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Abstract: This paper reports research estimating the costs of replacing the groundwater that
the metropolitan areas of Mexico City, Toluca, and Cuernavaca, in Central Mexico, pump from
10 over-exploited aquifers with 6 supply alternatives of surface water. These aquifers provide about
70% of the water required by more than 28 million people, and their recharge zones in forested areas
are increasingly threatened by economic activities. By designing a constrained optimization program
that minimizes investment and operation costs, we found that replacing groundwater extraction
involves the construction of all six alternatives at an estimated cost of US$25 billion at present values
(US$0.6 m−3 over a 26-year period). We designed and analyzed a scenario to combine measures
to reduce water leaks in Mexico City; a positive balance was found: every dollar invested in leak
control reduces replacement costs by between US$1.9 and US$8.4. Therefore, our results suggest the
prioritization of leak control measures in order to reduce extraction from over-exploited aquifers.
Local authorities should be warned about the economics of losing ecosystem services that are crucial
to sustaining the population and the economic activities in the region of study.

Keywords: replacement cost; aquifers; Mexico; water scarcity; economic valuation; water policy;
urban leak control; groundwater; forest conservation

1. Introduction

Water and sanitation are unanimously recognized as being at the core of sustainable
development [1]. However, four billion people—two-thirds of the planet’s population—still face
severe water scarcity during at least one month of the year, including regions in both developed and
developing countries [2]. This situation is not expected to improve in the near future as by 2050 the
world population will likely reach nine billion people, implying a projected increase of water demand of
55% relative to the year 2000 [3]. Available surface freshwater resources needed to meet this increasing
demand are increasingly endangered by biophysical and human pressures, including climate change,
land degradation, over-extraction, pollution, deforestation, and urbanization [4–6]. Therefore, food
provision and water security will rely more on groundwater, as aquifers constitute the largest available
storage of freshwater (except for frozen water in ice and glaciers) [7,8]. However, 1.7 billion people are
already living in regions where groundwater resources or groundwater-dependent ecosystems are
threatened [9] and current rates of aquifer depletion will be worsened in the near future, jeopardizing
the sustainability of the water supply [10]. As a result, addressing both the increasing demand of
freshwater for human use and the protection of ecosystems is one of the most important challenges
of the 21st century. In light of the critical situation of water resources and ecosystem degradation,
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a holistic and broad-based integrated view to water management ensuring the incorporation of an
ecosystem services approach is considered urgent to adopt [11–14].

In Mexico, about 90 million people, representing 75% of its total population, face severe water
scarcity for at least one month every year [2]. Water scarcity, together with high deforestation rates
and biodiversity loss, constitutes one of the most important environmental challenges that Mexico
has to address in order to secure economic development both in the present and the future [15–17].
In particular, Mexico’s central region, where the economic and political heart of the country is located,
is heavily compromised by critical conditions in water provision and management [18,19]. Water
demands of nearly 28 million people living in the municipalities depending on the aquifer system of the
region, including the metropolitan areas of Toluca, Cuernavaca, and Mexico City, is being met by the
exploitation of regional and extra-regional sources at higher than renewable rates [20,21]. According
to official statistics of the National Water Commission (CONAGUA, for its Spanish acronym) [22],
up to 1.8 times the volume of renewable water (surface and underground) is used annually in Central
Mexico, generating the highest indicators of regional water stress in the country, 139% in 2015, versus
the national average of 46%. The annual extraction of regional groundwater, while providing for
70% of regional water demand, represents twice the recharge volume of the region’s aquifer system,
resulting in a number of problems—including subsidence, decrease of the water table, loss of quality,
or increases in the cost of extraction [19,23].

The present and future supply of groundwater in the region is not only threatened by the
overexploitation of aquifers, but also by the impact of land use changes in the aquifers’ recharge
zones [24], especially in the forested region called “Bosque de Agua” (Water Forest) [25]. Diverse
studies on the relation between the regional hydrology and its land cover conclude that the mountains
containing the Water Forest are the most important recharge zones of the aquifers supplying water to
the cities of Toluca, Cuernavaca, and Mexico City [26–29]. Despite the Water Forest representing only
0.1% of Mexico’s land area, it provides water to nearly 24% of the total country’s population. However,
because of policy failures to recognize forests’ water services, the region lacks measures for effective
conservation, and economic pressures continue to claim forested areas for agricultural activities, for
real estate development, and for the extension of communication routes, further affecting the local
hydrological balance [30,31]. While policy integration of water management, conservation activities,
urban planning, and land-use is an essential condition to ensure sustainable water management,
the respective strategies in most of the cases are not aligned [20].

With the objective of highlighting the economic relevance of Central Mexico’s aquifer
system—mainly recharging in the Water Forest—this study aims at estimating the economic costs
of replacing groundwater extraction with several measures of built infrastructure, including for five
inter-basin transfers and one project of aquifer recharge through injection of treated water. In order
to highlight the role of water policy in Mexico City, we constructed a scenario analysis to assess the
impact on the volume to be replaced, and on the associated replacement costs, of several measures to
control leaks in Mexico City’s water distribution system. The next section reviews the usefulness of an
economic valuation of water ecosystem services and its role water policy in the context of sustainable
development. Section 3 outlines the case study description, followed by the presentation of the method
used and the characterization of scenario analysis. Then, Sections 5 and 6 show our results and a
discussion of them, highlighting main concluding remarks in Section 7.

2. Valuing Water Resources and Ecosystem Services in Decision-Making: A Tool for
Sustainable Development

Numerous efforts have been made in the last 40 years to emphasize the vital importance of water
for human beings and for the environment and to draw attention on the urgency of addressing water
related issues [32–36]. These efforts have paved the way for the emergence of new approaches to water
resource management and protection. The explicit recognition by the UN in 2010 that access to water
and sanitation constitutes a human right by its own merit, serving as a key to the fulfilment of all
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other human rights, is indeed an important milestone [35,36]. Later, the resulting document of Rio+20,
“The Future We Want”, supposed a strong voice to convey the sentiment about considering “water at
the core of sustainable development” and launched the process to build a set of goals for sustainable
development to be targeted after the conclusion of the Millennium Development Goals’ (MGDs)
era [37,38]. The current 2030 Agenda for Sustainable Development embedded the general consensus
on the main water concerns reached over the last 40 years through the sixth Global Goal: “ensure
availability and sustainable management of water and sanitation for all” [37,38]. Despite all these
efforts, the global trends of environmental degradation associated to the sheer scale of economic and
population growth continue to go unchecked, and are now very likely to be alarmingly exacerbated by
climate change impacts [3].

