estrategias de abastecimiento y el efecto de factores 
externos como cambio de demanda, fueron simulados y comparados con un escenario base 
calibrado. El análisis demuestra que especialmente el acuífero urbano somero puede mitigar 
sustancialmente los problemas de escasez y uso intensivo del acuífero profundo, si se ponen 
en práctica estrategias de protección de la calidad del agua o un enfoque de uso adaptado a 
la demanda (fit-for-use). El ejercicio de modelación brinda información relevante para el 
proceso de toma de decisión e identifica las deficiencias más importantes del sistema actual. 
Esto representa un paso clave hacia un desarrollo urbano sustentable y sensible al agua 
incluyendo los acuíferos urbanos someros, los cuales han sido omitidos de las políticas de 
gestión en la mayor parte de las ciudades de la zona árida Mexicana.  
 
 



 
ABSTRACT 

The accelerated growth faced by most cities in the Central- and North Mexican arid zone, has 
revealed the strong limitations in providing water services that meet the current stage of 
socio-economic development. The set of problems that the urban centers face is complex, 
and includes unplanned urban growth, inefficient drinking water services and sanitation, 
uncontrolled disposal of wastewater and solid waste, resulting degradation of soils and water 
resources, an over-aged infrastructure, intensive use and misuse of good-quality water while 
disutilizing non-conventional water sources, as well as conflicts between water users. The 
present challenges imply the urgent need to take decisions with respect to the way in which 
urban water services are provided and managed.  
Systems view thinking and holistic urban water cycle concepts are increasingly called upon 
for integrated analysis of urban water system to mitigate water stress in large urban 
agglomerations. However, integrated analysis is frequently not applied due to the inherent 
complexity, limitations in data availability and especially the lack of guidelines and suitable 
software tools.  
The thesis presents the application of the total urban water balance model UVQ to the 
Metropolitan Zone of San Luis Potosi. UVQ is a lumped, deterministic, conceptual 
hydrological Model which describes water and contaminant flows from source to sink in urban 
areas and includes all water types such as rainwater, imported water, surface runoff, 
wastewater and groundwater. The results were especially useful for spatially explicit 
groundwater recharge calculation in urban areas. A range of urban water scenarios, including 
different supply strategies and the effect of externalities such as demand change, were 
simulated and compared to a calibrated baseline scenario. The analysis demonstrated that 
especially the shallow urban groundwater resources can substantially mitigate problems of 
water scarcity and overexploitation of deep aquifers if appropriate water quality protection or 
fit-for-use paradigms are put into place. The modeling exercise delivers relevant information 
for the decision making process and identifies the most relevant shortcomings in current 
monitoring systems. This represents a key step on the path to water sensitive and sustainable 
urban development, including the shallow urban aquifers which have been neglected in the 
management policy of most cities of the Mexican arid zone. 
 
 

 



INTRODUCCION 
 

Antecedentes 
En las últimas décadas, el acelerado crecimiento de la población urbana en América 

Latina ha convertido a esta región en la más urbanizada del mundo en desarrollo, 

con niveles que llegan a superar el 85%. Los patrones de crecimiento urbano, 

abastecimiento de agua, disposición de agua residual y uso de suelo, si bien varían 

con el contexto local, relacionan la gestión ineficiente, la falta de planeación, 

inversión y tecnología. La compleja problemática que enfrentan los centros urbanos 

de la región mezcla servicios de agua y drenaje ineficientes, disposición no planeada 

de agua y residuos, degradación de recursos de agua y suelo, envejecimiento de la 

infraestructura, uso intensivo de recursos de buena calidad, desaprovechamiento de 

recursos no-convencionales, escasez de agua y conflictos entre usuarios. 

En México, esto es especialmente evidente en las regiones centro y norte donde se 

han registrado los mayores índices de crecimiento de la población urbana y 

desarrollo económico en recientes décadas (Martinez, 2005). Frente a la creciente 

demanda, el agua se esta convirtiendo rápidamente en un recurso escaso en estas 

regiones con sólo 32% de los recursos nacionales de agua disponible y 105 

acuíferos declarados como sobre-explotados. Estimaciones indican que la mitad del 

crecimiento de la población para el año 2030 se concentrará en 31 ciudades de más 

de 500 000 habitantes, de las cuales 75% se ubican en el centro y norte del país 

(Conagua, 2006).  

En respuesta a la creciente demanda, la gestión del agua en las zonas urbanas de 

México se ha dado bajo el tradicional enfoque de maximizar el volumen de agua 

disponible de buena calidad. Las estrategias, impulsadas por la política de desarrollo 

socio-económico, han promovido la construcción de grandes infraestructuras 

centralizadas de captación, desalojo y tratamiento, el desarrollo intensivo de 

acuíferos profundos y la transferencia de agua desde cuencas externas. Las 

herramientas aplicadas extensamente han sido balances a escala de acuíferos y 

cuencas que implican una cuantificación de entradas y salidas basadas en cálculos 

mensuales y anuales (Birkle et al., 1998, Conagua, 2005), así como modelos de 



simulación y simulación-optimización de acuíferos para evaluar la respuesta del 

régimen hidrogeológico y espesor saturado a cambios (principalmente incrementos) 

en la extracción (Conagua 1996; CEASG 1998; Navarro de León 2004; Garfias et al. 

2006; Hernández-G y Huizar-A. 2006; Escolero y Torres-O 2007; Aldama et al. 

2006). Dado que el principal problema ha sido la competencia por el uso del agua en 

cuencas y acuíferos, los objetivos se han centrado en estimar los componentes de 

escurrimiento e infiltración, determinar volumen comprometido para los diferentes 

usos y volumen disponible para nuevas concesiones. Las metas se orientan a 

mejorar la distribución entre usuarios a nivel regional y determinar el régimen óptimo 

de bombeo para maximizar la extracción y reducir el impacto del descenso del nivel 

del agua, mientras otros solo se limitan a dar una herramienta que avale la 

disponibilidad o no de agua para futuros usos.  

El abastecimiento de agua ha sido identificado por la Conagua como uno de los 

principales retos que determinará el futuro crecimiento de las ciudades mexicanas. 

En este sentido, la necesidad de tomar decisiones urgentes respecto a la manera en 

la cual se proporcionan y gestionan los servicios de agua urbana se hace evidente. 

Para reorientar las áreas urbanas hacia la sustentabilidad, los diferentes aspectos de 

los sistemas de agua (natural y construido) deben ser visualizados en relación al 

otro, lo cual requiere la adopción de un enfoque integrado para la planeación, 

provisión y gestión de los sistemas de agua urbana. El origen del paradigma de la 

gestión integrada de agua urbana (IUWM por sus siglas en ingles) se atribuye en 

parte a las actividades iniciadas en 1970 por el “Urban Water Resources Research 

Council of the American Society of Civil Engineers” (Marsalek et al., 2001). 

Ciertamente, el “Council’s head M. B. McPherson” fue un fuerte promotor de la idea 

de un balance para los recursos de agua urbana que implicó la necesidad de un 

enfoque mas holístico y un entendimiento integrado de la manera en que los 

sistemas de abastecimiento de agua, saneamiento y drenaje son operados. A inicio 

de los 90, un grupo de expertos de Australia inició un enfoque de IUWM para el 

diseño y planeación urbana haciendo énfasis en la gestión del lado de la demanda, 

así como del lado del abastecimiento, la utilización de recursos de agua no-

tradicionales y el concepto de “fit-for-purpose” y descentralización (Mitchell, 2006).  



Las diferencias del viejo paradigma y del paradigma emergente de gestión de agua 

urbana se caracterizan abajo. Éstas son simplificaciones y muchos sistemas están 

en la transición, pero las diferencias de los enfoques son instructivas.  

 

El “viejo” paradigma El “nuevo” paradigma 

Los residuos son un problema. Deben ser dispuestos 
después del tratamiento  

Los residuos son un recurso. Deben ser colectados y 
procesada efectivamente, y usados para abonar 
suelos y cultivos 

La lluvia es un problema. Transportar el agua pluvial 
lejos de la zona urbana lo más rápido posible. 

El agua de lluvia es un recurso. Colectarla para 
abastecimiento de agua, infiltrarla o conservarla para 
mantener acuíferos y vegetación  

La demanda es una cuestión de cantidad. Cantidad de 
agua requerida o producida es el único parámetro 
relevante para las opciones de infraestructura. Tratar 
toda el agua del lado del abastecimiento para calidad 
potable, y colectar toda el agua residual para 
tratamiento. 

La demanda es polifacética. La opción de la 
infraestructura debe equilibrar las diversas 
características del agua requerida o producida para 
diversos usuarios finales en términos de cantidad, 
calidad, nivel de confiabilidad, etc. 

Un uso. El agua sigue la trayectoria unidireccional 
desde la fuente, a un simple uso, al tratamiento y a la 
disposición en el ambiente. 

Recuperación y reutilización. El agua puede ser usada 
múltiples veces, conectando en cascada desde las 
necesidades de más alta calidad a la más baja. 

Infraestructura gris. La infraestructura es hecha de 
concreto, metal o plástico.  

Infraestructura verde. La infraestructura incluye no sólo 
las tuberías e instalaciones de tratamiento hechas de 
concreto, metal, y plástico, sino también suelos y 
vegetación. 

Los sistemas de colección y plantas de tratamiento son 
mejor grandes y centralizados.  

Los sistemas de colección y plantas de tratamiento 
pequeños y descentralizados son posibles, y a 
menudo deseables 

Limitar la complejidad y emplear soluciones estándar. 
Un pequeño número de tecnologías de los 
profesionales del agua urbana definen la  
infraestructura.  

Permitir soluciones diversas. Los responsables son 
multidisciplinarios. Permitir las nuevas estrategias y 
tecnologías de gestión. 

Integración por accidente. Abastecimiento de agua, 
saneamiento y aguas pluvial pueden ser manejadas 
por la misma agencia aunque físicamente los tres 
sistemas son separados. 

Integración física e institucional por diseño. La 
integración se debe hacer entre el abastecimiento de 
agua, aguas residuales y precipitación, los cuales 
requieren una gestión altamente coordinada. 

Colaboración = relaciones públicas. Acercamiento a 
otros organismos y al público cuando se requiere 
aprobación o solución pre-elegida.  

Colaboración = contrato. Acercar otros organismos y 
público para la búsqueda de soluciones eficaces. 

 
Características del viejo y nuevo paradigma de los sistemas de agua urbana (Fuente: Pinkham, 1999)  

 

La translación del concepto de IUWM dentro de la práctica ha variado 

internacionalmente. Diferentes enfoques han sido desarrollados para el drenaje 



urbano en Australia, Alemania, Francia, Japón, Estados Unidos, Dinamarca e 

Inglaterra (Chocat et al, 2001), mientras en Australia la aplicación se ha orientada a 

la dimensión técnica de los servicios de abastecimiento de agua urbana, con 

ensayos de nueva tecnología y métodos para el diseño y la toma de decisión 

(Mitchell, 2004). En países en desarrollo y especialmente en México, la aplicación de 

los principios de IUWM ha estado fuertemente limitada por los aspectos 

institucionales y del conocimiento que perpetúan las prácticas tradicionales y 

promueven la inercia. En esto, los investigadores tienen el importante rol de asistir a 

los tomadores de decisión para superar las barreras que hasta ahora han limitado el 

cambio.  

 

Los principios de la IUWM aplicados en esta tesis se pueden resumir en los 

siguientes puntos:  

 

1. Considerar todas las partes del ciclo de agua, natural y construido, superficial 

y sub-superficial, reconociendo a ellos como un sistema integrado.  

2. Identificar y manejar los procesos individuales de tal manera que los impactos 

colectivos sean minimizados y la eficiencia del sistema sea maximizada, tanto 

como sea posible. 

3. Considerar el contexto local, tomando en cuenta las perspectivas ambientales, 

sociales, culturales y económicas.  

4. Incluir a los tomadores de decisión en el proceso de cambio.  

5. Buscar la sustentabilidad, apuntando a balancear las necesidades 

ambientales, sociales y económicas, en el corto, mediano y largo plazo. 

 

Para el primer caso de aplicación de los principios IUWM, se seleccionó la Zona 

Metropolitana de San Luis Potosí localizada a unos 400 km al noroeste de la Ciudad 

de México. Este centro urbano yace en la cuenca del Valle de San Luis Potosí a una 

altitud entre 1850 y 1900 m.s.n.m. y esta flanqueada por la Sierra San Miguelito en el 

oeste y Cerro San Pedro en el este. El área corresponde a una estructura de graben 

donde fue depositada una espesa secuencia de rocas volcánicas y posteriormente el 



relleno formado por material granular, ambos del Terciario. La secuencia granular 

incluye una lente de arena fina compacta cuyo espesor varía entre 50 y 150 metros. 

Esta lente se extiende en aproximadamente 300 km2 bajo la mayor parte de la 

cuenca, excepto en los bordes, y permite la separación de dos acuíferos en sentido 

vertical con escasa interacción.  

El acuífero somero de tipo libre se localiza en el material aluvial del Cuaternario. El 

agua es de tipo cálcico-clorurada-bicarbonatada y presenta la influencia de las 

entradas provenientes del sistema de agua urbana e irrigación en el área agrícola. El 

acuífero profundo de tipo confinado se localiza en el material granular y rocas 

volcánicas fracturadas del Terciario, cuya distribución va más allá de los límites de la 

cuenca superficial. En este acuífero fueron identificados dos tipos químicos de agua 

(Cardona, 2005): i) tipo sódico-bicarbonatado asociado preferentemente a las rocas 

volcánicas fracturadas, con altos contenidos de F y Si relacionado con la 

desvitrificación de la matriz de la roca, y ii) tipo cálcico-bicarbonatado relacionado al 

material granular del terciario.  

El acuífero profundo abastece más del 90% del consumo de agua de la zona 

metropolitana y fue declarado como sobre-explotado, mientras el acuífero somero fue 

abandonado para usos urbanos debido a la contaminación. El reto que supone el 

futuro abastecimiento de agua a este centro urbano, requiere integrar y gestionar de 

manera adecuada todos los recursos disponibles para contribuir a mitigar los 

problemas de escasez y cambio climático.  

 

Objetivos y alcances de la investigación  
Los objetivos de esta investigación son:  

• Revisar el estado del conocimiento en gestión de agua con énfasis en zonas 

urbanas. 

• Evaluar los enfoques y herramientas de gestión de agua en el contexto 

internacional y local, sus impactos y retos actuales. 

• Aplicar en la Zona Metropolitana de San Luis Potosí el enfoque de gestión 

integrada de los recursos de agua basado en el conocimiento del ciclo total de 

agua urbana.  



• Diseñar diferentes estrategias de gestión integrada y evaluar sus impactos.  

