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EXECUTIVE SUMMARY
This document provides information on the methods, 
data, and assumptions used to create the Natural Infra-
structure for Aquifer Recharge Financial Calculator, a 
flexible financial model that estimates the private costs 
and benefits, including the return on investment (ROI), of 
natural infrastructure interventions designed to enhance 
aquifer recharge. 

This calculator was designed to help water-sector decision-
makers of Nuevo León and the Monterrey Metropolitan 
Water Fund (Fondo de Agua Metropolitano de Monterrey) 
better understand the role that natural infrastructure (also 
called green infrastructure) can play in water security. Its 
flexible design also has the potential to produce similar 
assessments for other territories in the future. 

The calculator can perform several functions: 

 ▪ Communicate to policymakers and water-sector deci-
sion-makers the benefits that natural infrastructure 
can have for aquifer recharge, which is a key element 
of water security. The calculator translates aquifer 
recharge impacts into easy-to-understand financial 
terms to evaluate its related ROI. 

 ▪ Improve natural infrastructure program design. It 
provides an analytical framework to determine the 
ideal type and scale of intervention and to estimate 
the necessary amount of funding to implement differ-
ent natural infrastructure strategies. 
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CONAFOR National Forestry Commission of Mexico 
(Comisión Nacional Forestal)

CONAGUA National Water Commission  
(Comisión Nacional del Agua)

CP conservation and protection 

DOF Diario Oficial de la Federación 

HF hydro forest 

I&E investment and establishment 

IRR internal rate of return 

ROI return on investment 

MIA maximum impact area

MMWF Monterrey Metropolitan Water Fund (Fondo 
de Agua Metropolitano de Monterrey)

NPV net present value 

O&M operation and maintenance 

PES payment for ecosystem services 

RV revegetation  

SADM Water and Drainage Services of Monterrey 
(Servicios de Agua y Drenaje de Monterrey) 

SF surface

SMN National Meteorological Service (Servicio 
Meteorológico Nacional)

TNC The Nature Conservancy 

UG underground

Box 1  |  Abbreviations

 ▪ Identify key data gaps and sources of uncertainty (e.g., 
data, scientific, and behavioral uncertainty) that would 
have an impact over the business case, and which 
should be addressed in the program’s design process. 

The inputs required for the tool’s performance fall into 
three categories: general assumptions, to constrain the 
analysis to a specific case; biophysical assumptions, to 
establish the characteristics of the territory; and economic 
assumptions, to conduct a financial evaluation relevant 
to the prevalent market conditions. The financial results 
given by the tool derive from the valuation of two main 
benefits: avoided costs and profits gained.

This calculator is currently a prototype, as the local data 
required for its validation is not available. For example, 
observed data regarding the impact that natural infra-
structure has on aquifer recharge rates is missing for this 
site, as well as for other places in Mexico. Without this 
site-specific data or reasonable proxy data, we cannot 
affirm the accuracy of the calculator’s estimates and 
related ROI. Due to these data gaps, this prototype should 
mainly be used to demonstrate a process and raise aware-
ness among Monterrey’s water stakeholders about the 
potential role of natural infrastructure; it may also help 
prioritize research efforts to address decision-relevant 
data gaps. It should not be used as a stand-alone tool for 
making investment-related decisions.

To compensate for the uncertainties, the tool provides 
users the flexibility to test a wide range of hypothetical 
scenarios using informed assumptions from local experts. 
The calculator is also able to accommodate customized 
parameters and local data inputs, which can be easily 
updated as new information becomes available. 

A pilot test of the calculator with the best available (but 
still incomplete) data and hypothetical assumptions 
revealed that natural infrastructure only needs to pro-
duce a modest increase in infiltration rates of 2.5 percent 
in order to achieve a positive net present value (NPV). 
Further research is needed to confirm whether natural 
infrastructure can indeed achieve this increase.

Despite ample room to improve the methods and 
assumptions used, we expect the prototype calculator 
to illuminate the numerous arguments for using natural 
infrastructure as a cost-effective option for leveraging 
water resilience and meeting cities’ water security goals. 