In contrast to traditional supply-driven approach in water management systems, supported by
high investment in large-scale infrastructure and single-sector perspective [11], an Integrated Water
Resources Management (IWRM) approach combines sustainable water and land management based
on comprehensive stakeholder participation with the recognition of water as the key integrating
element between human development and nature [14]. This highlights the critical importance of
natural ecosystems to support and provide resources and services to humanity. However, in some
cases, these are downgraded to simple services supplied to satisfy human needs [39]. Thus, ecosystems
are either not included, or are underestimated, in the decision-making process of water allocation and
management. On these grounds, adopting the ecosystem services-based approach as a “particular way
of looking at socio-ecological issues” [40], combined with the IWRM framework, can help enhance the
importance of considering multiple values of services provided by nature and their inclusion in water
policy decision-making.

Along similar lines, the IWRM and ecosystem services-based approaches argues that undervaluation,
or in most cases unawareness of resources and services provided by nature to humanity, led to their
over-exploitation and widespread environmental degradation [39,41]. Notwithstanding the limitations
and criticism of economic valuation [42–46], to factor in the economic value of natural capital and
services provided by ecosystems is broadly considered in the literature as fundamental to better
informing decision-making and policy instruments designed towards the sustainable management and
conservation of natural resources [41,47–49], to facilitate communication of the biophysical underpinning
of ecosystems for services provision in a commonly comprehensible language (monetary units) [50], and to
enable an environmental awareness-improvement in support of conservation and protection of ecosystems
through showing hidden benefits of ecosystems for society [51,52], among others.

Despite the crucial importance of groundwater resources as a reliable and readily-available water
source upon which billions of people around the world depend [53,54], its feature as a “hidden”
resource, out of sight below ground, worsens the aforementioned undervaluation [55,56]. This hidden
characteristic further complicates the understanding of the complex interactions between multiple
drivers (for instance, deforestation, over-extraction, and land use changes). Groundwater recharge
depends highly on local hydrological cycles, in turn influenced by land use changes, inter alia climate,
topography, and substrate type. Land use changes (deforestation, conversion of forests into cropland
or grazing pastures, or urbanization) can alter water balances by increasing runoff and decreasing
infiltration to aquifers, ultimately reducing groundwater production and availability [29,57,58].

This study features an economic valuation for the provision of groundwater in aquifers recharged
in a threatened forest ecosystem in Central Mexico known as the Water Forest. The results could help
in promoting conservation efforts by means of supporting well-designed economic policy instruments;
as Payment for Hydrological Environmental Services (PHES) already in operation in some areas of the
region shows, by improving land use planning and contributing to a better operationalization of the
IWRM framework. There is a vast literature on economic valuation methods for natural resources and
ecosystem services. For a detailed discussion of reviews and guidelines of methods we recommend
Barbier [59], Barbier et al. [60], Mendelsohn et al. [61], Bateman et al. [62], or Pascual et al. [48].
Among the various valuation methods available in the economists’ toolbox, replacement cost is
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one of the most frequently used for environmental problems. The estimation of replacement costs
belongs to the category of methods of indirect valuation based on the revealed preference. Unlike
declared preference methods (such as contingent valuation), these methods seek, for observable
economic information, indicators correlated with the variables of interest to be measured, which are
non-observable. The replacement cost method, in particular, seeks prices and quantities of goods
traded in the market that can operate as substitutes for the extra-market goods that are sought to value.

Relevant literature includes two well-known study cases that adequately illustrate the characteristics
of the replacement cost method for hydrological services, particularly filtration. The first one refers to
New York City and the basin representing its main source for drinking water. This case study has been
described, among others, by Chichilnisky and Heal [63], Heal [64], and Postel et al. [65]. During the
1990s, the intensification of economic activities produced a disruption in the functioning of its source
watershed, translating into a quality decline of the water supplied to the city. New York authorities
faced a dilemma: they had to decide whether to replace the watershed’s filtration services with
potabilization plants, or to carry out conservation actions in the region where the water is generated,
in order to restore and secure the watershed’s hydrological services. The estimation of replacement
costs led to the implementation of conservation measures of a forested area that, in addition to the
hydrological services that mattered to New York City, provided additional environmental services.

The other case study summarizes the purification costs of 27 potable water supply systems
in the United States and relates them to the percentage of forest cover in the associated basin [65].
In basins with at least 60% of forested land cover, the unit purification costs were found to be a third
of those of basins with only 10% of forested cover, with the additional purification activity serving as a
replacement technology for the lost filtration services associated to decreases in forested area. Furthermore,
the purification costs were found to increase non-linearly relative to decreases in forested area: a water
supply system located in a basin with only 10% of forested area incurred unit purification costs that
were three times higher than those incurred by systems in basins with at least 60% of forested area.

3. Case Study: Central Mexico’s Aquifers

3.1. The Aquifer System of Central Mexico

In this paper, we estimate the costs of the investments that would be required to substitute
the volume extracted from 10 aquifers in Central Mexico. These aquifers are not arbitrary: they
were selected by the Water Forest Initiative (Iniciativa Bosque de Agua, in Spanish) at Conservation
International-Mexico for being overexploited and for having the forested area known as the Water
Forest as their main recharge zone, shown in Figure 1. The latest Census of Population and Housing
indicates that 28 million people live in the municipalities above these aquifers as of 2012 [66].
In particular, 14.5 million people depend on water extracted from the Aquifer of the Valley of Mexico,
and 5.5 million more depend on the Cuautitlán-Pachuca Aquifer.