 

Mientras el proyecto AISURWRS (Assessing and Improving the Sustainability of 

Urban Water Resources and Systems) (Wolf et al., 2006) comprendió un enfoque 

más amplio de la gestión de agua urbana desarrollando y aplicando modelos 

interconectados, esta tesis se limitó a evaluar el ciclo total de agua urbana usando el 

modelo principal de esta secuencia (UVQ Model). Las aplicaciones del modelo de 

balance total de agua urbana UVQ en el marco del proyecto AISURWRS se hicieron 

en el contexto de ciudades de Europa y Australia; esta tesis presenta la aplicación de 

esta herramienta y su contribución en la gestión integrada, en el contexto de países 

en desarrollo con escasa disponibilidad de datos. 

 

La tesis esta conformada por cinco capítulos en formato de artículos que 

muestran la evolución de la investigación doctoral: Capítulo I, The water 
management approaches: towards where we go? (Martinez et al, 2008); Capítulo 

II, The Mexican experience with groundwater management (Escolero and 

Martinez, 2006); Capítulo III, Socio-economic development in arid zones: the 
influence of water availability in the San Luis Potosí basin, Mexico (Martinez et 

al, in print); Capítulo IV, Water management in San Luis Potosi Metropolitan Area, 
Mexico (Martinez et al, artículo en revisión en la revista “Water Resources 

Development”), Capítulo V, Quantifying the total urban water cycle as tool to 
integrated management. Results to the area of San Luis Potosi, Mexico  
(Martinez et al, artículo preparado para enviar a la revista “Water Resources 

Management”) 

El Capítulo I tuvo como objetivo revisar los enfoques y herramientas de gestión de 

agua, con especial atención en aplicaciones que incluyen las áreas urbanas, y 

discutir los alcances en la solución de problemas relacionados al agua. Para esto se 

llevo a cabo una exhaustiva revisión de publicaciones internacionales que toman en 

cuenta el agua subterránea, las cuales fueron agrupadas en tres enfoques de 

gestión: i) del lado de la demanda, ii) del lado del abastecimiento e iii) integrada. 

Mientras el enfoque y las herramientas orientadas a maximizar la cantidad de agua 



disponible han prevalecido, formulaciones recientes proponen un entendimiento 

holístico de los recursos de agua para proveer soluciones más aceptables. Esto 

conformó la base para discutir el enfoque y las herramientas que han dominado la 

gestión del agua en México. Los retos que enfrenta México para el futuro 

abastecimiento de agua son expuestos, así como la necesidad de un cambio de 

estrategia para que éstos puedan ser superados.  

El Capítulo II tuvo el objetivo de analizar las políticas de gestión y su relación con el 

uso y los impactos en el agua subterránea en México. Se discute la implementación, 

las limitaciones y los efectos de dos principales estrategias de gestión: la apertura del 

mercado de derechos de agua y la participación de los usuarios en la gestión. Los 

cambios introducidos en las políticas de gestión no han logrado reducir el uso 

intensivo del agua subterránea, y los impactos ambientales se manifiestan con 

intensidad creciente.  

El objetivo del Capítulo III fue demostrar como la dinámica del desarrollo socio-

económico promueve las modalidades de aprovechamiento del recurso y las políticas 

de gestión del agua. Se revisa la evolución de la cuenca de San Luis Potosí como 

modelo de cuencas urbanas en la zona árida mexicana, identificando cuatro etapas. 

En cada etapa, cuando el crecimiento socioeconómico alcanza o excede los límites 

de los recursos disponibles, las estrategias enfocadas a incrementar la disponibilidad 

se ponen en práctica. El abastecimiento de agua urbana ha sido identificado como 

uno de los mayores retos que determinará el futuro crecimiento de las ciudades en la 

zona árida mexicana. Las limitaciones de las prácticas convencionales de gestión de 

agua, ponen de manifiesto la necesidad de un cambio de paradigma tendiente a 

recuperar la sustentabilidad de los sistemas de agua urbana por medio de un 

enfoque holístico de los recursos.  

El Capítulo IV tuvo el objetivo de revisar los tópicos y la complejidad de la gestión del 

agua en la Zona Metropolitana de San Luis Potosí, y discutir problemas emergentes. 

Por un lado, el aprovechamiento de las fuentes locales ha llegado a su límite y se 

desarrollan nuevas fuentes externas a la cuenca. Por otro lado, grandes volúmenes 

de agua se pierden en el sistema y recursos no-convencionales son 

desaprovechados para demandas de menor calidad. Esto combina las necesidades 



de una ciudad en rápido desarrollo con falta de planeación, inversión y tecnología, y 

manejo eficiente. Un conjunto de estrategias desde el enfoque de la gestión 

integrada son expuestas para responder a los futuros retos en áreas urbanas.  

El objetivo del Capítulo V fue aplicar un modelo de balance diario de flujos y 

contaminantes en el área urbana y desarrollar un rango de escenarios para evaluar 

el impacto de diferentes estrategias de gestión. El modelo UVQ considera 

simultáneamente el abastecimiento de agua, el agua residual, de lluvia y agua 

subterránea en el marco del emergente paradigma de gestión integrada de agua 

urbana. Los resultados cuantifican el volumen de agua y las cargas contaminantes 

que fluyen desde las fuentes (precipitación y agua importada) a los puntos de 

descarga (sistemas de drenaje y acuífero somero), proveyendo un método para 

estimar la recarga urbana en el lugar. A partir del escenario calibrado, se modelaron 

y compararon escenarios que incluyen diferentes estrategias de abastecimiento y el 

efecto de externalidades. Los resultados permitieron evaluar el impacto de opciones 

de gestión tendientes a un desarrollo urbano sensible al agua.  



REFERENCIAS 
Aldama, A.; Güitrón, A.; Aparicio, J.; et al. (2006) La Cuenca Lerma Chapala y los 

modelos de simulación. Rev Cien Desar. CONACYT, Marzo 2006, 36-41. 

Birkle P., Torres Rodríguez V., González Partida E. (1998) The water balance for the 

Basin of the Valley of Mexico and implications for future water consumption, 

Hydrogeology Journal 6, 500–517.  

Cardona A (2005) Hidrogeoquímica de sistemas de flujo regional, intermedio y local 

resultado del marco geológico en la mesa central: Reacciones, procesos y 

contaminación. Tesis, doctorado, posgrado en ciencias de la tierra, Univ. Nac. 

Autónoma de Mexico, Mexico, p 252. 

CEASG – Comisión Estatal del Agua y Saneamiento de Guanajuanto (1998) Estudio 

hidrogeológico y modelo matemático de los acuíferos del estado de Guanajuato. 

Elaboró Guysa, S.A. de C.V. 

Chocat, B., P. Krebs, Marsalek, J., Rauch, W. Schilling, W. (2001) Urban drainage 

redefined: From stormwater removal to integrated management. Water Science 

and Technology 43, 61–68. 

Conagua – Comisión Nacional del Agua (1996) Estudio de simulación hidrodinámica 

y diseño óptimo de las redes de observación de los acuíferos de Calera, San 

Luis Potosí y Toluca, Informe técnico, Contrato No. GAS-012-PRO-96. Elaboró 

Ariel Consultores SA. 

Conagua, Comisión Nacional del Agua (2005) Actualización hidrogeológica de los 

acuíferos de Ceballos y Oriente Aguanaval Edo. de Dgo, Villa de Arista y San 

Luis Potosí, Edo. de SLP. Elaboró SABINFOSISTEM S.A. de C.V., contrato No. 

SGT-GRCCN-05-008-RF-I3.  

Conagua - Comisión Nacional del Agua (2006) Water in Mexico, Document printed 

for 4th World Water Forum. 

Escolero, O.; Torres-Onofre, S. (2007) Análisis de la intrusión de agua de mar en el 

acuífero de La Paz (México). Bol. Geol Min. 118(núm esp), 637-648. 

Garfias, J.; Navarro de León, I.; Llanos, H. (2006) Gestión integral de recursos 

hídricos con arreglos a distintas modalidades de utilización. Paper presentado 



en VIII Congreso latinoamericano de hidrología subterránea, ALHSUD, 

Asunción, Paraguay, Septiembre 2006. 

Hernández-García, G.; Huizar-Alvarez, R. (2006) Evolución de la extracción de agua 

subterránea en la región de Zumpango-Pachuca, México central, sus efectos 

ambientales. Paper presentado en VIII Congreso latinoamericano de hidrología 

subterránea, ALHSUD, Asunción, Paraguay, Septiembre 2006. 

Martinez, S. (2005) Los dilemas de la urbanización en zonas áridas: una visión de 

San Luis Potosí desde la hidrogeología urbana y la geografía regional, Tesis 

Maestría, Facultad de Filosofía y Letras, Universidad Nacional Autónoma de 

México, México, p. 117. 

Marsalek, D. J., Rochfort, M. Q., Savic, P. D. (2001) Chapter 2: Urban water as a part 

of integrated catchment management in Maksimovic, C. and Tejada-Guibert J. 

A. (eds.), Frontiers in urban water management deadlock hope. IWA Publishing, 

London, pp. 37–83.  

Mitchell, G.V. (2004) Integrated urban water management: A review of the current 

Australian practice. Australian Water Conservation and Reuse Research 

Program - Australian Water Association and Urban Water, CSIRO. CMIT-2004-

075 April 2004. p.58. 

Mitchell, V.G. (2006) Applying integrated urban water management concepts: A 

review of Australian experience. Environ Manag. 37(5), 589–605. 

Navarro de León, I. (2004) Análisis de estrategias de manejo integral del agua 

subterránea mediante modelación de flujo: Cuenca de la Independencia, 

Guanajuato, México. Universidad Nacional Autónoma de México, Tesis doctoral. 

Pinkham, R. (1999) 21st century water systems: Scenarios, visions and drivers, 

Available at http://www.rmi.org/images/other/Water/W99-21 21CentWaterSys. 

pdf.  

Wolf L, Morris BL, Burn S, Hötzl H (2006). The AISUWRS approach. In: Wolf L, 

Morris B, Burn S (eds), Urban Water Resources Toolbox – Integrating 

Groundwater into Urban Water Management. IWA, London, 296 pp. 



 

 

 

 

 

CAPÍTULO I. THE WATER MANAGEMENT 
APPROACHES: TOWARDS WHERE WE GO?  

 
 

Sandra Martínez, Oscar Escolero, Leif Wolf 
 
 

En:  
Natural Resources: Management, Economic Development and Protection   

J. Pauling (Ed) 
Nova Science Publishers, New York, pp 295-311. 2008 

1 
 



 

2 
 



3 
 

 



 

4 
 



5 
 

 



 

6 
 



 

7 
 



 

8 
 



 

9 
 



 

10 
 



 

11 
 



 

12 
 



 

13 
 



 

14 
 



 

15 
 



 

16 
 



 

17 
 



 

18 
 



CAPÍTULO II. THE MEXICAN EXPERIENCE WITH 
GROUNDWATER MANAGEMENT 

Oscar A. Escolero y Sandra E. Martínez 

En:
The Global Importance of Groundwater in the 21st Century: 

Proceedings of the International Symposium on Groundwater Sustainability 
G. Bergkamp and J McKay (Eds)  
NGWA Press. pp. 97-103. 2006 

















�
�
�

�
������	
������
��
�
�
������	
�������

������
����������	����
�������
����	���	��������������	�����
�
����������

����
�

���������� !�"#��$�%&"���"'(��)��
*+���*+)'"�)��')&*���),!�(-"#��
.����-"'��-/�"#�

�
�
�
�

���
��&���%&�)�,"� *��

�0��"�����"#1�"���'������0��0��"�	���)*��2�*3�
�)%���+&"�+"��-4'&*5"�*���"6��)�7�2"��&,8�"*&9�30�:;;<�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�



�

































 

 

 

 

 

CAPÍTULO IV. WATER MANAGEMENT IN SAN LUIS 
POTOSÍ METROPOLITAN AREA, MEXICO 

 
 
 

Sandra Martínez, Oscar Escolero, Stefanie Kralisch 
 
 
 

Artículo en revisión “Water Resources Development” 
... 



Water Management in San Luis Potosi Metropolitan Area, México 

Sandra Martinez1, Oscar Escolero2, Stefanie Kralisch2 

1Posgrado en Ciencias de la Tierra, Instituto de Geología, Universidad Nacional Autónoma de México 
(UNAM), México D. F. 04510, México. e-mail: seddam2002@yahoo.com.mx 

2Departamento Geología Regional, Instituto de Geología, Universidad Nacional Autónoma de México 
(UNAM), México D. F. 04510, México. e-mail: escolero@geologia.unam.mx 

 

Abstract.  

The San Luis Potosí Metropolitan Zone, one of the key urban centres of Mexico’s semi-arid 

central region has experienced remarkable socio-economic development in recent decades, but it 

confronts inadequate water services in a context of scarcity, inefficient management, and lack of 

planning, investment and technology. Strategies currently being undertaken include efforts to 

improve the efficiency of wells, reduce leakage, sanitise the area, and develop alternative water 

supplies from neighbouring catchments. The challenge today is to move from considerations that 

focus mainly on supply management, to an approach based on integrated management of water 

resources. This represents an immense task, but innovative water technologies, management 

systems and institutional arrangements are necessary in order to meet the multiple objectives of 

equity, environmental integrity and economic efficiency. 

 

INTRODUCTION 

The development of water resources had three main driving forces: i) population growth, 

ii) industrial development, and iii) the expansion of irrigated agriculture. These factors 

have been especially evident in developing countries where social and economic growth 

has been strongly linked to water availability and the development of water infrastructure 

(Biswas, 2006).  

As a consequence of rising demand, water is rapidly becoming a scarce resource in 

most of the developing world’s arid and semi-arid regions. Central and northern Mexico, 

where arid and semi-arid conditions prevail, have registered the nation’s highest growth 

rates of urban population in recent decades, generating increased competition for water 

among sectors (Martinez, et al., in press). The priorities for the allocation of water have 

shifted due to high economic output from the industrial and urban sectors. The central 



and northern regions have only 32 percent of the nation’s available water resources, but 

house 77 percent of the population and generate 85 percent of gross domestic product.  

Urban water supply has been identified as one of the most critical factors in determining 

the future growth of Mexican cities (Conagua, 2006). Estimates for the year 2030 

indicate that Mexico’s population will grow by 84 percent from a current level of some 

110 million inhabitants, and that half of the total will be concentrated in 31 cities of more 

than 500 000 inhabitants. The challenge is made greater because nearly 75 percent of 

these 31 cities are located in central and northern Mexico, where 105 aquifers that 

supply 60 percent of groundwater, employed for all uses, are over-exploited (Conagua, 

2008).  

Many of Mexico’s urban centres suffer inadequate water services in a context of scarcity 

(Tortajada, 2006; Sandoval, 2004; Rodriguez, 2003). Patterns of urban growth, water 

supply, wastewater disposal, and land use relate to inefficient management and lack of 

planning, investment and technology; they also vary from city to city. The problems are 

complex not only due to technical and economic factors, but also because of the policy 

and institutional framework, human resources development, and for socio-cultural 

reasons.  