INTRODUCTION
The Natural Infrastructure for Aquifer Recharge Finan-
cial Calculator was designed to evaluate the potential 
private costs and benefits of investing in natural infra-
structure for aquifer recharge in the San Juan River Basin 
of Nuevo León, Mexico. In doing so, it provides a way to 
analyze the role natural infrastructure plays in securing 
water in the Monterrey metropolitan area. 

The tool aims to inform the strategy of the Monterrey 
Metropolitan Water Fund (MMWF), a multistakeholder 
program that promotes investment to preserve the upper 
watershed ecosystems and groundwater infiltration areas. 
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The goal is to “guarantee the quality and quantity of the 
water supply for Monterrey, while reducing the risk of 
disaster due to flooding events” (Latin America Water 
Funds Partnership 2017).

The MMWF was established by The Nature Conservancy 
(TNC), the FEMSA Foundation, the National Forestry 
Commission of Mexico (Comisión Nacional Forestal; 
CONAFOR), the state government, and others. It now has 
about 80 partners, including many businesses that oper-
ate locally in Monterrey and donate funds to support the 
work. The fund aims to engage local water beneficiaries to 
participate and coinvest in fund activities.1 These benefi-
ciaries include the following organizations:

 ▪ The state water utility, the Water and Drainage Ser-
vices of Monterrey (Servicios de Agua y Drenaje de 
Monterrey; SADM), which is responsible for operating 
the state’s water distribution system, making it the 
most direct financial beneficiary of successful natural 
infrastructure strategies.

 ▪ The state government of Nuevo León, which oversees 
and shares the political and budgetary responsibilities 
of the water utility and would benefit from having a 
more resilient, efficient, and secure water distribution 
for its population. 

 ▪ The National Water Commission (Comisión Nacional 
del Agua; CONAGUA), the federal entity in charge 
of granting the water-body concessions within the 
country, which would also benefit from lowering the 
budgetary, technical, and political pressures burden-
ing a water system at risk of overexploitation.

 
These entities are already searching for cost-effective 
solutions to maintain groundwater supply into the future 
as well as to increase surface water supply, considering the 
growing gap between supply and demand in Monterrey. 

To engage these beneficiaries in the MMWF, a robust 
business case for investing in natural infrastructure is 
needed. As a hypothetical benchmark, TNC has posited 
that the fund should aim to increase the amount of water 
available for aquifer recharge by 20 percent, which would 
improve groundwater supply and reduce the costs associ-
ated with managing and treating more expensive surface 
water systems. If these benefits could be achieved (either 
partially or fully), the SADM, CONAGUA, and the state 
government all stand to benefit from reduced operation 
costs and improved system resilience.

STUDY AREA
The metropolitan area of Monterrey sources its water 
from the San Juan River Basin. The region’s hot, dry 
climate faces seasonal periods of intense rainfall and 
prolonged dry periods (Sisto et al. 2016). The water sup-
ply system includes three major surface reservoirs (El 
Cuchillo, Cerro Prieto, and La Boca) and four principal 
underground systems (Campo Buenos Aires, Cañón del 
Huajuco, Área Metropolitana de Monterrey, and Campo 
Mina). According to official government data from the 
Diario Oficial de la Federación (DOF), all four of these 
aquifers are overextracted (DOF 2018a). 

Known as “the City of Mountains,” Monterrey is sur-
rounded by tall, green mountains jutting out of an other-
wise flat, dry, and brown landscape (see Figure 1). These 
unique topographic and ecological features greatly impact 
water resources. Part of the Sierra Madre Oriental range, 
these mountains are mostly protected as national parks 
or belong to a legally declared natural protected area 
of federal or state jurisdiction. Cerro de la Silla, Cañón 
del Huajuco, Cerro del Obispo, Cerro del Topo Chico, 
and Cerro de las Mitras are located on territory that 
also includes Cumbres de Monterrey National Park. The 
MMWF considers this a priority area for natural infra-
structure management. 