According to the National Registry of Water Permits (REPDA, for its Spanish acronym) [67],
there are 5359 extraction wells in these aquifers allowed to pump 46.7 m3·s−1 each year. Following
the population distribution, 28% of groundwater extraction comes from the Aquifer of the Valley of
Mexico, and 22% comes from the Cuautitlán-Pachuca Aquifer. About 62% of the extracted water is
meant for public and domestic use, 18% is extracted for industrial uses, and the remaining 20% to
irrigate agricultural fields (See Table 1).

Aquifer recharge is a complex environmental process that depends on a combination of factors,
including precipitation and temperature patterns, the infiltration capacity and transport of different
rock types, soil retention capacity, and vegetation cover [27]. Several studies on the Valley of Mexico
Basin conclude that, given the particular occurring combination of these factors, the forested area
known as the Water Forest is an important source of recharge flows for these aquifers [24,30,31,68].
In particular, within the Valley of Mexico, there are differentiated recharge capacities. Burns et al. [69]
conclude that the Mexico City Metropolitan Area (MCMA) is located over a practically impermeable
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clay layer with depths between 5 to 40 m, and that below that layer there are alluvial deposits with high
recharge capacities constituting the main stocks from which groundwater is extracted. The alluvial
layers surface following the borders of the extinct lakes and neighboring the piedmont zones of the
Sierra de Las Cruces and Sierra Nevada, both exhibit high recharge rates [69].
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Table 1. Population, extraction, and economic uses of 10 aquifers in Central Mexico.

Population Exploitation Main Use (Fraction)

Aquifers 1 Million % % Urban Wells % m3·s−1 % Agricultural/
LiveStock Industry Public

Urban

Chalco-Amecameca 1.50 5.2 94 120 2 3.6 8 0.14 0.01 0.85
Cuautitlan-Pachuca 5.50 19.1 96 818 15 10.3 22 0.40 0.10 0.50
Cuautla-Yautepec 0.70 2.4 74 984 18 2.5 5 0.42 0.10 0.48

Cuernavaca 0.90 3.1 91 324 6 6.0 13 0.02 0.07 0.91
Ixtlahuaca-Atlacomulco 0.70 2.4 74 511 10 2.2 5 0.57 0.05 0.38

Tenancingo 1.40 4.9 75 90 2 0.4 1 0.43 0.07 0.50
Tepeji del Rio 0.60 2.1 85 63 1 0.2 0 0.23 0.44 0.33

Valle de Toluca 2.40 8.3 79 928 17 4.1 9 0.35 0.25 0.40
Valle del Mezquital 0.60 2.1 63 364 7 4.4 9 0.06 0.67 0.27

ZMCM 14.50 50.4 99 1157 22 13.0 28 0.01 0.18 0.81
Total 28.80 100 92 5359 100 46.7 100 0.20 0.18 0.62

Note: 1 See Figure 2 for location of aquifers and wells relative to the Water Forest. Source: Elaborated using data
from REPDA [67].

The southern border of the Mexico Valley Basin contains volcanic rock formations with very high
recharge capacities, including the Sierra del Chichinautzin, Sierra Nevada, and Sierra de Santa Catarina.
Consistent with Burns et al. [69], Carrera-Hernández and Gaskin [27] find that the major portion of the
basin’s recharge flow occurs in the Sierra Nevada, Chichinautzin and Sierra de Guadalupe. Similar
conclusions are found in the studies by Ortega and Farvolden [70] and in Angeles-Serrano [26].
These conditions, favorable to high recharge rates, are met with the highest concentration of yearly
precipitation in the Valley of Mexico Basin, which can be 70% higher than elsewhere in the basin:
1200 mm for the Sierra de Las Cruces, 900 mm in the Sierra del Ajusco, 800 mm in the Sierra Nevada
and the Sierra del Chichinautzin [71], and 700 mm in the lower altitudes of the basin [27]. The study
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by Ortega and Farvolden [70] reports regional water balances in which aquifer recharge represents
42% of the precipitation volume in the Sierra del Chichinautzin, between 30% and 40% in the Sierra de
Las Cruces, and between 40% and 50% of the Sierra Nevada.

The pattern of land use indicates that the zones exhibiting large recharge capacities are usually
covered with vegetation, including grasslands and forests. Bojórquez et al. [71] report water balances
in which there is enough water to produce surface runoff and aquifer recharge in at least 50% of the
territory catalogued as Land for Ecological Conservation [72], located to the south of Mexico City,
and that about 65% of that territory is covered by fir, oak, and pine forests and xerophytic shrubs.
They conclude that the remaining portions of the forest that are covered by fir trees, alpine vegetation,
and riparian vegetation exhibit higher water production for runoff and aquifer recharge than the
average figures.

Table 2 shows the different recharge volume estimates obtained from various studies in the region.
In the best case, recharge is about 25 m3·s−1 and in the worst case it is 10.9 m3·s−1. A comparison of
extraction rates shown above indicate that, in the best case, extraction is 1.8 times higher than recharge
and, in the worst case, it could be 4.3 times as high. Adding to this uncertainty, the mountain ranges
are, in fact, the drainage divide of three major hydrologic regions of Mexico (the Valley of Mexico Basin,
the Lerma Basin, and the Balsas Basin), such that recharge flows are distributed among the aquifers
pertaining to those regions. In a study by Ortega and Farvolden [70], the division of groundwater
flows was estimated for the Chichinautzin Sierra and the Sierra de Las Cruces: 40% of recharge from
the Chichinautzin flows to the Mexico Valley Basin and 60% to the Balsas basin, whereas 70% of the
Sierra de Las Cruces recharge volume flows to the Mexico Valley Basin and 30% to the Lerma Basin.