The aim of this paper is to present the variety of topics that relate to water management 

in the San Luis Potosí Metropolitan Zone (ZMSLP, by its initials in Spanish) and their 

complexity. The paper proceeds by reviewing problems that are emerging in water 

resources management, and suggests strategies that are important in order to respond 

to these challenges.  

 

DEVELOPMENT SETTING OF SAN LUIS POTOSÍ METROPOLITAN 
AREA   

The metropolitan area is located approximately 400 kilometres northwest of Mexico City. 

It lies in the San Luis Potosí valley in the west-centre of the state of the same name at 

an altitude of between 1850 and 1900 meters above sea level. The area is flanked by 

the hills of Sierra San Miguelito to the west and Cerro San Pedro to the east; the hills 

have an altitude of more than 2300 meters. The urban area’s orography is hilly in the 

southeast and more or less flat in the north and northeast, with a dominant southwest-



northeast incline of 0.33 percent. The climate is semi-arid with an average rainfall of 356 

mm between 1989 and 2006, an average annual temperature of 17.6 ºC, and average 

annual potential evaporation of approximately 2000 mm.  

The ZMSLP is one of the key urban centres of central Mexico, and its socio-economic 

development has been remarkable in recent decades. In 1960, the city of San Luis 

Potosí had about 175 000 inhabitants in an area of 4000 hectares. In the 1970s, the 

growth of San Luis Potosi and its proximity to Soledad de G. Sánchez led to the 

development of a conurbation. The process reinforced the urban centre’s supremacy 

over the rest of the state while polarising economic and population growth. The 

population grew from 273 000 inhabitants in 1973 to about 1 135 800 in 2004. The 

ZMSLP accounts for 43 percent of the state’s total population, 60 percent of its urban 

inhabitants and 47 percent of the economically active population. In economic terms, the 

metropolitan zone generates 71.5 percent of the state’s GDP and 79.4 percent of the 

gross value of its production (INEGI, 1999).  

The urbanized area covers approximately 14 800 has. Simplified land uses from an 

original town planning classification (HASLP, 2003) show the dominant forms in the 

urban area. Figure 1 shows a predominance of high-density residential areas inhabited 

mainly by the lower and lower-middle social levels. These areas grew rapidly in the 

south, east and north between 1970 and 1990 (Martinez, 2005). The rapid development 

of these sectors, associated to the demand for labour by industry and commerce, has 

represented a challenge – principally in terms of management and investment – for the 

institutions that provide basic services. 

Medium-density residential areas are heavily concentrated to the west, in the foothills of 

the Sierra San Miguelito. This area was developed over the last decade by upper-middle 

and upper-class social sectors attracted by the proximity of services and recreational 

areas, the scenic and environmental quality, and by its remoteness from the sewage-

disposal works to the east of the city. Growth of housing and recreational infrastructure 

in this area is effectively uncontrolled, forcing changes in land use in response to the 

needs of high-income sectors to the detriment of environmental buffer zones and the 

recharge of aquifers. 



The ZMSLP was amply provided with investment in urban infrastructure. Construction of 

a ring road led to a re-articulation of the various urban sectors while connecting regional 

highways that converge in the metropolitan zone. The ring road constitutes a major 

element in delimitation of the urban area; it also encourages its expansion into farmland, 

woodland and areas where aquifers are recharged (Martinez, 2005).  

Industry is concentrated in two industrial parks in the southeast on route 57. Some 326 

companies were registered in the parks in 2004, and the main industries represented 

were food and drink processing, automobiles, chemicals, textiles, paper, steel and 

metalwork. The most dynamic and developed sectors export to the United States and 

Canada taking advantage of economical transport links between Mexico City and the 

north-eastern US. The stability of this sector promoted the development of commerce 

and services that are now highly consolidated (PDUSLP, 2000).  

The ZMSLP forms part of a group of Mexican cities that has led population growth over 

the last 20 years. Estimates for the year 2033 indicate that the ZMSLP will have 

approximately 2 070 000 inhabitants (Interapas, 2005) encouraged by investments in 

industry and services (for example, General Motors is expected to build a plant that will 

provide 1800 to 2300 jobs). The growing challenges in terms of urban water 

management require new strategies to meet both demand and supply.  

 

SOURCES OF WATER FOR THE METROPOLITAN AREA 

The ZMSLP depends on local groundwater sources for more than 90 percent of its 

supply; the rest is provided by surface water (Figure 2). Water is captured from 120 

sources, of which 119 are deep wells, and a surface source that consists of the El Peaje 

and El Potosino dams that supply the San José reservoir. In 2004, supplies totalled 

95.38 hm3, of which 88.3 hm3 was extracted from groundwater sources and 7.08 hm3 

from the San José reservoir.  

 

System for the collection of surface water 
Surface water for the metropolitan zone is collected by a system that consists of the El 

Peaje and El Potosino dams, which supply water to the San José reservoir (Table 1). 

Taken together, the dams have an average flow of 300 l/s and a maximum of 489 l/s, 



though the maximum level is only rarely achieved (Interapas, 2005). The system 

includes the Los Filtros potabilisation plant, which receives the water from the San José 

reservoir by means of a 4.7 kilometre open channel. The potabilisation plant was 

designed and constructed 70 years ago to treat an average of 260 l/s, and it is currently 

estimated to be processing nearly 240 l/s. Another plant, Lomas IV, receives 30 l/s from 

a San José reservoir branch channel. The water utility delivers the water to a private 

consortium that operates the system. 

Surface sources provide an average of 6.5 hm3/year to the ZMSLP supply system, with 

a minimum of 0.9 hm3 in 2001 and a maximum of 9.5 hm3 in 1976. Water quality is 

reported to be good due to the absence of sources of pollution such as human 

settlements, farming and forestry (Conagua, 2004).  

The system for the use of surface water suffers from severe restrictions that relate to the 

capacity and state of the infrastructure, as well the absence of investment in 

rehabilitation and maintenance. Storage capacity of the main dam, San José – designed 

and built more than a century ago – has fallen by about 50 percent, while that of El 

Peaje has been reduced by 17 percent. In addition, because of the limited capacity of 

the Los Filtros potabilisation plant, overflow from the dams has to be discharged into the 

Santiago riverbed, now transformed into an avenue that crosses the city from west to 

northeast. The overflows have reached volumes as high as 14 hm3/year, paradoxically 

twice the volume used for supply. The discharges, into what is now known as the Rio 

Santiago Boulevard, flood the urban area and its surroundings, damage infrastructure 

and cause traffic problems. They also spark outrage among people who still lack potable 

water or who receive it only sparingly. 

Because of the limited availability of surface water, for decades solutions were based on 

the development of local groundwater sources. As shortages increased, the local 

government and the water utility devised strategies to improve the supply system and 

make greater use of local surface sources. With that as the background, a project was 

launched to extend and update the Los Filtros potabilization plant. The project includes 

installation of a pipeline to replace the open channel that brings water from the dam to 

the plant. Treatment capacity is being increased to 480 l/s, and the potabilisation system 

is being refurbished. The project will provide economic, social and environmental 



benefits for 200 000 inhabitants who will have access to water supplies that are 

adequate in terms both of quality and quantity. It will also put an end to the problems 

caused by the discharge of overflows. 

Plans to increase the use of local surface sources also include the renovation of the San 

José and San Antonio dams, as well as the San Antonio reservoir’s feeder channel. 

These improvements should add 150 l/s to the supply (Conagua, 2004). The San 

Antonio dam is located in the southeast of the ZMSLP, upstream from the industrial 

area. It was built for flood control and its current use is restricted to small-scale irrigation 

of farmland. 

 

San Luis Potosi Valley Aquifer  
The San Luis Potosí aquifer system underlies much of the surface endoreic basin. It 

consists of a shallow aquifer and a deep one, separated by a lens of fine material that 

permits very little interaction. The shallow aquifer is recharged by rainfall in the valley 

and the Sierra San Miguelito foothills, as well as by leaks from the urban water system. 

The deep aquifer is recharged in the Sierra San Miguelito and beyond.  

 

Shallow aquifer 

The 300 km2 shallow aquifer underlies the urban zone and its periphery. The thickness 

of the aquifer is within a range estimated at four to 60 meters, while the depth of the 

phreatic level has been reported in general terms at between five and 30 meters. The 

less deep levels are to be found within the urban zone and they deepen towards the 

east and northeast in the area of peripheral farmland, following the direction of the flow. 

In situ accessibility at a low cost made this resource one of the main sources of supply 

from the end of the 16th century until the 1950s (Martinez et al., in press).  

Urbanisation modifies natural infiltration systems as surfaces are sealed, natural 

drainage patterns changed, and water service networks introduced, invariably with the 

loss of large volumes through leakage at the mains and wastewater seepage (Morris et 

al., 1997). In addition, land on the urban fringes has been extensively used for effluent 

discharge and waste disposal. Together with the irrigation with raw sewage, these have 

been common practices in San Luis Potosí, as in most Mexican cities. The effects on 



underlying groundwater resources are adverse in two ways. On one hand, the patterns 

and rates of recharge are changed; on the other, the poor quality of the recharge is a 

common cause of severe pollution of groundwater. These adverse effects conflict with 

the use of groundwater for urban water supply.  

Until 1960, the 175 000 inhabitants of the urban area were almost all supplied by the 

San José dam and the shallow aquifer, which together provided 153 litres per inhabitant 

per day (Stretta and del Arenal, 1960). In the second half of the 20th century, shallow 

wells were progressively abandoned in the urban area as a result of anthropogenic 

pollution and the installation of a drinking-water supply system fed by deep wells. 

Meanwhile, on the urban fringes, about 280 shallow wells continue to operate for 

agricultural irrigation.  

Results of monitoring of the water quality in shallow wells of the urban and rural areas 

have been presented in Cardona and García-Rangel (2003) and Cardona et al (2004). 

The authors report electrical conductivity values of 153-3190 µmhos/cm in shallow wells, 

compared with 1476-1940 µmhos/cm in wastewater samples. Sulphate and chloride 

concentrations generally present low values of less than 200 mg/l and of more than 60 

mg/l, respectively. Salinity values are low (200-250 mg/l TDS) at the foot of the Sierra 

San Miguelito and high (up to 2000 mg/l TDS) towards the east. With respect to CaCO3 

and nitrates, more than 50 percent of the samples surpass the national drinking water 

standard of 500 mg/l and 10 mg/l, respectively.  

The areas where high values of electrical conductivity, sulphate, chloride, salinity and 

total hardness (CaCO3) have been measured in the shallow aquifer correspond to those 

reported in previous studies (IIZD, 1961; Carrillo and Armienta, 1989; Vargas, 1994; 

Conagua, 1996), but their extension and the measured concentrations have increased 

considerably. Distribution of electrical conductivity, salinity, total hardness and nitrates 

follows a pattern that coincides with the general groundwater flow direction from the 

west to the northeast. The lowest values are found in the recharge zone at the foot of 

the Sierra San Miguelito, increasing to maximum values in the area of wastewater 

irrigation and close to the industrial zone. 

In all the shallow-well samples, faecal and total coliforms have been found to exceed the 

maximum permitted by the national drinking water standard. The maximum value of 



4x104 UFC/100ml indicates the impact of wastewater infiltration on the shallow aquifer. 

The maximum concentrations of manganese (2.15 mg/l), copper (0.27 mg/l), nickel 

(0.005 mg/l) and aluminium (0.27 mg/l) have been detected in an area eastwards from 

the industrial zone and are consistent with contamination values expected from the type 

of industrial activity that prevails there.  

On the other hand, the abandonment of abstractions in the urban area and increasing 

recharge due to leakage from the network have caused the water table to rise. Resultant 

problems include i) cellar and basement flooding, ii) increased infiltration of groundwater 

into the sewage system, and iii) increased construction costs for new buildings. These 

problems have never been recognized or considered by the authorities responsible for 

water management and urban planning; therefore, no records of the water level are 

available for assessment of the change. In order to obtain reliable estimates, water level 

depth was measured during the dry season in about 90 shallow wells located in the 

urban area. The results show that the water level lies between 2.4 and 12.1 metres 

below the surface. Additionally, it was estimated that the water level increases by about 

0.50 metres in the rainy season; buildings and other structures that reach depths of 

more than two metres are, therefore, likely to be affected. Cellar flooding and infiltration 

of groundwater into the stormwater collectors were detected during the dry season in 

the vicinity of the Rio Santiago Boulevard (Figures 3 and 4).  

 

Deep aquifer 

The deep aquifer covers about 1980 km2 and underlies the municipalities of San Luis 

Potosí and Soledad de Graciano Sánchez, as well as part of Cerro San Pedro, 

Mexquitic de Carmona and Zaragoza. The aquifer consists of granular material and 

fractured volcanic rock. It is confined over most of the flat part of the basin and has a 

depth to the water level of between 80 and 170 metres. Usually, wells tapping this 

aquifer terminate at a depth of 350-450 metres, and exceptionally at 700 metres.  

From the 1960s, exploitation of the deep aquifer met the growing water demand in the 

urban area in terms of quantity and quality (Figure 2). Between 1960 and 2004, total 

withdrawal of deep groundwater rose from 25.4 hm3/year to 116 hm3/year (Gallegos, 

2002; Conagua, 2005). Demand for domestic use led the increase as a result of rapid 



growth in the population. Between 1960 and 2004, domestic water use increased from 

6.8 to 88.3 hm3/year. 

Because of its good quality, local availability, and reliability as a source during droughts, 

groundwater has been of great importance in the development of the ZMSLP. Deep 

groundwater accounts for more than 90 percent of the volume used for urban supplies 

and 100 percent of that used by self-supplied industries. However, intensive utilisation of 

deep groundwater resources has exceeded its threshold. This is due, on one hand, to 

the absence of other nearby sources to meet growing demand and on the other, the 

relatively low capital costs involved compared with other supply options. The volume 

granted in user concessions (136.7 hm3/year) far surpasses the estimated natural 

recharge rate of 80.8 hm3/year. As result of an average annual deficit of 55.9 hm3/year, 

the National Water Commission (Conagua by its acronym in Spanish) reported the 

aquifer as over-exploited, and no volume is legally available for new concessions. The 

mismatch has led to an increase in negative impacts on groundwater quantity and 

quality.  

Usually, a decline in the aquifer’s water level is cited as the first sign of intensive 

abstraction. Over the last decade, systematic measurements provided reliable data to 

assess the evolution of deep groundwater level in the ZMSLP. In the 1995-2005 period, 

an average drawdown of 11.7 metres (1.06 m/year) was observed, with minimum and 

maximum values of 2.4 and 22.9 metres respectively (Conagua, 2005). Drawdown has 

been observed to be most intense in the southeast and south, where wells are pumping 

24 hours a day for urban and industrial supply. The depth of the groundwater level in the 

first deep wells constructed during the 1950s was between 80 and 100 metres; 

nowadays, the maximum water level has been found to be between 165 and 170 

metres. This confirms an average drawdown of a little more than 1 m/year (Figure 5). 

The increase in water withdrawal and the localized concentration of pumping is 

amplifying the zone where levels are depressed. The area in which the depth of the 

water level is more than 150 metres increased from 23.4 km2 in 1995 to 70 km2 in 2005 

(Figure 6). 