Figure 1  |   Cerro de la Silla and the  
Monterrey Metropolitan Area

Source: Alejandro Galindo/Flickr



4  |  

Reaching as high as 3,400 meters above sea level, these 
mountainous areas are typically pine-oak and scrub 
forests representative of the Sierra Madre Oriental ecore-
gion. The mountains possess fractures and permeable 
geologic structures that are known to recharge aquifers, 
although these recharge zones are neither well mapped 
nor studied.

Many communities reside in these natural areas and the 
national park. For example, more than half of Cumbres 
de Monterrey National Park legally belongs to ejidos and 
comunidades that manage their lands communally as 
productive pastures for cattle, goats, and subsistence 
agriculture. These communities must follow government 
conservation rules (Clifton et al. 2016). 

Sources: Adapted from Hesselbach et al. 2016 and CONABIO n.d. 

Figure 2  |   Land Use within the MIA of the MMWF’s Intervention Strategy in the San Juan River Watershed

The MMWF has defined a maximum impact area (MIA) 
within the San Juan River Watershed where it focuses 
its natural infrastructure interventions. This is 151,958 
hectares (ha) of territory that covers part of the Santa 
Catarina River catchment area. Hesselbach et al. (2016) 
point out that at least 60 percent of the water that goes to 
the Monterrey metropolitan area comes from this terri-
tory. In alignment with the MMWF’s efforts, this research 
adopted the MMWF’s MIA as the core territory for its 
target area and pilot analysis. 

Officially classified land covers within the San Juan River 
Basin are shrubland or scrubland (50 percent), agriculture 
(16 percent), forest (primary and secondary forest types, 
15 percent), and pasture (14 percent) (CONABIO n.d.), 
whereas the MIA is primarily composed of forestland and 
scrubland in the mountains (see Figure 2).
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Remote sensing data and national databases show that, 
for the most part, these areas are in good ecological health 
and conservation status. However, local stakeholders and 
experts cite encroachment, fires, invasive species, pests, 
and climate variability as drivers of ecosystem degrada-
tion. Hesselbach et al. (2016) also point to soil erosion 
as a major threat, and report that at least 53 percent of 
the MIA has either high or very high levels of erosion. 
Stakeholders suggest further conservation actions could 
boost ecosystem health and resilience, whereas TNC has 
identified degraded areas within their MIA that could be 
restored.

It is still unknown how the conservation and forest 
restoration agendas could impact groundwater supply, but 
these groups believe the impact could be positive. Their 
main arguments relate to the notion that improving veg-
etation conditions and soil health could reduce the peak 
runoff and enhance the land’s ability to retain water and 
promote greater infiltration.

CALCULATOR OVERVIEW
To support the MMWF’s strategic planning and selection 
of interventions, WRI has produced a flexible tool—the 
Natural Infrastructure for Aquifer Recharge Financial 
Calculator—to evaluate the potential financial perfor-
mance of the fund’s natural infrastructure intervention 
strategies. This calculator draws on the Green Gray 
Assessment methodological framework developed by WRI 
(Gray et al. forthcoming).

A variety of calculators, guides, and models already 
exist for evaluating sustainable and cost-effective water 
resource management solutions in the face of increasing 
water risks worldwide.2 Unlike other tools, however, the 
Natural Infrastructure for Aquifer Recharge Financial 
Calculator translates the impacts of natural infrastructure 
interventions on groundwater supply into critical financial 
performance metrics for water supply system actors, such 
as ROI and net present value (NPV). The tool’s strengths 

lie in its scenario-planning capabilities. Rather than only 
providing a financial analysis for a fixed set of data, this 
tool can model various hypothetical scenarios and easily 
assimilate new or better data as it becomes available. This 
calculator can be used in tandem with some of these other 
tools to characterize in greater detail the various environ-
mental, political, and economic implications of different 
natural infrastructure strategies. 