Carrera-Hernández and Gaskin [27] suggest that the basin’s geology has protected the aquifer
system from pollution (due to the impermeable clay layer below Mexico City, a conclusion also
reached by Edmunds et al. [73] and by Bojórquez et al. [71]), and as shown by urbanization (due to the
differentiated slopes of the mountain range). However, these conclusions are to be taken cautiously:
Carrera-Hernández and Gaskin calibrated their data for the period between 1971 and 1981, when
the urban sprawl still did not invade the forested areas, as it has done afterwards. Currently, there is
evidence of pollution in aquifers [74,75] coming from either leaks in the draining system caused by
unequal sinking or by horizontal flows. In addition, Tortajada [19] reports that 75% of new homes
between 1980 and 2000 are located in regions formally catalogued as land for ecological conservation.
A recent study by Zabala et al. [29] finds that good water quality has remained unchanged for
decades in forested areas in the Sierras del Ajusco and Chichinautzin, a fact interpreted by the
authors as a positive outcome from conservation practices associated to programs of payments for
hydrological services.

Table 2. Recharge flows estimation in the region.

Study Recharge Flow m3 s−1 Comments

Carrera-Hernández and Gaskin [27] 10.9–23.8 Recharge for the Valley of Mexico Basin. Originated in the region
of Water Forest

Angeles-Serrano [26] 15–25 Sierra Chichinautzin and Sierra de las Cruces
CENTRE [76] 20
1 Herrera-Parrilla et al. [77] 15.6 Recharge in the Aquifer of the Metropolitan Area of Mexico City
Capella (2006) 17 Sierras Chichinautzin and Sierra de las Cruces

Note: 1 Cited in Carrera-Hernández and Gaskin [27].

3.2. The Situation of the Water Forest as a Recharge Zone

As stated earlier, the Water Forest is located between the metropolitan areas of Cuernavaca, Toluca,
and Mexico City. According to a study by the National Institute for Ecology and Climate Change
(INECC, for its Spanish acronym) [25,78] the forest has an extension of 235,000 hectares comprising the
Sierras de Ajusco-Chichinautzin and the Sierra de Las Cruces (see Figure 1) which, in turn, represents
the higher altitudes of the three main Mexican hydrologic basins, the Valley of Mexico, the Balsas,
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and the Lerma-Chapala. The Water Forest also exhibits important biological diversity: 10% of its
species are endemic, representing 2% of global biodiversity. Some portions are under conservation
plans: the Mexican Commission for Biodiversity catalogued the region as a priority land region for
conservation [79], while the National Water Commission catalogued it as a hydrological priority
region [80]. At least formally, 70% of its extension is catalogued under 21 federal, state, or municipal
natural protected areas, but only a third of such areas had a management plan in place [25,78].

Due to its location, the forest is under pressure from economic activities carried out in surrounding
metropolitan areas. According to INECC, the forested cover has been fragmented and reduced in about
20% of its extension between 1976 and 2008, representing about 53 km2 of its extension. The growth
of secondary forests, responsible for 85% of land cover transitions, is the main cause of degradation,
whereas urbanization in that period claimed about 18.5 km2 (13 km2 from agriculture, 2.9 km2 from
grasslands, and 2.4 km2 from secondary deciduous dry forest). To complement INECC’s findings,
we compare, in Table 3 and in Figure 2, the extensions of seven categories of land use in two periods,
1985–1996 and 2008–2012, corresponding to INEGI’s Series II [81] and V [82] of land use cover data,
respectively. We find that the primary forest lost about 30% of its extension over the described period,
mainly in the Sierra del Ajusco and Chichinautzin, while the secondary forest increased its extension
in more than 70%. The extension of cultivated forest increased dramatically over that period, but
it only represents 1.5% of the Water Forest total area. Table 3 and Figure 2 show the prevalence of
agricultural areas, the increase in urban areas, and the dramatic decrease and fragmentation of the
remaining primary forest, with the corresponding increase of secondary forest.

Table 3. Relative distribution of area of the Water Forest in the period 2008-2012 and % change relative
to 1985–1996.

Land Cover % Area in 2008–2012 1 % Change Relative to 1985–1996 1

Agriculture 43 1.3
Scrublands 0.2 63
Grasslands 0.04 0

Induced grasslands 9.5 −15
Primary forest 20.5 −29.7

Secondary forest 16 71.9
Cultivated forest 1.5 1186

Urban area 8.9 22.3
Water bodies 0.3 7.3

Total 100

Note: 1 Own elaboration with data from INEGI (Series II) [81] and INEGI (Series V) [82].
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Figure 2. Land cover for the Water Forest region in the periods 1985–1996 (top), and 2008–2012 (bottom).
Dots in the maps indicate the location of extraction wells. Source: own elaboration with data from
INEGI (Series II) [81] and INEGI (Series V) [82].

4. Methods and Materials

According to the relevant literature, case studies must fulfil three main characteristics for the
replacement cost method to be valid ([83–86], all cited in Sundberg [87]):

1. The manufactured system must replace the environmental service under study with
characteristics of similar quality and magnitude.

2. The manufactured system, whose cost of production is interpreted as the replacement cost of the
environmental service under study, should be the least cost alternative.

3. There must be a real need to build the manufactured system in the absence of the environmental
service under study.

The first feature requires that the alternative to the service in question (i.e., water provision by
inter-basin transfer infrastructure) be provided in comparable magnitude and quality to the service
or environmental good it is replacing (i.e., water extracted from the aquifer). The second feature
prevents over-estimation of the replacement cost with alternatives whose cost exceeds that of the
cheapest available option. The third one requires that, if the environmental good or service in question
is missing, there is an urgent need to build the manufactured option.