A decline in the water level increases pumping costs as a result of the reduced 

performance of the wells and equipment. This can eventually lead to the deepening, 



abandonment, or relocation of wells (Escolero, 1993). As many as 83 wells in the 

ZMSLP had been so affected by 1995. Data are not available about the efficiency loss in 

wells; however the water utility reported a 28 percent increase in consumption of 

electricity in 2002–2003, partly due to production from new, ever-deeper wells (700 m).  

In an effort to organize access to water in aquifers subject to intensive use, Conagua 

opened a water market in 1992. This mechanism has permitted the transfer among 

users of titles of concessions or allocations that establish the right to withdraw and use 

an annual volume of water from a specific aquifer. In the aquifer’s area, most water 

transfers took place when small farmers sold their water rights to industries and real-

estate developers. This pattern of water transfer has substantially modified the areas 

where water abstractions are most heavily concentrated, as well as the price of water 

rights and the profits to be made from its use (Escolero and Martinez, 2007).  

Inorganic groundwater contamination caused by the dissolution of minerals from the 

aquifer is common in many regions of Mexico. During circulation through fractures in 

volcanic rocks, deep water is enriched by dissolved fluoride, reaching concentrations 

that exceed the national limit for drinking water (NOM-127-SSA1-1994) of 1.5 mg/l. 

Fluoride concentration present in samples from deep wells varies between 0.45 and 

4.47 mg/l, the higher concentrations being associated with deep wells tapping fractured 

volcanic units.  

In recent years, drilling of new wells has concentrated on fractured volcanic units; 

results indicate production of more than 80 l/s but also high temperatures and elevated 

fluoride content (SARH. 1988; Cardona. 1990). By contrast, wells tapping the granular 

material have lower productivity and better water quality (Carrillo-Rivera et al., 2002). 

Increasing extraction has raised the proportion of wells producing high-fluoride water 

from 33 percent in 1983 to about 65 percent in 2005 (Table 2). At present, it is estimated 

that about 550 000 inhabitants of the metropolitan area are exposed to concentrations of 

fluorine that exceed the limit for drinking water (Ortiz et al., 2006). In order to alleviate 

this problem, the water utility adopted a strategy based on mixing water from a variety of 

sources so as to reduce fluoride concentrations before distribution. 

In addition, cities that have high fluoride content in groundwater also report 

concentrations that exceed the national standard (0.7 mg/l) in bottled water, juices and 



soft drinks. In the ZMSLP, studies results showed high fluoride concentrations in these 

products (Ortiz et al., 2006; Carreón, 1999). The introduction of fluoride removal 

processes and monitoring campaigns have helped to standardize production.  

 

URBAN WATER SYSTEMS MANAGEMENT 

At present, the ZMSLP’s potable water, sewage and sanitation services are provided by 

a de-centralised public body known as Interapas, its Spanish acronym. Interapas is in 

charge of operating and maintaining the potable water infrastructure, construction of 

new water sources, and everything to do with sewage infrastructure up to the point of 

discharge into the principal collectors. From there on, the State Water Commission 

(CEA in Spanish) takes over responsibility. 

 
Water supply system  
The potable water system covers 96.9 percent of the ZMSLP. Some 1 095 500 

inhabitants are supplied by 358 kilometres of primary network, 2675 kilometres of 

secondary network and 254 937 connections (Interapas, 2005).  

Problems related to water supply in the metropolitan area extend well beyond the 

sources. The system shows serious deficiencies. Inappropriate management, old pipes, 

inexistent or inadequate maintenance over prolonged periods, and poor construction 

practices are contributing to supply problems, while large volumes of water are 

unaccounted for. The absence of a division by sectors in the supply system and of 

investment in infrastructure leads to problems of low pressure and a lack of 

transportation capacity. These problems affect 90 717 users who receive only partial 

supplies. 

It is estimated that 36.83 percent of all the water is lost in distribution; 22.87 percent 

corresponds to losses in connections (Table 3) and 13.96 percent to leakage at the 

mains (Table 4) (Interapas, 2005). Leaks are commonest in pipes and connections that 

are 15 to 25 years old, or more than 35 years old. A high incidence is to be expected in 

the older infrastructure as a result of the corrosion of the principal materials that were 

used (copper and galvanised iron), and some 31 percent of the leaks occur there. 

However, the incidence could be expected to be much lower where the infrastructure is 



15 to 25 years old. At this juncture, it needs to be pointed out that urban growth reached 

a peak between 1980 and 1990, as did the consequent demand for basic services. 

During that period 715 kilometres of pipes were installed and potable water was 

supplied to 87 980 users. The institutions in charge of the service suffered from 

technical, economic and management limitations that were reflected in poor-quality 

materials and lack of supervision. The combination of these two factors contributes to 

the high percentage of leaks reported in the parts of the system that are 15 to 25 years 

old. Where materials are concerned, 69 percent of the leaks occur in tubing and 

connections made with low-quality multi-purpose pipes. In addition, 89 percent of the 

losses through filling occurred where the filling was earth and stones (sand is the 

optimum).   

Of a total of 90.75 hm3/year supplied by surface and groundwater sources, 33.43 

hm3/year is lost through leaks; it has also been estimated that 6.39 hm3/year of water is 

not accounted for because of errors in micro-measurement and in estimation of the fixed 

quota (Interapas, 2005). On that basis, the system’s physical efficiency has been 

estimated to be 56 percent. Only 50.94 hm3/year is billed to the 254 937 registered 

users (Table 5).  

The system’s low level of efficiency causes social, economic and environmental 

problems that can be measured in terms of i) the cost of the construction and operation 

of 35 deep wells with an average flow of 30 l/s each (equivalent to the losses through 

leaks); ii) recovery of the aquifer’s water level if extraction is reduced by more than 30 

hm3/year; iii) the increase in the costs of construction and public works as a result of the 

rise in the phreatic level; ii) the benefits for some 180 000 inhabitants who would gain 

access to potable water; iv) unfairness in payments for the service due to 

underestimates of the volume billed to major users compared with users whose billing is 

based on measured consumption. 

This situation forced the Interapas to develop a strategy to improve the efficiency of the 

drinking water system. The strategy currently includes i) sectorisation and rehabilitation 

of 136 km of water supply mains, ii) substitution of 120 000 water connections, iii) 

rehabilitation and equipment of 84 wells, iv) the installation of 151 000 micro-meters. 



These measures are put into practice by the programme for integral improvement of the 

management of Interapas that is financed by the National Infrastructure Fund.  

In terms of billed volume, the principal user is the domestic sector, which consumes 89 

percent of the total by means of 242 367 connections (95 percent). According to the 

billing register, the sector’s annual average consumption is 187 m3/year. 

The commercial and services sectors are supplied by Interapas, and also by wells built 

and operated by the users themselves. These sectors consume 3.15 hm3/year from the 

public network and 2.34 hm3/year from their own wells, making a total of 5.49 hm3/year. 

The profits obtained from the use of water in these sectors are substantial, given that 

they generate more than 60 percent of employment in the ZMSLP. Industry is basically 

supplied by private wells that extract a total of 7.1 hm3/year and, to a lesser extent, from 

the public network (1.6 hm3/year) and CEA wells (0.9 hm3/year). Although industry has 

improved efficiency in water use as a way gaining access to international markets and in 

order to reduce costs, the total amount of water reported for industrial use (9.6 

hm3/year) is estimated to be less than the real level of consumption. However, industry 

is currently the most profitable sector in the ZMSLP, where it produces 80.5 percent of 

the municipal gross product (PDUSLP, 2000). 

 

Sewer system  
The sewer system covers 94.8 percent of the ZMSLP, providing service to some 1 072 

000 inhabitants by means of 249 600 connections, a network of 1702 km, and 99 km of 

collectors and sub-collectors. In the ZMSLP, as in most Mexican cities, urban drainage 

is achieved by a combined sewer system that works by gravity. This combined system 

transports both stormwater and wastewater to collectors that discharge at 19 points. The 

average discharge has been estimated at 69.79 hm3/year (Interapas, 2005). Domestic 

wastewater accounts for the bulk of the discharge by means of 237 200 connections (95 

percent of the total).  

Adequate operation is fundamental considering that overflows and leakage from the 

sewage system are perceived as the major problems for the sustainability of urban 

water and human health (Eiswirth, 2001). Data about the system in the ZMSLP is very 

scarce. Currently, no data is available on whole sewer networks or on the state and 



operation of the overall network. Management for optimal operation requires reliable 

knowledge of the system, but that remains a distant goal given growing demand for the 

service and limited resources. 

The ageing infrastructure, the absence of design and planning, and inappropriate 

construction practices can be assumed to be the main causes of the system’s 

operational problems. Estimates of the age of the infrastructure based on urban growth 

indicated that 75 percent of the network is more than 25 years old (Table 6). Interapas 

maintenance records indicate that 9380 metres of pipeline (0.55 percent of the total 

network) were rehabilitated in the 2001-2004 period. Rehabilitation was concentrated on 

stretches of piping that collapsed as a result of their age, causing major spills of 

wastewater. Leaks from a defective network are not readily visible, though several 

studies have identified this as the dominant of pollution of urban aquifers (Eiswirth and 

Hötzl, 1997; Wolf, 2006). Consequently, leakage detection and the rehabilitation of 

damaged sewers are important in the remediation of shallow aquifers. No information is 

available on defects in the sewer network, nor has the leakage rate been estimated. It is 

not, therefore, possible to measure the impact on the quality and quantity of the 

recharge to the shallow aquifer. The absence of monitoring of the sewers prevents the 

establishment of priorities for rehabilitation and maintenance that would improve the 

efficiency of the application of the limited resources available for remedial work on the 

shallow aquifer. 

During rain events, the combined system is filled with stormwater that also contains a 

small proportion of wastewater. Wet weather flows in sewers are estimated often to 

exceed dry weather flows tenfold (Eiswirth, 2001). During these events, the capacity of 

the system is frequently exceeded and the water is released into the environment where 

it causes flooding and pollution. These problems have encouraged the construction of 

rain collectors with the sole aim of diverting part of the runoff to the periphery. The 

challenge today is to move from such individual considerations to an integrated 

management strategy for stormwater reuse.  

From the city’s very beginnings, and due to its closed-basin characteristics, wastewater 

was discharged to the periphery following the incline of the terrain. High crop yields and 

limitations on fresh water are assumed to be the main driving forces behind the use of 



raw wastewater to irrigate farmland. Some 61 percent of discharges (44 hm3/year) were 

used to irrigate 2652 hectares of crops (mainly of maize and lucerne, a fodder also 

known as alfalfa) located mainly in the municipality of Soledad de G. Sánchez (Cirelli, 

2004). Studies have reported the existence of diffuse contamination in the shallow 

aquifer (Martinez-Banda, 2005), and in Soledad de G. Sanchez the presence of 

microorganisms (bacteria, protozoa and helminths) in the soil and in the faeces of 

children (Flores, 1996). The high risk to which the population is exposed as a result of 

contamination corresponds to the elevated incidences of diseases reported by the 

health agency. In the municipalities of San Luis Potosí and Soledad de G. Sánchez, 

microbiological contamination is among the 10 main causes of diseases, and infectious 

intestinal diseases are the seventh most common cause of death. 

Against this background, the local government has undertaken the sanitisation of the 

area. Over the last decade, the sewer system has been divided by sectors into three 

basins, known as Norte, El Morro and Tenorio, in accordance with the discharge 

locations of days gone by. This set the basis for planning of sanitation of the ZMSLP by 

stages that included the construction of treatment plants and adjustments that would 

provide good-quality water for some industrial uses and in agricultural irrigation (Figure 

7). By 2006, treatment capacity in the ZMSLP had grown to 85 percent, far above the 

national average of 30.74 percent (Conagua, 2007). However, weak control over 

wastewater discharges to the sewer system still constitutes a risk for the adequate 

operation of the treatment plants.  

 

WATER PRICING POLICIES  

In the ZMSLP, the Law of Potable Water, Sewerage, Treatment and Disposal of 

Wastewater by the State and Municipalities of San Luis Potosi (LAATDAR, by its 

acronym in Spanish) provides the framework for tariffs for these services. The LAATDAR 

establishes that tariffs must encourage: i) rational consumption, ii) access to these 

services for low-income groups, taking account of their payment capacity, iii) financial 

autonomy and self-sufficiency for the service providers, and iv) the direction taken by 

urban and industrial development. The LAATDAR allows Interapas to set and update 



tariffs that are meant to cover the costs of service provision, maintenance and 

rehabilitation of the existing infrastructure, and investment in new infrastructure. 

The tariffs in the ZMSLP, as in most of the country, are classified by user type and 

include a series of crossed subsidies that cause distortions while inhibiting rational use. 

Attempts to reconcile the different user types and their payment capacity, as well as 

recovery of service costs, has led to a very large number of billing categories that 

promote inequality, corruption and inefficiency. As an example, the cost per cubic metre 

for domestic use increases by 93 percent when it goes up from 30 m3 to 31 m3 (and to 

40 m3), while the increase is 30 percent for increments of 40 m3 to 41 m3 (and to 70 m3) 

(Table 7). A more equitable price structure needs to be devised that takes account of 

increases by stages from the minimum consumption level. 

On the other hand, the average billed tariff since 2002 for domestic use has been 2.43 

pesos/m3, compared with an estimate of 3.39 pesos/m3 that would be required to cover 

the costs of the service (Interapas, 2005). It is important to note that the 3.39 pesos/m3 

does not take into account the investments that are needed to ensure continuance of 

the service and its expansion to meet future demand. This indicates that tariffs need to 

be increased by approximately 30 percent merely to cover the costs of the service. 

One of the main challenges that Interapas faces is the low level of efficiency of the 

potable water system. Of the 90.75 hm3/year currently extracted, only 50.94 hm3/year 

(56%) is billed. Of the amount billed, only 23.86 hm3/year (26.3 percent of the total 

extracted) is metered while the remaining 27.07 hm3/year (28.8 percent) corresponds to 

fixed rate (Table 5). Interapas has registered 52 percent of users at fixed rate, while 48 

percent have metered service (Table 8). It should be noted that the metered service 

includes users on the basis of their – real or estimated – consumption over the last three 

months. Such users account for 57 percent of metered billing and 33 percent of the total 

amount billed (Interapas, 2005). These distortions show that billing is far from 

representing real consumption levels, even among users with metered service.  

The local authorities have recognized the importance of measuring consumption in 

order to rationalize the use of resources, and a great number of flow meters have been 

installed in recent years. However, delays in implementation have led to a large backlog, 

and the proportion of users whose consumption is metered has failed to surpass 48 



percent in recent years. In addition, the register of users, first drawn up in 2001, needs 

to be updated in order to identify illegal users.   

Economic resources hold the key to improving the provision of drinking water. But only 

50.4 percent of the total amount owed on bills is recovered, and that proportion has 

remained fairly constant in recent years. This means that payment is received for only 

23.7 percent of the total volume of water produced. 