The current prototype version estimates two main sources 
of direct benefits. It focuses on monetizing the avoided 
costs of supplying water from alternative existing sources 
(surface reservoirs and dams) and the potential profit 
gains that the water utility may capture as a result of the 
additional water in situ, available for market distribution.  

Other direct benefits of aquifer recharge that are not 
currently considered in the tool but might apply to other 
contexts include avoided costs of installing new infra-
structure, avoided costs associated with groundwater 
overexploitation (e.g., the costs of subsidence, saltwater 
intrusion, or the decommissioning of an aquifer), avoided 
costs of water transfers from distant watersheds, and 
avoided costs related to drought or meeting emergency 
supply, among others. These additional benefits, as well 
as those related to other natural infrastructure environ-
mental services, could be incorporated in the future if the 
relevant information is available.

The Natural Infrastructure for Aquifer Recharge Finan-
cial Calculator is an Excel-based tool built over 10 
interconnected tabs (see Figure 3). It combines fixed and 
variable inputs. 

Across the tool, users can only adjust the values on cells 
marked in yellow. Each of the adjustable cells relates to an 
input or assumption that sets boundaries of the scenario 
being evaluated (see Table 1). All other cells pertain to 
either fixed assumptions, automated calculations, or 
results. 
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The required inputs for the tool’s performance are dis-
cussed in three sections in this document:

 ▪ General assumptions, which refer to elements that 
constrain the analysis to a specific case. They include 
concepts like the time horizon, discount rate, and 
green infrastructure implementation sequencing 
plan. These general assumptions will be an input to 
the Control Dashboard tab and will have a direct or 
indirect effect on all the other tabs. 

Source: WRI.

Figure 3  |   The Calculator’s General Outline: Tab Interconnections

 ▪ Biophysical assumptions, which pertain to the as-
sumed characteristics of the territory, including 
climatic and biological conditions. Concepts like pre-
cipitation and infiltration rates, the growth speed of 
vegetative species, and the timeline to accrue infiltra-
tion benefits all belong to this category. The majority 
of these assumptions would be entered either into the 
Control Dashboard or the Forest Maturity Input tab. 
Their impact and results are automatically computed 
on the Revegetation (RV), Hydro Forest (HF) Manage-
ment, and Conservation and Protection (CP) Output 
tabs and then automatically transferred to the Cash-
flow tab.
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Source: WRI.

Table 1  |   The Calculator’s Adjustable Assumptions (Dynamic Inputs) 

GENERAL ASSUMPTIONS TOLL TAB CELL 

Discount rate (%) CTRL Dashboard B7

Target area (ha) CTRL Dashboard B8

Sequencing (yrs) CTRL Dashboard B9

Investment portfolios—RV CTRL Dashboard F6

Investment portfolios—HF management CTRL Dashboard F7

Investment portfolios—CP CTRL Dashboard F8

BIOPHYSICAL ASSUMPTIONS TOLL TAB CELL 

Infiltration baseline and kept through CP CTRL Dashboard B10

Precipitation (mm) CTRL Dashboard B11

Infiltration gained by RV CTRL Dashboard L6

Infiltration gained by HF management CTRL Dashboard L7

RV forest maturity model 2.0 ForestMat Input B6, B7, B9

HF management forest maturity model 2.0 ForestMat Input C6

CP forest maturity model 2.0 ForestMat Input D6, D7, D9

Year of max benefits for RV strategies 2.0 ForestMat Input B8

Year of max benefits for HF management strategies 2.0 ForestMat Input C8

Year of max benefits for CP strategies 2.0 ForestMat Input D8

ECONOMIC ASSUMPTIONS  TOLL TAB CELL 

Natural infrastructure costs—RV cost per hectare ($/ha) 
1.0 Costs Input C6:K13

CTRL Dashboard (for cost sensitivity analysis) H6:I6

Natural infrastructure costs—HF cost per hectare ($/ha)
1.0 Costs Input C18:K25

CTRL Dashboard (for cost sensitivity analysis) H7:I7

Natural infrastructure costs—CP cost per hectare ($/ha)
1.0 Costs Input C30:K37

CTRL Dashboard (for cost sensitivity analysis) H8:I8

Natural infrastructure opportunity cost 1.0 Costs Input C44:K46

Natural infrastructure transaction costs 1.0 Costs Input C51:K53

Water from underground sources—cost of provision 3.0 BenefitsMonetiz Input C8:C19 or C22