The case of Central Mexico’s aquifer system meets these three conditions. First, the manufactured
replacement system (i.e., alternative supply options) can provide the water availability service
in comparable magnitude. Given the absence of additional information, it is assumed that the
quality of the water source to be replaced and that of the alternative sources are also comparable.
If water quality from the new sources is not adequate, the costs of replacement investments would
be affected to the extent to which potabilization operations are needed. Secondly, it would be
possible to find the minimum cost combination to substitute a particular extraction volume. For this
purpose, a mathematical model taking the form of a linear program is designed in this study. Linear
programming is an optimization technique developed in the 20th century that allows for the choice
among different feasible alternatives under a unique criterion [88] and, therefore, has been widely
applied to solve for a diversity of economic problems. In our implementation, the linear program
will solve for the minimum cost of investment in several inter-basin transfer systems subject to the
requirement of them providing for a volume of water not less than the current extraction from Central
Mexico’s aquifer system. Thirdly, if Mexico’s central aquifer system collapsed, the demand for water
would require the construction of the said alternative system since the other sources (regional surface
water and the Lerma-Cutzamala system) are not sufficient.
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This study computes the minimum costs based on data by Carrera-Hernández [68], and by
Carrera-Hernández and Gaskin [27], updated to represent prices of 2016 utilizing linear programming
techniques. We also complement it with a financial analysis based on the methodology utilized by
CONAGUA to assess investments on water infrastructure. In particular, monetary costs are updated by
inflation to represent prices of 2016, and the financial assumptions utilized are those actually used by
CONAGUA. The costs for each of the six supply alternatives are comprised by four elements: capital
costs, energy costs, opportunity costs of energy otherwise generated, and maintenance. Construction
costs are capitalized through an installation calendar of five years, as described in Equation (1) below.
Given the length of the construction period, it is necessary to compute the financial opportunity costs
of construction expenditures, and we use the 6% discount rate usually included in CONAGUA’s
financial plans.

Equation (1) describes the computation of total construction costs of the i-th alternative inclusive
for financial opportunity costs computed at the interest rate r. Ii represents the investment needed
for its construction distributed in four years (20% in the first year, 35% in the second and third years,
and the remaining 10% in the fourth year). Since financial opportunity costs are computed for when
construction has ended in year five, each portion of investment in year t is expressed in future value
using (1 + r)5−t

Ci = 0.20(Ii)(1 + r)4 + 0.35(Ii)(1 + r)3 + 0.35(Ii)(1 + r)2 + 0.10(Ii)(1 + r) (1)

Total costs Ci are then covered by annuities Ait, observing that the present values of the
annuities—plus their financial opportunity costs—are equal to the construction costs determined
above. Tables 3 and 4 in the Supplementary File include the particular numbers for both Ait and
Ci. Formally

∑26
t=1 Ait(1 + r)t

(1 + r)26 = Ci (2)

Then, the computation of the present value of total costs for each option is

PVi =
26

∑
t=1

1

(1 + r)t (Ait + citxit) (3)

where cit represents unitary operation and maintenance (O and M) costs of the i-th option and xit
represents the volume of water transferred by option i in period t. Tables 1 and 2 in the Supplementary
file show the particular numbers for cit utilized in this model. The minimum cost solution is obtained
by solving the following linear program

MinZ =
6

∑
i=1

PVi =
26

∑
t=1

1

(1 + r)t

[
6

∑
i=1

(Ait + citxit)

]
(4)

subject to
6

∑
i=1

xit ≥ w; ∀t (5)

xit ≤ x̂i; ∀i, ∀t (6)

The first set of constraints (Equation (5)) requires that the volume of water transferred in the
solution must be at least the particular volume that needs to be replaced in every period, w. The second
set of constraints (Equation (6)) requires transferred volumes to be not greater than the relevant capacity
constraint for each option, x̂i. The model for this study was solved using the R GLPK package for
linear programming [89] in the mathematical language R [90].
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4.1. Scenario Analysis

To test the behavior of the replacement cost estimated with the model presented in the previous
section, we formulate four scenarios regarding the implementation of policies controlling water leaks
in the system (see Table 4):

• Scenario 1: No leak control. The full volume of extraction of the aquifer system is to be substituted
with the minimum cost combination of the six supply alternatives.

• Scenario 2: Centralized control of leaks by acting on the secondary network of water distribution.
These measures are able to reduce 3 m3·s−1 of total leaks and, therefore, it is assumed that this
policy allows for an equivalent decrease of aquifer extraction.

• Scenario 3: Scenario 2 + decentralized control of half of domestic leaks. These actions represent
a combined decrease of 7.5 m3·s−1 of total leaks and, therefore, an equivalent decrease in
aquifer extraction.

• Scenario 4: Scenario 2 + decentralized control of the totality of domestic leaks. These actions
decrease total leaks by 12.5 m3·s−1 and allow for an equivalent decrease in aquifer extraction.

Table 4. Design of scenarios.

Scenario Saved Volume (m3·s−1) Volume to Replace (m3·s−1)

1. No leak control 0 46.7
2. Controlling leaks in the secondary distribution system 3 43.7

3. Scenario 2 + 50% of domestic leaks 7.5 39.2
4. Scenario 2 + 100% of domestic leaks 12 34.7

Source: Authors’ elaboration.

4.2. Data

Table 5 relates the variables used in the model described above to data sources. Additional data
found in the Supplementary Materials Tables S1–S4 contain a more explicit description of the data
utilized in the model described in the previous section.

Table 5. Costs, volume capacity, and characteristics of six alternative options for water supply for
Central Mexico.

Project Characteristics
Maximum

Capacity (ẃi)
/m3·s−1

Construction
Costs (Ci) /US$

Million

Annuity (Ai)
/US$ Million

O and M Costs
(cit) /US$·m−3

1. Temascaltepec Connects with the existing Cutzamala
System. Designed capacity 7 m3·s−1 5.6 1056 89.5 0.72

2. Tecolutla In the State of Veracruz, it uses the
Necaxa dam. 15 m3·s−1 12 2140 181.5 0.86

3. Amacuzac
Utilizes the infrastructure of El

Caracol, El Infiernillo, and La Villita
dams. Cap. 15 m3·s−1

12 2161 183.3 0.66

4. Oriental-Libres Extracts groundwater. 7 m3·s−1 5 1005 85.23 0.22

5. Taxhimay
Dam, usually for irrigation,

conversion to public/domestic.
5 m3·s−1

4 639 54.2 0.11

6. Aquifer recharge Treatment of wastewater and injection
in Chichinautzin Sierra. 10 m3·s−1 8 710 60.2 0.34

Source: Based on Carrera and Gaskin [91], Ramírez-Sama [92], and Herrera-Revilla et al. [77].