The local government and the water utility have recognized the limitations they face in 

supplying the population with water. The main problems related to pricing policies 

whose complexities have been made clear. This has led to recognition of the importance 

of using economic strategies and instruments in order to meet the challenges that relate 

to management of urban water systems. Measures such as updates of tariffs and the 

register of users, along with modernization of meter-reading, billing and debt collection 

will be implemented as part of a program of integral improvement of the management of 

Interapas.  

 

DISCUSSION AND CONCLUSIONS  

The water management background in the ZMSLP and its main challenges has been 

described in this paper. The problems are many and complex. On one hand, constraint 

on new groundwater extractions limits supplies for future growth, and alternative 

sources are developed outside the urban area. On the other hand, large volumes of 

water are lost in the supply system, while no use is made of stormwater and resources 

from the shallow aquifer in order to meet demand for lower-quality water. The resulting 

mixture merges the needs of a developing city with lack of planning, investment and 

technology, as well as inefficient management. 

The future challenges within urban water management will be to overcome the division 

of responsibilities for the water supply, urban planning and development that exist 

among the agencies involved in their provision. This process falls within the concept of 

integrated water resources management (IWRM), which has been defined as a process 

that promotes the coordinated development and management of water, land and related 

resources in order to maximise welfare (GWP, 2004).  



The local government and the water utility have recognized the limitations that they face 

in supplying the population with water. Strategies to be undertaken include a 

programme for integral improvement of the Interapas management, and the 

development of alternative water supplies from neighbouring catchments. The Interapas 

programme encompasses rehabilitation of wells and the distribution system, among 

other measures, with the aim of increasing overall efficiency to 75 percent. Meanwhile, 

the El Realito dam on the Santa Maria River that borders on the neighbouring state of 

Guanajuato, will supply 31.5 hm3/year (Conagua-Cotas, 2007). This volume means that 

future next year’s forecast demand should be met. However, strategies are required not 

only to meet growing urban water demands by the traditional means of increasing 

supply, but also to explore the opportunities offered by integrated management.  

New technologies and new solutions need to be developed in order to steer urban water 

systems towards sustainability. These solutions should encompass supply, quality-

dependent consumption, and methods of wastewater and stormwater reuse. Software 

tools for this task have been developed within the framework of the total urban water 

cycle – that is, the holistic view of water supply, stormwater and wastewater. (Mitchell 

and Diaper, 2004). The benefit of a total water cycle view is that it provides a means of 

assessing conventional and non-conventional approaches to the provision of water 

supply, stormwater and wastewater services.  

Sustainable solutions that need to be introduced include new stormwater systems in 

order to mitigate floods and to decrease the release of pollutants in the city and in 

downstream areas. These solutions should be implemented in the construction of new 

urban areas and infrastructure. A new challenge is the further development of methods 

for recycling of stormwater for uses such as toilet flushing or aquifers recharge that 

demand less quality.  

In addition, strategies are needed to ensure protection of the shallow aquifer resources, 

so reversing the current trend towards degradation. In order to be effective, these 

strategies have to mesh hydro-geological understanding and requirement into land-use 

policies, and the extension and rehabilitation of sewers, which often have a strong 

economic foundation. This implies prioritisation and, in effect, the zoning of land on the 

basis of simple but consistent criteria. Mapping the vulnerability of aquifers to pollution 



would make a good beginning. The vulnerability concept has some serious limitations in 

a scientific sense, but it does provide a general framework within which to base 

groundwater protection policy (Morris et al., 1997). These strategies, together with the 

use of shallow groundwater to meet lesser quality demands, must be developed in order 

to ensure water supply and solve the problems associated with a rising water table.  

Wastewater treatment has reached levels that are well above the national standard; 

however, measures are required to promote greater efficiency in re-use. Growing 

implementation of local solutions will change the city, and technical approaches to the 

use of non-traditional resources should become standard in the construction of new 

housing.  

Water pricing is the cornerstone of any urban water policy. San Luis Potosí’s current 

situation is not economically viable: water is so cheap that no incentive could exist that 

would protect its quantity and quality. A change in water policy must include 

modifications to the tariff structure, with the aim of bring it closer to the principles of 

“polluter pays” and “user pays”. Economic and social development must be 

accompanied by an increase in the price of water because improvements will require 

higher water standards. Local government has to pay attention to this linkage. If socio-

economic and water goals are properly linked, overall progress will be sufficient to meet 

the cost of water programs. 

Change on this scale represents an immense task, but innovative water technologies, 

management systems and institutional arrangements must be introduced in order to 

meet the goals of equity, environmental integrity and economic efficiency. 
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Figure 1. Simplified land use in ZMSLP 

 

 
Figure 2: Development of water sources and growth of population 

 



 

 
Figure 3. Groundwater infiltration in Hernán Cortés Stormwater collector (December, 2007) 

 

 

 
Figure 4: Cellar flooding in Díaz Infante Hospital building (January, 2008) 

 



 
Figure 5. Evolution of static level and abstraction for urban supply  
 

 
Figure 6. Spatial evolution of water level depth in deep aquifer  
 



 
Figure 7. Overview of treatment and reuse in sanitary catchments of ZMSLP  



 
Storage capacity (hm3) Dam  Principal River  Drainage 

area 
(Km2) 

Inicial Actual 
Year of 
construction 

San Jose Santiago river 265 8.2 4.56 1905 

El Peaje Grande o Azul stream 81 8.0 6.65 1950 

El Potosino El Potosino river 57 0.76 0.76 1988 

 

Table 1: Principal characteristics of the dams that constitute the system for use of surface water. 

 

 

 

 
Year  Nº wells 

sampled 
Fluoride concentration 
(mg/l) 

% wells exceeding the 
standard (1.5 mg/l) 

1983 21 0.2 – 4.2 33.3 

1987 45 0.2 - 3.6 46.6 

1989 55 0.4 - 4.0 56.4 

1995 62 0.2 - 4.0 56.4 

2003 117 0.04 – 5.54 64.9 

2005 116 0.45 – 4.47 64.6 

Table 2. Increase in fluoride concentration in wells  

 

 

 

 

Infrastructure 
age 

Connections 
with leakage 

Average 
leakage 
(l/s) 

Leakage in 
connections 
(l/s) 

Index of 
system use a 
(%) 

Total leakage in 
connections 
(l/s) 

0-15 405.00 0.029 11.74 94.7 11.12 
15-25 5515.00 0.037 201.34 94.7 190.68 
25-35 3626.00 0.034 123.7 94.7 117.15 
+ 35 8143.00 0.044 358.4 94.7 339.42 
Total 17689.00   695.2   658.36 

Total water supply (l/s) 2878 
Total leakage in connections (%) 22.87 

Table 3: Leakage volume in connections  
a Percentage of system with uninterrupted supply  
Source: Interapas (2005). 
 

 

 



Age of 
infrastructure  

Length of 
mains b 
(km) 

Average 
leakage 
(l/km/h) 

Leakage in 
mains (l/s) 

Index of 
system use a 
(%) 

Total leakage  
in mains (l/s) 

0-15 60.39 1467.053 24.61 94.7 23.31 
15-25 715.53 964.977 191.80 94.7 181.63 
25-35 414.07 762.338 87.68 94.7 83.04 
+ 35 934.51 462.902 120.16 94.7 113.79 
Total 2124.50   424.25   401.77 

Total water supply (l/s) 2878 
Total leakage in mains (%) 13.96 

Table 4: Leakage volume in mains  
a Percentage of the system with uninterrupted supply  
b Length of mains measured in plans by Interapas  
Source: Interapas (2005). 
 

 

 

Volume billed (hm3/year) User  Total 
Connections  

% 
Connections 

Connections 
with partial 
service  

Metered Estimated Total  
%  

Billed 

Doméstico 242 367 95.1 87 034 20.14 25.19 45.34 89.0 

Comercial 10 808 4.2 3348 2.04 1.11 3.15 6.2 

Industrial 698 0.3 202 0.99 0.42 1.41 2.8 

Instituciones 
públicas 1069 0.4 135 0.69 0.35 1.04 2.0 

Total 254 937  90 719 23.86 27.07 50.94  
Table 5: Volume of water billed (year 2003)  
a Volume estimated by fixed quota and average consumption. 
Source: Interapas (2005).  
 

 

 
Age of infrastructure (%) 

Network 
Diameter 
(cm) 

Length 
(Km.) 0-15  15-25 25-35  + 35 

Sewer 20-30 1702 9 21 41 29 

Sub-collectors 38-45 29 10 21 38 31 

Collectors 61-183 70 1 9 57 33 

Open channel  - 3.5 - - - - 

Total   1804.5 153.2 357.4 697.8 493.6 

Table 6: Basic characteristics of the sewer system  

Source: Interapas, estimates based on urban growth  

 

 

 



Domestic users with fixed rate (billed every two months) 
Low-
income 

S.G.Sanchez 
economic 

San Luis Potosi 
economic  

Upscale 
housing 

44.98 71.3 89.28 262.5 
Domestic users with metered service (billed every two 
months) 
Consumption rate (m3) pesos/m³ 
Minimum consumption (to 10)  16.32 
to 30 1.61 
to 40 3.11 
to 70 4.15 
to 100 5.47 
to 200 6.76 
to 250 10.7 
+ 250 16.98 

 
Table 7: Structure and cost of domestic water tariff (in Mexican pesos) 
Tariff in use from 2002. An additional 15 percent is charged for sanitisation.  
Source: Interapas. 
 

 

 

Number of users  
User 

Fixed rate % Metered service % 
Total 

Domestic 126942 52 115425 48 242367 
Commercial 4069 38 6739 62 10808 
Industrial 52 7 646 93 698 
Public Inst. 548 52 516 48 1064 
Total 131611 52 123326 48 254937 

 
Table 8: Users’ register (2003) 
Source: Interapas  
 

 



 

 

 

 

 

CAPÍTULO V. QUANTIFYING THE TOTAL URBAN 
WATER CYCLE AS TOOL TO INTEGRATED 

MANAGEMENT. RESULTS TO THE AREA OF SAN 
LUIS POTOSÍ, MEXICO 

 

 

 

Sandra Martínez, Oscar Escolero, Leif Wolf 
 
 
 

Artículo preparado para enviar a 
“Water Resources Management” 



Quantifying the total urban water cycle as tool to integrated 
management. Results to the area of San Luis Potosi, Mexico  
 

[1]Sandra MARTINEZ, [2]Oscar ESCOLERO, [3]Leif WOLF 
 
[1]Posgrado en Ciencias de la Tierra, Instituto de Geología, Universidad Nacional Autónoma de Mexico, Ciudad 
Universitaria, Coyoacan 04510, Mexico City, Mexico. seddam2002@yahoo.com.mx 
[2]Departamento de Geología Regional, Instituto de Geología, Universidad Nacional Autónoma de Mexico, Ciudad 
Universitaria, Coyoacan 04510, Mexico City, Mexico. escolero@geologia.unam.mx 
[3] Department of Applied Geology (AGK), University of Karlsruhe, Kaiserstr.12, 76128 Karlsruhe, Germany 
wolf@agk.uka.de 
 
Abstract 
Systems view thinking and holistic urban water cycle concepts are increasingly called upon for 

integrated analysis of urban water system to mitigate water stress in large urban 

agglomerations. However, integrated analysis is frequently not applied due to the inherent 

complexity, limitations in data availability and especially the lack of guidelines and suitable 

software tools. The paper presents the application of the total urban water balance model UVQ 

to the City of San Luis Potosi (1,2 Mio inhabitants) under the arid conditions of Northern Mexico. 

UVQ is a lumped parameter model which describes water and contaminant flows from source to 

sink in urban areas and includes all water types such as rainwater, imported water, surface 

runoff, wastewater and groundwater. The results were especially useful for spatially explicit 

groundwater recharge calculation in urban areas. A range of urban water scenarios, including 

different supply strategies and the effect of externalities such as demand change, were 

simulated and compared to a calibrated baseline scenario. The analysis demonstrated that 

especially the shallow urban groundwater resources can substantially mitigate problems of 

water scarcity and overexploitation of deep aquifers if appropriate water quality protection or fit-

for-use paradigms are put into place. The modelling exercise delivers relevant information for 

the decision making process and identifies the most relevant shortcomings in current monitoring 

systems. This represents a key step on the path to water sensitive and sustainable urban 

development, including the urban aquifers which have been neglected in the management policy 

of most cities of the Mexican arid zone. 

 

1. Introduction  
Recently, water resources management is changing from a focus devised to supply-side 

solutions to a focus on integrated management. Driving forces such as increasing 



urbanization, population growth, and rising water demand have enlarged the 

anthropogenic footprint on the hydrologic cycle. In urban areas, the process of 

urbanisation and development has changed significantly the inputs and outputs creating 

highly inefficient systems in terms of utilisation and degradation of water resources. This 

is particularly true for many cities of Mexican arid zone situated above of a productive 

aquifer, with high growth rate and, only rudimentary environmental legislation and urban 

regulate. Table 1 summarizes the threats currently faced by major cities in Mexico.  

This background calls for an increased awareness of the total water resources available 

in urban areas and appropriate, long-term management practices.  

The emergent paradigm of integrated urban water management promotes the 

consideration of water supply, stormwater, and wastewater as components of the total 

urban water cycle. The view of total urban water cycle provides the knowledge of the 

interaction between the different flows and increases the range of opportunities for more 

sustainable solutions to be tailored to local circumstances.  

Recently, a model called UVQ (Urban Volume and Quality) has been developed by 

CSIRO, Australia within the AISUWRS project (Assessing and Improving the 

Sustainability of Urban Water Resources and Systems) (Wolf et al. 2006b). The UVQ 

model overcomes the typical representations of the urban water cycle (Mitchell et al, 

2003a) integrating the water flows and contaminants of both, man-made and natural 

systems.  

In this paper, UVQ model is applied to quantify the urban water and contaminant 

balance, as well as to detail the flow paths and contaminant concentrations within the 

San Luis Potosi Metropolitan Zone (ZMSLP, by its acronym in Spanish) in Mexico. The 

study was undertaken to illustrate the impact of urbanization and management practices 

on the water cycle, assess the effect of changes on the system in terms of the recharge 

components, and to demonstrate the suitability of the approach for developing more 

sustainable urban water systems.  

This study is a step on the pathway to water sensitive and sustainable urban 

development, including the urban groundwater resources, which have been neglected, 

and omitted of management strategies due to contamination. The strategy is supported 



by the ability of UVQ to be coupled to other tools such as pipe leakage and groundwater 

flow models. 

 

 

2. Materials and Methods 

2.1. Study area description 

The ZMSLP, located approximately 400 km northwest of Mexico City, encompasses the 

cities of San Luis Potosi and Soledad de G. Sánchez with an estimated population of 

1,1 million inhabitants.   