Water from surface sources—cost of provision 3.0 BenefitsMonetiz Input D8:D19 or D22

Water provision—cost increase per year 3.0 BenefitsMonetiz Input D26

Domestic water consumption and market structure 3.0 BenefitsMonetiz Input A31:D31

Public water consumption and market structure 3.0 BenefitsMonetiz Input A32:D32

Commercial water consumption and market structure 3.0 BenefitsMonetiz Input A33:D33

Industrial water consumption and market structure 3.0 BenefitsMonetiz Input A34:D34
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 ▪ Economic assumptions, which establish the custom-
ized cost and benefit conditions for the financial 
analysis, include:

 □ Natural infrastructure cost assumptions, which 
refer to the local costs to be incurred to imple-
ment the natural infrastructure strategies. These 
are required on the Costs Input tab, and their 
consequent results are automatically computed 
on the Costs Output tab and transferred to the 
Cashflow tab.

 □ Water benefit assumptions, which refer to market 
assumptions to monetize the water benefits ob-
tained through interventions. These assumptions 
would be inserted on the Benefits Input tab and 
computed on the Benefits Output and Cashflow 
tabs. 

We expect users to make changes mainly to the general 
analysis assumptions (Control Dashboard) and the 
customizable financial data (Costs Input and Benefit Input 
tabs). However, most of the inputs associated with the 
biophysical assumptions and models can also be changed 
(Forest Maturity Input tab).

CALCULATOR COMPONENTS, METHODS, 
AND ASSUMPTIONS
General Assumptions
This section describes the contextual variables for the 
evaluation. It outlines the foundational assumptions that 
confine the study to the territory and aspects of interest, 
such as the target area, time horizon, and restoration 
types, among others (see Figure 4).

All general assumptions are entered into the Control 
Dashboard tab, which connects user inputs to all other 
processing tabs and computes the financial impacts of the 
established scenario. As the main user interface, the Con-
trol Dashboard will also display the most strategic results 
from the financial analysis. These assumptions and inputs 
would ideally be defined by project stakeholders and local 
research. 

Land use 
(Fixed assumption, cannot be manipulated by the user)

Our study assumes that land use remains constant into 
the future, which means the target area will not change 
over time. Land cover data from Hansen et al. (2103) 
shows that this area has not experienced significant land 
use change in recent years. There are no known studies 
projecting future land cover in this region. 

Figure 4  |  General Assumption Variables in the Calculator

Note: Included values are hypothetical references. 
Source: WRI. 
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Time horizon 
(Fixed assumption, cannot be manipulated by the user)

Time horizon defines the amount of time in which costs 
and benefits will be accounted.  The time horizon for this 
financial model is 30 years, which is what public sector 
decision-makers in Mexico use. This assumption aligns 
with guidance from the DOF (2013), Meixuerio Garmen-
dia et al. (2017), and Hernández Pérez et al. (2015).

Discount rate
(Dynamic input, cell B7 on the Control Dashboard tab)

The discount rate is used to determine the present value 
of future cashflows and to reflect the cost of financing the 
project. The selection of the discount rate largely depends 
on whether the project is evaluated from a private or 
social perspective, and on the cost of the capital granted 
by financing institutions. The lower the discount rate, the 
higher the chances of getting a favorable result.  However, 
the discount rate selection must always be a direct reflec-
tion of the financial reality in the territory where the 
project is evaluated, considering the risk of the investment 
and the cost of capital granted by financiers. For the Mon-
terrey case study, it could be between 6 and 22 percent, 
depending on the source of funding (see Table 2).

A conservative 10 percent rate shall be used for any public 
investment analysis, as recommended by DOF (2013). 