4.3. Measures for Leak Control

We base our analysis of leak controls on an official document produced by Mexico City’s agency for
water management (SACM, for its Spanish acronym). The agency describes three sets of measures for
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leak control in the primary and secondary distribution systems for domestic deliveries. The first set of
measures, here described as “sectorization”, comprises a program to segment the primary distribution
network via valve management to control for water’s differential pressure, which is accounted
for as one of the most important reasons for leak occurrence. The second set, here described as
“rehabilitation”, consists of the substitution of over 2000 km of secondary pipelines with polyethylene
pipes. Both sets of measures are thought by the SACM to be able to recover 2.5 m3·s−1 otherwise
lost in leaks. The third set of measures, here described as “detection and suppression”, consists of
a program to eliminate leaks in 10,000 km of the primary distribution network, with a capacity to
recover 0.5 m3·s−1.

The combination of measures described above is able to recover a flow equivalent to a third,
or 3 m3·s−1, of the estimated leak flow in the primary and secondary distribution network (10 m3·s−1).
They do not contemplate, however, controlling for domestic leak flows, which represents the higher
percentage of leaks in the system (15% or 9 m3·s−1). Reduction of domestic leak flows does not
require interventions on primary or secondary distribution networks, but rather the decentralized
implementation of a simpler set of measures inside households, including the maintenance of plumbing
and storage systems. We assume, in Scenario 3, that such measures take place so that 50% of the
domestic leak flow is reduced; and in Scenario 4, that they occur and 100% of the domestic leaks flow
is reduced.

4.4. Costs of Leak Control

Scenario 2 assumes that the combination of the three sets of centralized measures takes place.
Mexico City’s Water Agency (SACM for its Spanish acronym), describes that the investments required
to implement the combination of the two first sets of measures, “sectorization and rehabilitation”,
is about US$163.3 million. SACM also explains that the pipeline substitution and rehabilitation project
would only need one activity to happen in the 26-year period considered in this study. We assume
that the combined cost of these two measures represents the capitalized value (i.e., including financial
opportunity costs) to be amortized by respective annuities over a 26-year period (see Table 6).

Table 6. Financial assumptions for centralized measures of leak control in Mexico City.

Measures Volume
(m3·s−1)

Duration
(Years)

Number
of Projects

Investment
(Million $)

Period of
Amortization (Years) Annuity Unitary Cost

(US$/m3)

Sectorization and
rehabilitation 2.5 +26 1 163.3 26 11.3 0.08

Detection and
suppression 0.5 13 2 25.9 26 1.9 0.06

Total 3 189.3 13.7 0.07

Source: Based on data by SACM (2007).

SACM also suggests the duration of the program for detection and leak suppression to be
approximately 10 years, at the cost of US$12 million. In order to be comparable with the time-span
of the projects in this study, we assume that two of such projects do occur in the 26-year period,
at the combined cost of US$25.9 million. The following Table 7 summarizes assumptions and costs
for these measures. If successful, these measures would be able to recover 3 m3·s−1, or about a third
of the estimated leaks happening in pipelines of the primary distribution network, at a cost of about
US$189 million.

The correction of the domestic leak flow does not require the type of infrastructure development
involved in the measures described in Table 6, but rather the decentralized implementation of actions
that are relatively simple in millions of homes. In order to illustrate the potential impacts of consumers
reducing the leaks that they can control, we show two additional scenarios regarding the efficiency of
these measures. In Scenario 3, these simple actions inside homes are able to reduce 50% of the domestic
leak flow; in Scenario 4, the measures are good enough to reduce 100% of it.
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To provide for some cost information of domestic leak control, we assume an annual investment
of US$35 dollars per household, which is approximately the market price as of 2016 of the plumbing
works required to maintain domestic water infrastructure. Since there are 2.6 million homes in Mexico
City [71], the annual cost of these measures is about US$91 million per year. In order for these costs
to be comparable to the time-span considered in the model of the previous section, we assume that
households incur such costs in 26 repetitions, one per year, and that market prices adjust to the inflation
rate targeted by Mexico’s Central Bank. The present value of these measures is, then, US$2.3 billion,
as shown in Table 6. Tables 6 and 7 indicate that the centralized measures for leak control exhibit the
least total and unitary costs, US$189 million at US$0.07·m−3, but have the least capacity to reduce
leaks (3 m3·s−1). The set of decentralized measures carried on by Mexico City’s households exhibit
much larger costs, US$2.4 billion at unitary costs between US$0.29·m−3 and US$0.58·m−3, but have a
much greater capacity to reduce leak flows (between 4.5 and 9 m3·s−1).

Table 7. Financial assumptions for decentralized measures of leak control in Mexico City.

Measure Volume
(m3·s−1)

Duration
(Years)

Number
of Projects

Cost Per
Household

(US$)

Households
in Mexico

City

Total Cost
(US$)

Unitary Cost
(US$·m−3)

Control of 50% of
domestic leaks 4.5

26 26 34.2 2.4 million 2132
0.58

Control of 100%
of domestic leaks 9 0.29

Source: The authors.

5. Results of the Scenario Analysis

Table 8 shows the main results of the four scenarios described above. In Scenario 1, no measures
for leak control are implemented and the replacement of the 46.7 m3·s−1 requires all six supply options
to be combined and active with all of them operating at maximum capacity; except for the inter-basin
transfer from the Tecolutla river, which operates at 96% of maximum capacity. The table shows that
the most cost-effective option is to bring water from the Taxhimay dam, at US$0.30 m−3, but it can
only transfer 4 m3·s−1. The most expensive option is the Tecolutla basin, priced at US$1.14 m−3 and
able to transfer 11.5 m3·s−1. The unitary cost of the whole operation of substituting for the 46.7 m3·s−1

is estimated at US$0.82 m−3, while the total investment amounts to a present value of US$25.2 billion
over a period of 26 years.

Table 8. Total and unitary costs for replacing groundwater extraction from the aquifer system of Central
Mexico in four scenarios for leak controls.