The metropolitan zone lies in the San Luis Potosi valley at an altitude between 1850 and 

1900 m a.s.l. and is flanked by the Sierra San Miguelito in the west and Cerro San 

Pedro in the east. The area is a horst and graben structure with a sequence of about 

1700 m of Tertiary fractured lava flow, tuff and ignimbrites that cover the inferred 

hydrogeological basement (Carrillo-Rivera el al. 1996). The graben’s fill is a clastic 

sequence of gravels, sands, silt and clays derived from the Tertiary volcanic rocks. 

These sediments are inter-bedded with pyroclastic material and are referred to as 

Tertiary Granular Undifferentiated (Carrillo-Rivera el al. 2002). The granular sequence 

reaches a maximum thickness of 450 m, and includes a 50 to 150 m thick bed of fine- 

grained compacted sand. This layer extends over about 300 km2, underlying most of the 

flat part of the valley, except at the edges, and permits the separation of two aquifers in 

a vertical direction (Figure 1). The connection between both aquifers is limited by the 

low hydraulic conductivity of the compacted sand layer (on average 10-9 m/s) that limits 

vertical percolation (Carrillo-Rivera et al. 2002).  

The shallow unconfined aquifer is situated in the alluvial material that overlies the 

compacted sand layer. The water table in the urban area lies between 2.4 m and 12.1 m 

below the surface, meaning that sewers are situated above the groundwater table. The 

deep aquifer encompasses both the granular sequence and the fractured volcanic 

rocks. It is confined by the compact-sand layer over most of the flat part of the valley. 

Due to the regional distribution of the volcanic rocks the recharge area stretches out far 

beyond the valley limits.  



The ZMSLP is one of the key urban centres of the Mexican arid region, with remarkable 

socio-economic development in recent decades. The growing urban water demand has 

been met almost exclusively by groundwater extraction. About 94% of the total urban 

water supply is abstracted from wells that capture the deep aquifer, and only 6% is 

provided from the San José Reservoir that collects intermittent runoff from the Sierra 

San Miguelito. Intensive groundwater use has resulted in negative impacts in terms of i) 

water level drawdown (Conagua, 2005), ii) increases in pumping costs (Interapas, 

2005), iii) land subsidence and surface fracturing (Trueba, 2005), and iv) induced 

changes of the natural groundwater quality (Carrillo-Rivera et al, 1996). The shallow 

aquifer covered most of the total water demand from the end of the 16th century until 

the 1950s, when shallow wells were progressively abandoned due to contamination and 

the drinking-water network fed by deep wells was installed (Martinez et al, in press).  

The balance area that has been considered for this publication covers 14 754 hectares. 

Table 2 lists the key features of this study area:  

 
2.2. Urban water and contaminant cycle 

To simulate the integrated urban water system, the urban water and contaminant 

balance model Urban Volume Quality - UVQ (Mitchell and Diaper, 2005a) was used. 

UVQ is a conceptual model with daily time steps that combines the man-made and 

natural systems into a single framework using simplified algorithms and conceptual 

routines to provide a holistic and integrated view of the urban water cycle. The model 

estimates the contaminant loads and the volume of water flowing through the urban 

area, from sources (precipitation and imported water) to discharge points (e.g. drainage 

systems or groundwater), providing a method to estimate onsite infiltration (Figure 2).  

The UVQ approach represents the water services in a flexible way and provides a tool 

for assessing the impacts of conventional and non-conventional water supply, 

stormwater and sanitation options for either an existing urban area or a site which is to 

be urbanised (Mitchell and Diaper, 2006). The flexibility of the model was tested for a 

range of existing urban water supply and disposal scenarios in cities of Europe and 

Australia, where groundwater constitutes the principal drinking water source (Klinger et 

al, 2006).  



Three nested spatial scales are used in UVQ to simulate the urban area therefore input 

parameters must be defined for each one: The land block represents a building and 

associated indoor and outdoor water usages as well as paved and pervious areas (roof, 

paved and gardens). The neighbourhood comprises a number of identical blocks as well 

as roads and public open space. The study area represents the grouping of one or more 

neighbourhoods that may or may not have the same land-use or water-servicing 

approach. The stormwater and wastewater flows from one neighbourhood to another 

can be represented and have to be specified by the user.  

Required climate input data are representative daily rainfall and potential evaporation 

time series for the whole simulation period.  

Data describing contaminant concentrations for outdoor water and contaminant loads for 

the indoor water use are required. The use of contaminant loads rather than event mean 

concentrations in these instances allows the model to account for changes in water 

demand or quality of water used within the house (e.g. non-potable water recycle) on 

the contaminant concentrations in the wastewater. 

 
2.3. UVQ setup  

Due to the large number of processes considered, UVQ requires more than a hundred 

different input parameters which were acquired and processed. An overview of the input 

and calibration parameters is shown in Table 3.  

To account for the climatic conditions UVQ requires records of daily potential 

evaporation and precipitation. The meteorological office of the National Water 

Commission in San Luis Potosi provided the complete daily records from 1989 to 2006.  

Both criteria, similar land use and sewer system (combined or separate) provide the 

means to identify neighbourhood types. As ZMSLP is characterized by a combined 

sewer system, neighbourhood types were defined for similar land uses which are 

homogeneous in terms of water use and occupation rates. A land use classification for 

town planning (HASLP, 2003) has been simplified, resulting in ten neighbourhood types 

that represent the dominant land uses in the urban area (Figure 3). This was facilitated 

by the fact that neighbourhoods in UVQ do not necessarily have to be spatially 

continuous. Cadastral data on the level of individual lots are not available for the whole 



urban area; therefore, land blocks were defined by groups of lots generally delimited by 

streets.  

Specification of the impervious and pervious area at both, neighbourhood and land 

block scale is important for the runoff- and infiltration process. The data for both scales 

were gathered through the aerial imagery and GIS analysis (Table 4). Typical blocks 

were selected for each neighbourhood in order to calculate the average garden, roof 

and paved areas, as well as the percentage of irrigated garden. Due to the importance 

of irrigation with treated wastewater in recreational areas and public open spaces, the 

percentage of irrigated areas was determined for the whole neighbourhood by 

interpretation of aerial imagery and GIS analysis. The process was facilitated by the 

local climate characteristics that allow for quick identification of irrigated areas during dry 

season.  

The average occupancy was obtained by spatial analysis of the official data for the so-

called geo-statistical units (AGEB´s, for its Spanish acronym). Therefore, the average 

number of inhabitants per land block was estimated for each neighbourhood, 

maintaining consistency with the total population supplied in the study area.  

From the average occupancy and water consumption data for the domestic, industrial, 

commercial and institutional sectors, we estimated the water use per capita in each 

neighbourhood. This step also required the quantification of water losses from pipe 

leakage and water usage for garden irrigation prior to consumption. Average physical 

water losses in the water supply network have been estimated as 36.8% by the local 

water utility (Interapas, 2005). The average water use per capita was calculated in 160 

l/cap/d, estimating 4% of this being consumption for irrigation.  

UVQ requires indoor water consumption to be broken down based on where the water is 

used (e.g. kitchen, toilet). These data could not been found for the local and national 

context, therefore, literature values have been used (Rueedi and Cronin, 2005). In the 

industrial neighbourhoods the majority of wastewater is considered black water and 

therefore represented via the toilet flow balance element in UVQ (Cook et al, 2005).  

Data on contaminant loads that are produced by in-house water use are based on the 

field assessment undertaken for the calibration process. Contaminant concentrations for 

imported drinking water are based on the water quality data provided by the water utility. 



Rainfall quality data were obtained from six stations installed in the urban area, which 

collected rainfall during one year. Likewise, data on contaminant concentrations in runoff 

were measured, distinguishing road-, roof- and pavement runoff (Table 5). The first flush 

runoff values were considered the double of the concentration of subsequent roof runoff 

(Mitchell and Diaper. 2005b). Fertilizer application to gardens is not common in San Luis 

Potosi. Nevertheless, recreation areas and open spaces are partially irrigated with 

treated wastewater. Input values for “Fertilizer to garden” were estimated based on 

contaminant concentrations measured at the discharge points of wastewater treatment 

plants. These values were applied only to the before mentioned areas, as wastewater 

irrigation in private gardens is not a habitual practice. 
 
2.4. Calibration process  

The model takes into account 18 calibration parameters that control stormwater, 

wastewater and potable water flows. Due to the fact that UVQ simulates an integrated 

water system each calibration parameter can influence more than one of the simulated 

output flows; therefore a good understanding of the relations between model parameters 

is crucial in the calibration process.  

In a first step, water flow quantities have been calibrated with respect to local observed 

data. This includes combined and imported water quantities, as well as recharge 

volumes. The observed value for imported water is based on the volume abstracted 

annually for the urban area from deep wells and the San José Dam (approx 98.8 hm3). 

Wastewater flows were compared with the results of measurement campaigns carried 

out by the water utility for the whole area (recalculated for the whole year). The influence 

of stormwater on the combined sewage system is taken into account by using a 

parameter called percentage of surface runoff as inflow. Initially, this parameter was set 

to zero until the observed values were matched.  

UVQ calculates the surface runoff based on the impervious area and its drainage 

characteristics. However, no measurements have been carried out to define these 

drainage characteristics. These parameters were adjusted base on literature data. To 

account for the initial losses from impervious surface (depending on surface roughness), 

it was assumed that surface runoff occurs when daily rainfall exceeds 1 mm (for roofs 



and paved areas) and 2 mm (for roads) respectively. The effective area refers to the 

part of impervious area that is connected to the sewer system. Field observations in the 

urban area showed that most of the impervious areas in residential and commercial 

neighbourhoods are connected to the sewer system, wherefore the effectiveness of 

impervious surfaces was set between 90-100 %. In industrial neighbourhoods the 

reduction of effective area to 80% considers potential losses leading to runoff into the 

surrounding garden area.  

The soil parameters have been adjusted to meet a natural groundwater recharge typical 

for San Luis Potosi. A recharge value of approx. 10% of the local precipitation was 

proposed by Cardona (2005), based on the Cl--SO42- concentration relationship in 

shallow groundwater and rainwater samples of the study area. Based on the soil 

characteristic, a maximum storage capacity of 300 mm was assumed and the field 

capacity was adjusted to be 30 mm. The maximum daily drainage depth was set to 30 

mm. This was done to ensure that no surface runoff occurs for precipitation events 

smaller than 30 mm. Sensitive parameters linked to the infiltration process have been 

determined by Ruedi and Cronin (2005). The drainage factor could not be identified as a 

sensitive parameter, given that this concept has been strongly simplified within UVQ. 

Variations of this ratio between 0 and 1 just lead to slight changes in groundwater 

recharge for the study area, wherefore it was decided to use the default value of 0.5.   

Under the assumption that gardens are only irrigated when it is needed and that the 

irrigation volumes exactly cover the demand, the trigger to irrigate was calibrated using 

the quantities of treated wastewater and imported water set to irrigation.  

In the second calibration step, modelled contaminant concentrations and loads had to 

be adapted to real world observations. This step was performed by discharge 

measurements and chemical analysis of wastewater at the outlet of a small single 

catchment. Therefore a predominantly residential catchment of 117 ha and approx. 11 

400 inhabitants was chosen, covering the Balcones, Himno Nacional and Graciano 

Sánchez areas. A separate model was built for this small catchment and the results 

were extrapolated to the study area.  

Water sampling in sewers provided average contaminant concentrations in the domestic 

sewage, which were used to estimate the concentrations in each compartment and 



therefore contaminant loads produced by each in-house water use. The results shown in 

Table 6 reveal that the model reproduces satisfactorily the measured concentrations 

with only small deviations. Therefore, the results confirm properly the input loads used 

on household scale for this urban setting.  

Discharge measurements at the outlet of the pilot catchment allowed for assessing the 

representativeness of the modelled flow and estimating the percentage of surface runoff 

as inflow to the sewer system. The discharges modelled reproduce a satisfactory 

approximation of the discharge measured during the dry weather period, but the model 

fails to model changes in the daily usage pattern. Discharge quantities measured at the 

outlet of the catchment during dry weather days vary from 1614 to 2453 m3/d. UVQ 

instead calculates a constant discharge of 2427 m3/d, due to the fact that daily changes 

in demand (e.g. holidays and weekends) are not represented (Figure 4). Nevertheless, 

these effects are considered of limited importance for the flows measured in the 

catchment as well as for the total urban area. Therefore, the approximation to the real 

discharge quantities was considered satisfactory.  

Complications occurred with respect to the flow measurements during and following rain 

events. It has to be taken into account that the combined sewer system of the 

metropolitan area was designed 50 years ago. As consequence of accelerated city 

growth and the lack of urban planning, the capacity of the system is frequently 

exceeded, even during medium intensity precipitation events. Therefore, the inflow of 

stormwater to the sewer system can just be estimated. Figure 4 shows a comparison 

between the measured and modelled flow volumes at the outlet of the testing 

catchment, during a rain event (21.8 mm) on July 19, 2008. Based on this, we estimated 

a 70 % of stormwater discharge to the combined sewer system. This result was 

transferred to the whole study area.  

 
2.5. Estimating exfiltration and infiltration   

The position of the sewer network relative to the groundwater level indicates the 

potential for exfiltration or infiltration. If a pipe is positioned above the water level 

exfiltration of wastewater occurs, whereas otherwise infiltration of groundwater to the 



pipe prevails. As calculations of exfiltration and infiltration are not performed in the UVQ 

model, these parameters have to be determined separately.  

In order to obtain the groundwater level plot, water level depth was measured during dry 

season in about 90 shallow wells located in the urban area. Variations in groundwater 

levels have not been included in this analysis, due to the lack of historic records.  

Digital maps of the sewer network are available for about 2/3 of the area urban, 

including information on pipe diameter, length and depth. The values of pipe depth for 

the rest of the area were deduced following general engineering practice.  

The determination of the distance to groundwater or the water column above the pipe 

was performed by a GIS query. Like this, the pipe’s position relative to the groundwater 

level was determined for each manhole. The results show that more than 99% of the 

manholes lie above the water table, therefore exfiltration prevails in the urban area. 

Figure 5 illustrates that the sewers generally lie between 2 - 7 meters above the water 

table (89% of the manholes) and that only 0.3% of the network is situated in the zone of 

groundwater fluctuation (verbal communications with owners of shallow wells indicate 

that the water levels rise about 0.50 meters during the wet season. 

No data or estimations on sewer defects and pipe leakage are available in the study 

area, as is the case in most urban areas. In order to obtain an exfiltration rate for the 

ZMSLP, we considered data derived from modelling exercises performed within the 

AISUWRS project (Wolf et al, 2006a). Data have been obtained for three case study 

cities, using the Network Infiltration and Exfiltration Model, NEIMO (DeSilva el at, 2006). 

NEIMO is currently the most advanced and detailed modelling tool available for this 

purpose. The calculated exfiltration rates for the study cases are 9.19 l/d/m for the city of 

Rastatt (Wolf, 2006), 3.64 l/d/m for Doncaster (Morris et al, 2006) and 10.2 l/d/m for 

Ljubljana (Souvent et al, 2006). Taking an average of the exfiltration rates from these 

study cases and based on the length of the sewer network, an exfiltration rate of 34 

mm/y was calculated for the study area of the ZMSLP. Still. This is a rather conservative 

estimate, since the sewer condition is likely to be worse in San Luis Potosi.  