Table 2  |  Discount Rate Reference Guide

SOURCE DISCOUNT RATE

Conservative (low-end) rate. Equivalent to the interest rate extended by the Infrastructure and Public Services National Bank (Banco 
Nacional de Obras y Servicios Públicos; BANOBRAS) on strategic public investment credit loans, also aligned with the current interbank 
equilibrium rate from the Mexican national bank (Banco de México; BANXICO).

6–8%

Discount rate recommended by the Mexican Ministry of Finance (Secretaría de Hacienda y Crédito Público; SHCP) for social cost-
benefit investment analyses. 10%

Discount rate recommended by Inter-American Development Bank (IDB) on Latin American cases. 12%

Cost of capital for private investments in Mexico. Conservative scenario, may vary according to specific conditions such as risk and 
guarantees related to the investor and the project. 18–22% or more 

Sources: Banco de México 2018; DOF 2013; Meixueiro Garmendia et al. 2017; Campos et al. 2015.

Target area 
(Dynamic input, cell B8 on the Control Dashboard tab)

This represents the total area (in ha) where the natural 
infrastructure strategy would be implemented. It is a vari-
able input so that users can compare the results of differ-
ent intervention scales. For our case study and financial 
pilot, we selected a target area of 29,172 ha. This territory 
presents adequate conditions for aquifer recharge (due 
to its topography and geologic features such as perme-
able soils and fractured bedrock) and is a prime area for 
forest conservation, management, or restoration strate-
gies (based on Hesselbach et al. 2016 and 2018).3 Figure 
5 shows the areas where the potential recharge zones 
overlap with the MMWF’s potential intervention strate-
gies zones.

Sequencing of the natural infrastructure  
implementation plan 
(Dynamic input, cell B9 on the Control Dashboard tab)  

Because natural infrastructure interventions could be 
implemented within one year or over several, the tool lets 
users select the timeline. The sequencing plan specifies 
how many years are needed to implement the natural 
infrastructure intervention plan. This value should align 
with the implementers’ financial, technical, and opera-
tional capacity to roll out the intervention strategies over 
time. It will help represent the progression of expenses 
over the cashflow. All interventions will be tied to the 
same sequencing plan selected by the user. We assume 
that the interventions will be conducted at a constant rate 
over the duration of the selected time frame (e.g., on a 
targeted area of 1,000 ha with a 10-year sequencing, 100 
ha will be implemented per year).
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Natural infrastructure investment portfolios 
(Dynamic inputs, cells E6:F8 on the Control Dashboard 
tab)

The natural infrastructure investment portfolios are 
bundles of potential natural infrastructure interven-
tions designed to target specific land cover conditions to 
enhance hydrologic functions. The portfolios highlighted 
in this tool are adapted from the MMWF’s Conservation 
Plan4 and were selected on the basis of their relevance 
to current land cover and condition as well as cost-data 
availability.

Figure 5  |  Natural Infrastructure Target Area Defined for the Calculator Pilot Analysis

Source: Hesselbach et al. 2016; Hesselbach et al. 2018; CONABIO n.d. 

 ▪ Revegetation (RV): Treeless or degraded hectares 
that could be restored to forest. In our target area, 
the hectares that could be revegetated would most 
likely require tree or shrub planting. This intervention 
requires high up-front costs and takes several years 
to accrue benefits. Typically, more mature forests 
provide more ecosystem services than young forests. 
This is the case with aquifer recharge, where younger 
forests typically use more water than they recharge, 
and older forests have lower evapotranspiration rates.  
 
Suggested inputs to the calculator for Monterrey: Be-
tween 0 and 1 percent from the 29,172 ha target area 
(those that hold potential for revegetation, are cur-
rently under agriculture, or are pasture or bare land).
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 ▪ Hydro forest (HF) management: Forest areas 
that could be improved through hydroecological res-
toration practices such as clearing, pruning, thinning, 
and erosion control. The benefits of this improved 
management accrue immediately. Although these 
practices may not increase the forest’s recharge capac-
ity per se, they do reduce evapotranspiration.  
 