Supply
Alternative

Max
Cap.

m3 s−1

Scenario 1 Scenario 2 Scenario 3 Scenario 4

No Leak Control
Leak Reduction in

Primary and
Secondary Networks

Scenario 2 + 50%
Reduction of

Domestic Leaks

Scenario 2 + 100%
Reduction of

Domestic Leaks

Supply
(m3 s−1)

Unitary
Cost

(US$·m−3)

Supply
(m3 s−1)

Unitary
Cost

(US$·m−3)

Supply
(m3 s−1)

Unitary
Cost

(US$·m−3)

Supply
(m3 s−1)

Unitary
Cost

(US$·m−3)

Aquifer injection 8 8 0.38 8 0.38 8 0.38 8 0.38
Taxhimay 4 4 0.30 4 0.30 4 0.30 4 0.30

Oriental-Libres 5.6 5.6 0.42 5.6 0.42 5.6 0.42 5.6 0.42
Amacuzac 12 12 0.75 12 0.75 12 0.75 12 0.75
Tecolutla 12 11.5 0.91 8.5 1.0 4.04 1.40 0 0

Temascaltepec 5.6 5.6 0.81 5.6 0.81 5.6 0.81 5.1 0.83
Project 47.2 46.7 0.65 43.7 0.65 39.2 0.66 34.7 0.66

Total cost US $
billion 25.2 23.6 21.2 18.9

Source: Model computations.
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The implementation of the centralized measures for leak control in Scenario 2 reduces the transfer
volume to 43.7 m3·s−1, but still requires the combined construction of the six supply alternatives.
All options but the transfer from Tecolutla basin, which operates at 70% of maximum capacity, are
operating at full capacity. This behavior causes the unitary cost from the Tecolutla River to rise to
US$1 m−3. The replacement of the 43.7 m3·s−1 requires an investment of US$23.6 billion at a unitary
cost of US$0.65 m−3. Saving 3 m3·s−1 reduced leaks from measures of Scenario 1 generates a reduction
of US$1.6 billion in the total replacement cost.

Scenario 3 combines centralized and decentralized measures for leak control, assuming the latter
reduces domestic leaks to 50% of the observed values. These measures reduce the volume to be
substituted to 39.2 m3·s−1, but would still require the construction of all six alternatives. Unitary costs
are now US$0.66 m−3 and the present value of the whole investment is US$21.2 billion. Therefore,
saving 7.5 m3·s−1 through leak control reduces the total replacement cost by US$4 billion relative to
Scenario 1, in which no leak control measures are put in place. Finally, Scenario 4 assumes that the
decentralized measures for control of domestic leaks are able to reduce 100% of the observed leak flow,
such that the volume to be replaced is now reduced to 34.7 m3·s−1. Five out of the six supply options
are required to be active, and now the construction of the transfer system from the Tecolutla River
is no longer necessary. The resulting unitary cost is still US$0.66 m−3 and the present value of the
total replacement cost is US$18.9 billion. The reduction of 12 m3·s−1 in the volume to be substituted
produces a savings of US$6.3 billion in the total replacement cost. We now analyze the economics
of leak control to make the case for the implementation of measures reducing groundwater demand
and extraction.

Table 9 compares the reductions in total replacement costs presented in Table 8 with the costs of
implementing the measures for leak control included in the four scenarios analyzed. In all scenarios,
the ratio between the savings in reduced replacement costs versus the costs of leak control measures
is greater than one, meaning that every dollar invested in measures for leak control reduces the
replacement cost in quantities greater than one. Furthermore, centralized measures for leak control in
Scenario 2 are the most effective in reducing the replacement costs per each dollar invested: the ratio
of the former to the latter is 8.4.

Table 9. The economics of leak control: comparison of investing in leak control vs. savings in
replacement costs for the aquifers in Central Mexico.

Scenario Description
Replaced
Volume
(m3 s−1)

Savings
(m3 s−1)

Replacement
Cost (US$

Billion)

Savings (US$
Billion)

Cost of Leak
Control (US$

Billion)
Ratio

1 No leak control 46.7 0 25.2 0 _ _

2

Centralized
measures on
primary and

secondary networks

43.7 3 23.6 1.6 0.19 8.4

3
Scenario 2 + 50%

reduction of
domestic leak

39.2 7.5 21.2 4 2.1 1.9

4
Scenario 2 + 100%

reduction of
domestic leaks

34.7 12 18.9 6.3 2.1 3.1 1

Source: Model computations and Tables 6–8.

6. Discussion

In this section, we offer topics for discussion including the recognition of some analytical
characteristics and limitations of the model, and the potential role of our results in informing
policy-making. We organize these topics under three main categories.
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6.1. The Replacement Cost of Groundwater Extraction and the Economic Value of the Water Forest

The estimation of the replacement cost refers to the economic value of water contained in the
system of 10 aquifers located in Central Mexico that share the same recharge zone in the so-called
“Water Forest”; therefore, this economic value is not to be interpreted as the economic value of the
forest itself. Such an estimation would need to include the economic value of the provision of other
ecosystem services, which is beyond the scope and objective of the present study. Furthermore, this
study estimates the replacement cost of the volume of groundwater extracted from the aquifers, and not
that of the recharge volume associated with the forest. Further physical and hydrologic analysis is
required to assess the actual impact of land use changes on aquifer recharge, and such an analysis
also lies beyond the scope of the present paper. In all cases, if forest degradation leads to diminished
recharge flows, current rates of aquifer depletion would be accelerated, and the need for inter-basin
replacement of groundwater extracted from the aquifer would be required in an earlier stage.

6.2. Dealing with Population Growth

The scenario analysis included in this paper took the extraction of groundwater as given,
at 46.7 m3·s−1. While this volume is representative of current conditions, we do not assess the
likelihood of increases in the near future due to population growth or urbanization for three main
reasons. First, the region shows a diverse behavior in population growth: while Mexico City exhibits
negative growth rates for the next 20 years (−0.3% year−1 in average), the states of Mexico and Hidalgo
exhibit rather low rates (1.2% year−1 and 1% year−1 in average, respectively) for the next 20 years.
Mexico’s CONAGUA expects an average growth rate of just 0.5% year−1 for the extended hydrological
region of the Valley of Mexico, which is in fact larger than the region represented in Table 1 and
Figure 2. A better understanding of population dynamics therefore requires close examination at
the municipal level, and official statistics include projections only at the state level. Second, even
after recognizing the likelihood of population increase in the region, the response of water demand
and supply in urban environments to population growth is not necessarily proportional: cases exist
in which public supply for urban areas does not respond to the same extent to population increase,
and even total withdrawals can in fact decrease even in the presence of population growth (see, for
one such case [93]. Third, Mexico’s CONAGUA has established a closure to prevent the expansion
of groundwater withdrawals in all the municipalities of Mexico City and the State of Mexico that
are relevant for this study: even in the case in which water supply needs to increase in the future
to accommodate for population growth, the additional water cannot come from the aquifer system
itself [94].