 

 

 



3. Results  
To generate the daily water balance for the ZMSLP, the reference year 1998 was 

chosen, which represents the characteristic climatic conditions within the time line 

1989–2006. From the calibrated baseline scenario, three different scenarios have been 

developed and compared. The designed scenarios represent both, the effects of 

changes that are outside the control of local stakeholders, such as demand change by 

growth of economy and population and those that depend of engineering- and 

regulatory interventions, such as repairing of leaks and strategies for increasing the 

groundwater recharge. The presented annual summaries provide an overview of water 

fluxes into and out of the study area, and allow to compare the impacts of different 

scenarios on the flow volumes in the urban water cycle.  

 
Baseline Scenario 

A baseline scenario was constructed based on the physical characteristics, 

demographic conditions and water usage patterns of the year 2003.  

The results (Figure 6) clearly show that the water balance strongly depends on 

groundwater input from the deep aquifer system while the shallow aquifer receives a 

major input from the urban water system. About 626 mm/y of drinking water (approx. 

94% of total imported water) are introduced into the urban system from the deep aquifer, 

whose main recharge area lies in the mountain ranges outside of the UVQ model 

domain. Inflow from these recharge areas is not included in the water balance, but 

contributes significantly to this one. 

Large volumes of stormwater runoff are expected in urban areas with high population 

density and a high degree of surface sealing. The high portion of impervious surface 

(80% in the study area) generates a surface runoff volume of 205 mm/y, about 60% of 

total precipitation. The largest contribution come from roof areas, which make up 58% of 

the total sealed surface, generating a runoff volume equivalent to 34% of the 

precipitation.  

The high runoff volumes significantly increase the water volume in the sewer system. 

Stormwater contributes with 144 mm/y to the sewer system, 30% of the total discharge. 

Only 61 mm/y are drained by a separate collector system to natural streams. This 



results in high discharge peaks, sewer overflow and flooding, the latter being observed 

during precipitation events of mean to high intensity in the study area.  

Local aquifer recharge from precipitation and urban irrigation amounts to 45 mm/y. This 

is far below the value of 227 mm/y incidental recharge by leakage from the drinking 

water supply system, which makes up 74% of total recharge in the urban area (Figure 

7). The concentrations of Ntotal (2.5 mg/l) and P (0.93 mg/l) in drinking water strongly 

exceed values from the case study in Rastatt, Germany (0.11 mg/l and 0.007 mg/l 

respectively) (Klinger et al, 2006), however infiltration of potable water through leakage 

does not represent a threat to groundwater quality. Contrarily, it has the potential to 

attenuate the effects of high contaminant loads stemming from other recharge sources.  

Results show that leakage from the sewer network is on average 6.2% of the total 

wastewater volume, representing an exfiltration of 34 mm/y. Higher leakage volumes 

are associated to collapsing and cracking concrete pipes, built over 35 years ago, which 

make up approx. 30% of the network. Exfiltration volumes contribute 11% to the total 

groundwater recharge, a comparable amount to the recharge by precipitation (approx. 

35 mm/y). In spite of this relatively small contribution compared with leakage from the 

drinking water network, it contributes more than 55% of the total nitrogen load and 

approximately 70% of phosphate load to the subsurface (Figure 7). Nevertheless, the 

colmation layer that forms around the leaks can act to increase attenuation of 

contaminant concentrations in the exfiltrating wastewater (Cook et al, 2005), and a 

significant removal in the unsaturated zone should also be happening (IMMSA, 2009). 

Additionally, dilution with potable water from leakage in the water supply system should 

play a significant role in decreasing contaminant concentrations in the shallow aquifer. 

Results from analyses of 24 shallow wells located in the urban area registered average 

concentrations of 4.96 mg/l of nitrate and 5.03 mg/l of phosphate. 

 
Demand change scenario 

The demand change scenario was designed for the year 2033, in accordance to the 

planning horizon established in the INTERAPAS plan (Interapas, 2005). The population 

growth was estimated using a geometric model with compound rate, which first takes 

into account the average historical growth rate for San Luis Potosi and then decreases 



this trend until matching the average national growth rate. According to this projection, 

the number of supplied inhabitants in the study area will increase from 1.09 million in 

2003 to 2.04 million in 2033.  

The industrial and service sectors show a development framework similar to the 

population increase and no changes in the water consumption patterns are expected 

(HASLP, 2003; PDUSLP, 2000). Thus, water use patterns were assumed constant and 

water consumption was set to grow proportionally to the population. Water use for each 

neighbourhood was recalculated from the estimated use in 2033 and incorporated in 

UVQ as change in water usage.  

In the resulting UVQ scenario, imported water increases by 109% with respect to the 

baseline scenario, due to the approximately population double (Figure 8). This would 

require new water sources and a high number of new household connections. 

Nevertheless, as a result of the negative impacts by intensive groundwater use, the 

aquifer system is reported as over-exploited by Conagua, and no additional abstraction 

volume is legally available. Only a portion of the increase in the industrial use (48 mm/y) 

is estimated to be provided by water re-allocation from the agricultural sector, therefore 

being outside of the UVQ model domain. Thus, growing water demand would have to be 

met from sources outside of the catchment, such as El Realito dam that borders on the 

neighbouring state of Guanajuato and will supply 31.5 hm3/year from the year 2011. 

The impact on the sewer network and treatment facilities is marked by the fact that 

wastewater generation increases by more than 100%. The effect on the underlying 

aquifer is considerable, as leakage from the combined sewer would increase by 

approximately 34 mm/y.  

As water losses in the drinking water supply network in UVQ are expressed as a 

percentage of total supply, the recharge volume from this source would also increase 

substantially, contributing an additional 254 mm/y (481 mm/y in total) to recharge. 

Leakage from water mains is potable water and represents no threat to groundwater 

quality, however, can lead to rising groundwater levels and therefore to flooding of 

cellars and underground parking facilities.  

Leakage from sewer pipes poses a relevant threat to the groundwater if most important 

interventions for pipe renovations are not considered. In the last years, only 2.7 km/y of 



pipe (0.15% of the total network) on average are rehabilitated. Comparing with the 

baseline scenario, the nitrogen and phosphate loads in wastewater for the 10 study area 

neighbourhoods increase by 11% in their maxima value and 22% in the minima value 

(Table 7).  

 
Rainwater infiltration scenario 

This scenario redirects surface runoff from impervious area to garden spaces for 

infiltration. Only those neighbourhoods were taken into account, where local regulations 

can be put in practice faster and the required space for infiltration structures is available. 

Surface runoff from paved and roof areas of commercial, institutional and industrial lots 

(which represent 20% of the total impervious area) is collected and delivered to 

infiltration. To implement this, 70% of the considered impervious area has been 

uncoupled from the sewer system, whereas the rest of the stormwater was still directed 

to the sewer network, considering that collection and infiltration of the whole runoff 

volume would not be feasible.  

In terms of the water balance (Figure 9), the detouring of the surface runoff has the 

effect of diminishing the amount of total runoff generated (10% decrease in comparison 

to the baseline scenario) and also decreases wastewater output. The amount over the 

entire study area can be considered as modest; nevertheless a much more significant 

impact is estimated on the neighbourhood scale, with reductions of 41% and 75% in 

commercial areas and industrial areas, respectively. Beneficial impacts of these 

practices are a decrease in the hydraulic burden of the sewers, in reduced overflows 

from the combined sewer, and reduced flooding and overflow of untreated water from 

WWTP’s. Additionally, the detouring of surface runoff reduces the total wastewater 

volume by 3%, resulting in a modest reduction in the costs of the WWTP’s. As sewer 

leakage is expressed as a function of total network length, the leakage volume is 

maintained constant.  

As result of surface runoff infiltration, groundwater recharge from soil store increases by 

approximately 30% (13 mm/y) over the entire study area, while the neighbourhoods 

affected by the infiltration measures are subject to increases of up to 500%. The reason 

of these differences is the comparatively small area of increased recharge compared to 



the entire study area domain. Figure 10 shows the comparison of recharge rates 

between the baseline- and infiltration scenario for each neighbourhood.  

 
Scenario of water network rehabilitation and shallow groundwater use  

This scenario combines an engineering intervention in the water supply system and the 

use of shallow groundwater as alternative water source with the intention to increase the 

available water volume and relieve some pressure from the deep aquifer. The measures 

in the urban water system consist in pipe rehabilitation and replacement to decrease the 

average leakage from 37% to 27%. When comparing the spatial distribution of the 

leakage record to the urban growth map, three areas stand out as priorities for 

rehabilitation: the city centre, as well as areas in the north-west and south-east. In these 

areas the network with concrete pipes older than 35 years is concentrated.  

Additionally, water from the shallow aquifer is used to replace drinking water for toilet 

flushing in six of the ten neighbourhoods. The choice of the neighbourhoods is based on 

socio-economic considerations, meaning the likeliness that households and other 

sectors have the means to install the necessary facilities.  

In the context of the total water balance (Figure 11) the effect of the water mains 

rehabilitation plays an important role to reduce the leakage by 36%, corresponding to a 

total of 81 mm/y. This results in economic reliefs for the water utility, as abstraction from 

16 deep wells with an average flow rate of 22.5 l/s could be stopped. Or the other way 

round, the reduced water losses would provide drinking water supply for more than 213 

000 inhabitants.  

Additionally, the abstraction of 46 mm/y from the shallow aquifer, covering the 

requirement for toilet flushing of approx. 405 000 inhabitants, will result in further 

reduction of water losses, taking into account that abstraction is assumed to be on-site.  

It can be assumed that the scenario would have a significant impact on water demand. 

Use of the shallow aquifer and reduction of pipe leakage are important part in an overall 

management strategy to reduce the abstraction volume from the deep aquifer. Within 

the scenario alone they lead to a reduction of 20% in pumping from the deep aquifer. 

Nevertheless, it has to be taken into account that the scenario also implies a reduction 

on groundwater recharge of 81 mm (Table 8). In order to reduce this effect, infiltration 



strategies can be combined. Results from the infiltration scenario show an increase in 

the recharge of 13 mm (Table 8), results even higher could be obtained by the extension 

of this measure to public parks such as Tangamanga I, II and Morales. Such a 

combination would allow abstraction from the shallow aquifer to be sustainable on the 

long run. It is evident that strategies to promote the use of shallow groundwater are 

needed, taking into account that under the demand change scenario the incidental 

recharge will augment to 254 mm (Table 8). A groundwater flow model requires to be 

developed to assess the effects on groundwater levels and to back up this strategy.  

 

4. Discussion 

The strong human intervention in the hydrological cycle has motivated the increasing 

application of water and contaminant balances to urban catchments. Typical water 

balances focus on evaluating the impact of urbanization on the hydrologic system, the 

provision of traditional water servicing and investigation of attenuation strategies 

(Stephenson, 1994; Grimmond and Oke, 1986; Binder et al, 1997). The applied 

methods vary; although the majority involves an accounting of input and output based 

on average annual or monthly or spreadsheet calculations. Generally, approaches 

concentrate on one aspect of the water cycle. 

The increasing interest in integrated water management and the need for assessment of 

alternative water serving approaches, has promoted the development of more detailed 

analysis tools. Recently, urban water cycle models incorporate detailed analysis of 

specific components such as the models MUSIC (Wong et al, 2002) and PURRS 

(Kuczera and Coombes, 2002), which are designed to assess alternative stormwater 

management options on the local and catchment scale. Furthermore, advances have 

been made in the integration of complex models and their data transfer via GIS 

platforms. An example is the ICS model (Clifforde et al, 1999) that simulates the 

components of wastewater and allows to be integrated with other models. The 

Aquacycle model (Mitchell et al, 2003b; Lekkas et al, 2008) on the other hand has the 

ability of modelling stormwater and wastewater reuse options, but focuses on the water 

balance alone.  



Currently UVQ is the only model available in which stormwater, wastewater, water 

supply, groundwater and contaminants are simultaneously considered. Data 

requirements for UVQ are demanding, a reason why the poor data availability and 

quality in developing countries could limit the use of such tool. However, the case study 

in ZMSLP demonstrates that the key requirements can be met. A lot of data produced 

for other purposes have been utilised to feed the tool, together with supplementary 

information from focused field studies.  

The UVQ model has been successfully operated in this case study; nevertheless some 

general observations must be made about the effects of uncertainties on the outcome of 

the scenario modelling:  

i) The connection of surface sealing with the drainage network is not very well 

known. Even though stormwater volumes were monitored to calibrate the model 

and constrain the assumptions, more extended measurements would be 

required. These would decrease the uncertainty in rainwater harvesting scenarios 

(e.g. decentralised rainwater infiltration). 

ii) The contribution of effective precipitation to recharge may be highly variable in 

the study area. Although a reasonable representation of the recharge could be 

obtained, additional work is required in this aspect. Validation of natural recharge 

from precipitation by field observations (e.g. installation of urban lysimeters in 

representative neighbourhoods) would better establish the results of alternative 

scenarios such as rainwater infiltration in green spaces.  

iii) Water use distribution inside the household (toilet, bath, laundry and kitchen) is 

only known from international references. It may vary depending on the region, 

culture, climatic conditions, and even on the size of a neighbourhood. A validation 

of the water use behaviour in the study area would restrict the uncertainty in 

those scenarios that take into account water usage in these compartments (e.g. 

shallow groundwater for toilet flush).  

On the other hand, significant effort will be required in order to increase the reliability 

in estimating exfiltration from leaky sewers. Assessment of defective sewers as well 

as sampling programs in the shallow aquifer will be key steps in future research 

aiming at the protection of urban groundwater sources. 



5. Conclusion  
The urban water model UVQ was used to quantify flows and contaminant loads in the 

water system of San Luis Potosi, Mexico. A range of urban water scenarios, including 

different supply strategies and the effect of externalities like water demand change, 

were simulated from the calibrated baseline scenario. The results allowed to evaluate 

the impacts of alternative ways of urban water management on the total water cycle, as 

well as to estimate the components of recharge to the urban aquifer.  

The output produced by UVQ is a key component for a broader assessment of water 

system sustainability. UVQ offers the opportunity to link other models such as pipe 

leakage and groundwater flow simulation models in order to widen the appraisal of flows 

and contaminant loads to productive urban aquifers and better integrate water resources 

management.  

The Mexican arid zone includes many similar situations to San Luis Potosi where an 

aquifer underlies urban area. A wider appraisal of water quality and quantity would help 

establish measures so that these urban aquifers provide additional water sources, which 

would be relief at a point of regional water resource scarcity. 
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Figure 1 Cross section in the urban area of ZMSLP  



 

 
Figure 2. The UVQ flow diagram representation of the total urban water cycle (Diaper and Mitchell, 2006) 

 



 
Figure 3. Neighbourhood types representing the ZMSLP 

 



 
Figure 4. Measured and simulated discharge fluxes for the pilot catchment  

 

 

 
Figure 5. Position of sewers in relation to groundwater level 

 



 
Figure 6. Water balance diagram for the ZMSLP, baseline scenario. 
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Figure 7. Contribution of different sources to recharge, N and P loads to groundwater - Baseline scenario. 

 



 
Figure 8 Water balance diagram for the ZMSLP, demand change scenario. 

 



 
Figure 9 Water balance diagram for the ZMSLP, rainwater infiltration scenario 



 
Figure 10 Comparison of groundwater recharge for the baseline- and rainwater infiltration scenario 

 



 
Figure 11 Water balance diagram for the ZMSLP, scenario of water network rehabilitation and shallow 

groundwater use 

 

 



 
Status Consequences  Example of Cities in Mexico 

Rising groundwater level  Cellar and basement flooding, increased 
infiltration of groundwater into the sewer 
system, increased construction costs for new 
buildings.  

San Luis Potosi, Monterrey, 
Puebla, Guadalajara, Toluca. 

Declining groundwater level 
(principally on deep aquifers) 

Water scarcity, land subsidence, damage to 
buildings, drying of groundwater dependent 
aquatic habitats 

Mexico City, San Luis Potosi 
Toluca, Querétaro, 
Aguascalientes  

Water quality deterioration  Health risks, usage restrictions, water scarcity. León, Celaya, San Luis Potosi, 
Toluca, Monterrey 

High sealing degree Flooding, combined sewer overflow, mixture of 
wastewater and stormwater, health risks 

San Luis Potosi, Toluca, 
Querétaro. 

Water scarcity Competition of users, potential conflicts for to 
meet increasing urban water demands   

Querétaro, San Luis Potosi, 
Monterrey, Torreon. 

 
Table 1 Water-related challenge in Mexican urban areas  
 

 

 

Total supplied population in Metropolitan Area 1 095 000 inhabitants 

Mean annual temperature and precipitation 17.4 ºC and 356 mm (period 1989-2006) 

Land use  
Residential, commercial, service and industrial (food, drink, chemicals, textile, 
paper, metallurgical, automotive) 
 

Type of Urbanization  Accelerated growth from 175 000 inhabitants in 1960, to more than 1 million 
inhabitants in 2005 

% sealed surface  80% 

Water Supply sources  Groundwater: 94% (92.4 Hm3/y), surface water 6% (6.4 Hm3/y) 

Tap water connections: number, users  and 
material 

Total 254 937.  
Domestic 95%, Commerce and Service 4.2%, Industry 0.4%, Institutional 
0.4%. Copper, iron, and PVC/PE 
 

Pipe length, material and age 361 km; asbestos-cement, iron, steel and PVC;  
0-15 years 3%, 16-25 years 34%, 26-35 years 19%, more than 35 years 44% 

Drainage system  Combined gravity system 

Sewer length, material and age 1 801 Km, asbestos-cement,  
0-15 years 9%, 16-25 years 21%, 26-35 years 42%, more than 35 years 29% 

Per capita demand  
(incl. unaccounted for water) 160.5 l/cap/d 

 

Table 2 Key features of the ZMSLP 

 

 

 

 



Data source Required input data 
 

Unit 

A B C D 

Reliability Used for 
calibration 

Number of neighbourhoods [–]  X    High  
Road area per neighbourhood [m²]  X    High  
Inhabitants per neighbourhood [m²]  X    High  
Leakage in water upply mains  s [%]   X  Medium  
Number of blocks [-]  X    High  
Average roof area per block [m²]   X   Medium  
Average paved area per block [m²]   X   Medium   
Average garden area per block [m²]   X   Medium  
Percentage of irrigated garden area [%]  X X   Medium  
Total water use per capita [l/c/d]  X    High  
Water uses for compartments (kitchen, bathroom, laundry, toilet) [l/c/d]     X Low  
Loads generated by indoor water use for each contaminant considered [mg/c/d]   X   Medium yes 
Contaminant concentrations in imported water [mg/l]    X  High  
Contaminant concentrations in rainwater [mg/l]  X    High  
Contaminant concentrations in runoff (pavement/roof/road/first flush) [mg/l]  X X   Medium  
Fertilizer application to gardens [mg/m²]   X   Medium   
Maximum soil store capacity [mm]    X X Medium yes 
Soil store field capacity [mm]    X X Medium yes 
Maximum daily drainage depth [mm]     X Low yes 
Roof area maximum initial loss [mm]     X Medium yes 
Effective roof area [%]     X Medium yes 
Paved area maximum initial loss [mm]    X Medium yes 
Effective paved area [%    X Medium yes 
Road area maximum initial loss [mm]    X Medium yes 
Effective road area [%    X Medium yes 
Drainage Factor Ratio [ratio]     X Low  
Base flow recession constant [ratio]     X Low  
Contaminant soil store removal [%]  set to zero Low  
Wastewater infiltration index   set to zero Low  
Percentage surface runoff as inflow to sewers [%]  set to 100 Low  
Garden trigger to irrigate [ratio]    X  Low yes 
Precipitation [mm]    X  High  
Potential evaporation [mm]    X  Medium  
Average imported water Ml/y   X  High  
Average outflow from sewer system Ml/y  X X  Medium  
 
Table 3: Input & calibration parameters required for UVQ, including indication of data sources & 
reliability for the SLP Metropolitan Area: A = Site specific, measured for entire model area; B = Site 
specific, determined at selected spots and extrapolated; C = Literature data from local studies; D = 
Literature data from international studies. 
 
 

Nº NEIGHBOURHOOD 
Area 
(Km²) 

Avg. 
occupation 
per block  

Block 
area (m²) 

Nº of 
blocks 

Total 
impervious 
area (Km²) 

Total 
pervious 
area (Km²) 

1 Central commerce and services 2.84 367 41505 57 2.74 0.10
2 Districtal commerce and services 1.09 269 8208 95 1.07 0.01
3 Institutional buildings 8.03 271 34024 201 3.62 4.41

4 Recreational and open space (public and private) 11.98 0 11039 799 3.16 8.82
5 Residential area - medium density 13.85 103 13376 798 11.66 2.18
6 Residential area - medium-high density 20.30 82 8164 1880 18.59 1.71
7 Residential area - high density 54.90 107 6909 5912 53.41 1.49
8 Light industry 19.63 1085 552196 33 13.55 6.08
9 Heavy industry 12.50 360 183075 59 7.74 4.76

10 Industrial services  2.44 1791 54589 37 1.93 0.51
 
Table 4. Summary of physical key characteristics for the ZMSLP. 
 



Parameter  Unit Imported  Rainfall Pavement 
Runoff  

Roof 
Runoff  

Road 
Runoff  

Roof First 
flush  

Fertiliser 
to garden 

Na+ mg/l 42.55 1.1      

K+ mg/l  0.93      
Cl- mg/l 22.10 0.98 1.6 1.6 15.9 3.2 47.44
Ntotal mg/l 2.5  3.3 3.3 14.4 6.59 18.07
P (as PO4) mg/l   0.05 0.05 0.41 0.1 5.26
SS mg/l       7.67
SO42- mg/l 30.87 5.5 18 18 71.33 36 99.89
F-_ mg/l 1.68 0.28 0.16 0.16 0.65 0.32 2.06

 

Table 5. Measured concentrations for outdoor water sources, used for UVQ modelling in the ZMSLP 

 
 

  Water usage - cont loads per capita Cont. Concentration (mg/l) 

Parameter Unit Kitchen Bathroom Toilet flush Laundry Modelled  Measured 

Water usage l/c/d 23.1 46.2 53.9 30.8     
Na+ mg/c/d 92.4 231.0 6468.9 616.1 91.0 88.4
K+ mg/c/d 46.2 92.4 2695.4 184.8 20.0 20.2
Cl- mg/c/d 184.8 323.4 16711.4 616.1 138.0 124.4
Ntotal mg/c/d 57.8 115.5 4312.6 98.6 41.0 40.6
P (as PO4) mg/c/d 39.3 46.2 2964.9 154.0 21.0 21.3
SS mg/c/d 1155.2 1386.2 15094.2 924.1 121.0 118.1

SO42- mg/c/d 138.6 277.2 12129.3 308.0 114.0 113.4
 

Table 6. Contaminant loads used for the UVQ model, and measured and modelled concentrations. 
 
 

Nitrogen (mg/l) Phosphate (mg/l) Scenario 
Max Min Max Min 

Base case 59.3 26.9 34.7 13.6 
Demand change 66.7 34.4 39.3 17.3 

 
Table 7 Comparison of contaminant loads in wastewater output 

 
 

Scenarios 
Imported water 
from deep aquifer 
(mm) 

Water input to the 
shallow aquifer 
(mm) 

Baseline 626 272 

Demand change 674 526 

Rainwater infiltration 626 285 

Water network 
rehabilitation and shallow 
groundwater use 

545 191 

 
Table 8. Comparison of imported water from deep aquifer and water input to the shallow aquifer.  



CONCLUSIONES GENERALES 
 

Ciudades localizadas en las zonas centro y norte de México donde prevalecen 

condiciones áridas, dependen fuertemente de los recursos de agua local para el 

abastecimiento. En las últimas décadas, la relación compleja entre gestión 

ineficiente, falta de planeación, inversión y tecnología ha propiciado servicios de 

agua urbana deficientes y degradación de los recursos locales, en un marco de 

desarrollo socio-económico y demanda acelerada.  

Frente a los retos que enfrenta el futuro abastecimiento de agua en México, las 

estrategias impulsadas por la Conagua se han orientado a la regularización de 

usuarios y la apertura del mercado del agua al interior de cuencas y acuíferos, la 

conformación de organizaciones de usuarios para la gestión participativa y el ahorro 

de agua de uso agrícola. Mientras los gobiernos estatales han impulsado el 

saneamiento de áreas fuertemente degradadas promoviendo la instalación de 

grandes plantas de tratamiento de agua residual para el reuso agrícola. A escala 

urbana, los organismos operadores de agua y saneamiento han limitado sus 

esfuerzos a la aplicación de herramientas no-estructurales basadas en la educación 

para el ahorro del agua, las cuales han tenido escaso impacto debido a la falta de 

complementariedad con sistemas de incentivos de precios, regulaciones y/o 

restricciones.  

La combinación de medidas para la apertura del mercado del agua y el uso de 

herramientas tradicionales de evaluación de los recursos a escala de cuencas y 

acuíferos, tales como balances y modelos de simulación- optimización, han sido 

valiosas para la reasignación del uso y la mayor productividad del agua. Sin 

embargo, en la mayor parte del centro y norte de México las concesiones de uso de 

agua han excedido los volúmenes disponibles. En este contexto, las autoridades 

empiezan a reconocer las limitaciones de la planeación tradicional que asume un 

abastecimiento ilimitado de agua potable, y se promueve un cambio para enfrentar 

los actuales retos.  

A escala global, los retos que enfrentan el abastecimiento de agua y la 

sustentabilidad urbana han promovido el desarrollo de nuevas estrategias y 



herramientas desde el concepto de gestión integrada de los recursos de agua. 

Mientras en países desarrollados los avances y aplicaciones a diversos problemas 

urbanos tienen aproximadamente dos décadas, en el mundo en desarrollo los 

sistemas de agua urbana no han recibido una atención adecuada a las necesidades 

debido a factores institucionales, de inversión, planeación y del conocimiento.  

Una primera aplicación del enfoque IUWM a partir de uno más amplio desarrollado 

en el proyecto AISURWRS, se practico en la ZMSLP. Este se basó en la integración 

del ciclo total de agua urbana, que se define como la consideración colectiva del 

abastecimiento de agua, agua de lluvia, agua residual y componentes de agua 

subterránea. La modelación aplicada proveyó el conocimiento de los flujos y su 

interacción, estimó la recarga urbana y su distribución espacial, identificó los defectos 

más importante del sistema actual y permitió obtener información relevante para el 

proceso de toma de decisión.  

La situación actual de fuerte dependencia del acuífero profundo como fuente de 

abastecimiento no puede ser sostenida en el tiempo. Los impactos ambientales y 

económicos debido a la extracción intensiva, así como las restricciones para nuevas 

extracciones limitan esta fuente de abastecimiento para la futura demanda. La 

estrategia de importación de agua desde fuentes externas para el futuro 

abastecimiento indica un drástico incremento de las entradas al acuífero somero; si 

bien esto no presenta problema para la calidad del agua subterránea, 

invariablemente incrementará el riesgo de inundación de la infraestructura urbana. 

Frente a un contexto de escasez de agua y cambio climático, el uso combinado de 

fuentes no-convencionales (agua subterránea somera, agua pluvial), estrategias de 

recarga e intervenciones ingenieriles aportan soluciones sustentables soportadas 

por: i) reducción del volumen de escurrimiento superficial de agua de lluvia y agua 

residual, ii) mitigación de la inundación en sectores de la zona metropolitana, iii) 

reducción del volumen de agua tratada y costo de tratamiento, iv) disminución del 

riesgo de inundación de la infraestructura urbana, v) reducción de los requerimientos 

de energía para la extracción, vi) mitigación de los efectos de extracción intensiva en 

el acuífero profundo, vii) incremento de las fuentes de agua disponible para 

demandas de menor calidad.  



A partir del modelo base calibrado, nuevas estrategias de gestión y sus impactos en 

el sistema de agua urbana pueden ser evaluadas rápidamente. Adicionalmente, la 

habilidad que ofrece esta herramienta para acoplarse con modelos convencionales 

de simulación de flujo subterráneo y modelos de zona no-saturada permitirá ampliar 

la evaluación del agua subterránea somera, la cual constituye el principal recurso 

local para mitigar la escasez de agua y reducir la extracción intensiva del acuífero 

profundo.  

Los resultados obtenidos permiten apoyar el proceso de toma de decisión que 

promueva el “desarrollo urbano sustentable y sensible al agua.” El cambio hacia una 

visión integrada de los recursos de agua urbana requerirá mejorar la coordinación y 

vinculación entre las actuales agencias encargadas de proveer el abastecimiento de 

agua y drenaje, la planeación y el desarrollo urbano, y la administración del agua. 

Este proceso podría ser facilitado por el COTAS del Valle de San Luis Potosí, sin 

embargo se requiere fortalecer su capacidad institucional y financiera para sostener 

un proceso de cambio a mediano y largo plazo. Adicionalmente, se requerirá 

impulsar estrategias de regulación para mejorar el aprovechamiento del acuífero 

somero, así como promover la eficiencia del organismo operador de agua y de las 

áreas responsables del desarrollo y planeación urbana.  

Esta primera aplicación del análisis integrado a países en desarrollo muestra que las 

limitaciones dadas por el fuerte requerimiento de datos pueden ser superadas 

utilizando información del área para otros propósitos junto con información generada 

en campo. Esto demuestra que futuras aplicaciones podrán ser practicadas a un 

amplio contexto de servicios urbanos, marco hidrogeológico y escala urbana, 

basadas en la flexibilidad del enfoque y la herramienta.  
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