6.3. Relevance for Policy-Making

The role that our results can play in informing policy-making can be described in two ways.
The estimations for the replacement cost of groundwater extraction from the aquifer system in Central
Mexico gives a monetary figure for its economic contribution, otherwise hidden for policy makers.
The particular monetary figure to which we arrive establishes a benchmark for the order of magnitude
of the investments required if such a system continues to be depleted, and if the forest serving as a
recharge zone continues to be subject to deforestation. In that sense, our results can be utilized in wider
discussions promoting both demand control and forest conservation as they indicate the economic
dimension of the water provision service of the aquifer system and, ultimately, of the forest providing
for recharge flows. We also aim to clarify the economics of measures for leak control, such that they
can be promoted and implemented: every dollar invested in such measures saves more than $1 in
replacement costs.
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6.4. Methodological Aspects

A more complete analysis would need to include the external effects associated with the
investments analyzed. For instance, inter-basin transfer systems frequently produce costs in the
basins of origin. While the estimations for this paper account for costs associated with the lost value
of electricity no longer generated, it is likely that there are other significant costs that we do not
include in our computations. Furthermore, the reduction of water extraction of the aquifer system will
also reduce the discharge of wastewater that is utilized on irrigation districts in the State of Hidalgo.
These costs should also be included for a more complete picture, and they can be the subjects of
subsequent research.

Finally, the choice of the six inter-basin transfer options included the designed flow capacity
exposed in Carrera-Hernández and Gaskin [28]. A more complete approach would solve a two-step
optimization program: first selecting for maximum capacities and then choosing for idle capacity.
Such a program grows in complexity and is also beyond the reach of the present paper, but it can
be explored in subsequent research. Carrera-Hernández and Gaskin [28] are, in turn, based on an
internal SACM document dating back to the 1980s. It is likely that the technical characteristics have
changed thanks to improved engineering, but we could not operate otherwise due to a lack of updated
technical information.

7. Concluding Remarks

Water provision and management constitute a major challenge for the region that is home to
28.8 million people living in the metropolitan areas of Toluca, Cuernavaca, and Mexico City. Currently,
water demand is satisfied with the appropriation of local and external sources at rates that are no
longer sustainable. According to data from the country’s water commission, the Central Mexico region
uses up to 1.8 times the renewable flow of water, both from underground and superficial sources.
As a result, the region is compromised by water unsustainability and already exhibits the most extreme
values of water stress in the country.

The exercise presented in this paper estimates the replacement cost for groundwater extraction of
10 aquifers in Central Mexico with the construction of six supply alternatives including for inter-basin
transfer systems and aquifer injection of treated water. These aquifers were selected due to the
importance of economic activities in these metropolitan areas for the country, and boosting because
they share the same recharge zone in a forested area known as the “Water Forest” which, in turn,
faces pressures from economic activities boosting its deforestation. Relevant literature suggests that
estimating for replacement costs is an adequate methodology for highlighting the economic value
of hydrological services provided by the water-producing forest and the aquifers that constitute a
major source for water extraction. We conclude that the case studied herein complies with the three
requirements of the cost replacement methodology discussed in previous sections.

We find that the replacement cost of extracting 46.7 m3·s−1 from the aquifer system amounts to
a present value of US$25.2 billion (in prices for 2016) at a unitary cost of US$0.65 m−3. This figure
turns out to be equivalent to 30 years of the current annual budget of the water system of Mexico City.
We report on a scenario analysis involving several measures to reduce leak flows in Mexico City. These
measures consist of a set of centralized measures by the local water agency to reduce leaks from the
primary and secondary distribution systems, in Scenario 2, and a set of decentralized measures carried
out by urban households to reduce leaks from domestic infrastructure in about 2.4 million homes,
in Scenarios 3 and 4. The scenario analysis estimates the reduction of water extracted from the aquifer
system due to savings from leak control, and the associated replacement costs with the six systems of
inter-basin transfer.

The results from the scenario analysis indicate that the investments in leak control are cost-effective
with regards to reducing the replacement costs of groundwater extraction. In particular, the best result
is obtained in Scenario 2, in which an investment of US$189 million in leak control produces a cost
reduction of US$1.6 billion, that is: every dollar spent in reducing leaks reduces the replacement cost in
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8.4 dollars; whereas the worst result is obtained in Scenario 3, in which an investment of US$2.1 billion
produces a reduction in replacement costs of US$4 billion: every dollar invested in such a combination
of leak control measures reduces the replacement cost by $1.90.

Our exercise exhibits some limitations that constitute grounds for further research. First, our
results should not be interpreted as computations on the economic value of the forest serving
as recharge zone for the aquifers selected: given that the forest produces a wider portfolio of
environmental services, they constitute—at most—only a portion of such value. Second, the estimated
replacement costs are based only on the financial information of the construction and management of
supply alternatives: they do not include other costs arising from environmental, economic, or social
impacts in regions affected by the inter-basin infrastructure. Third, our estimation provides for
present values for a time horizon of 26 years, which is assumed to include the life cycle of the built
infrastructure before requiring major revisions, but we take the extraction volume as given throughout
the whole period. This is a restrictive assumption provided the recent trends of urbanization observed
in several areas of Central Mexico: if groundwater extraction continues to rise, its replacement cost
can only grow accordingly. Finally, we omit the economic value of external impacts of leak reduction
as reduced discharges to the irrigation districts in Hidalgo State that utilize wastewater as irrigation
water. This research, and its potential derivatives, are aimed at supporting a better understanding
of the hydrologic and socio-economic complexities of Central Mexico to promote more informed
decision-making in the present and near future.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/9/8/571/s1,
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