Suggested inputs to the calculator for Monterrey: Be-
tween 0 and 42 percent from the 29,172 ha target area 
(which represents Monterrey’s forest and vegetated 
areas in poor or fair condition and thus suitable for 
this type of intervention).5  

 ▪ Conservation and protection (CP) of existing 
vegetative cover: Healthy forest hectares in need 
of additional protection. Forests can be protected 

through fencing or by making agreements with com-
munities to restrict their activity to compatible uses. 
The benefits of conservation begin to accrue instantly 
and must be measured by avoided costs of inaction.6  
 
Suggested inputs to the calculator for Monterrey: 
Between 0 and 57 percent from the 29,172 ha target 
area (related to hectares of forest in good condition, 
according to MMWF Conservation Plan maps provid-
ed by TNC). To maximize aquifer recharge benefits in 
this territory, conservation of existing vegetative cover 
should target scrub and oak forests. 

Box 2 provides a series of recommendations and rationale 
to select the investment portfolio for the Monterrey case. 

Box 2  |  Selecting a Green Infrastructure Investment Portfolio for Aquifer Recharge in Monterrey

Designing natural infrastructure interventions 
requires careful consideration of biophysical 
relationships and thresholds and on-the-ground 
realities. 

Although some studies have shown that healthy 
forests can help improve aquifer recharge, 
contrary to conventional wisdom, a forest in 
good biological condition may or may not be 
compatible with aquifer recharge goals (see Box 
3). Many studies have also found the converse 
to be true. The mixed results of scientific studies 
suggest that using forests to achieve aquifer 
recharge goals must be carefully planned and 
informed by the best available science. A paucity 
of local studies about these links in the Monter-
rey region presents challenges to selecting the 
right mix of green infrastructure to achieve water 
management objectives.

Based on the best available literature to date, to 
achieve optimal aquifer recharge in Monterrey’s 
dry, hot climate, a natural infrastructure strategy 
must include these objectives:

 ▪ Target high impact areas: Areas that 
provide greater impact in terms of aquifer 
recharge should be targeted for restoration 
or conservation. Even if a large area is avail-
able for forest restoration, an optimal aquifer 
recharge may be achieved by restoring only 
a portion of that area.

 ▪ Aim for intermediate tree cover density: 
Planting trees at low to moderate density 
allows sufficient groundwater percolation 
while controlling evapotranspiration rates.a 
Under this principle, forests are able to grow 
and communities can continue cultivation 
activities, making it compatible with rural 
food security and economic opportunities. 
Due to a lack of local studies on this topic, 
the optimal tree cover density to promote 
groundwater infiltration in this region is 
unknown. The calculator’s default settings 
optimistically assume that the correct 
density is applied. 

 ▪ Identify the optimal tree species for 
the region: Elevation, climate, and other 
biophysical elements impact the recharge 
rates for a given species. For example, conifer 
trees can have lower recharge rates than 
deciduous trees in hot, dry climates due to 
their higher evapotranspiration rates. How-
ever, at high elevations, some conifer species 
capture fog and deliver it to the ground, gen-
erating water supply that would otherwise 
remain in the atmosphere. In Monterrey’s hot, 
arid climate, deciduous trees likely have the 
higher recharge rate, though no local studies 
are available to corroborate this.

 ▪ Utilize improved forest management 
practices (hydro forest management 
strategies): These practices include pruning 

and thinning vegetation to control evapo-
transpiration rates, or erosion control and fire 
control practices to maintain healthy soil and 
reduce runoff in appropriate areas.b In addi-
tion, wood collected from thinning and prun-
ing can have a positive financial impact on 
communities in need of building materials or 
firewood. Exceptions are that forest thinning 
on steep slopes could increase runoff and 
reduce slope stability. Evapotranspiration can 
lead to more moisture in the atmosphere and 
more rainfall in nearby areas—so manage-
ment practices to control evapotranspiration 
may be less suitable if a broader scope of 
assessment is adopted. 

For these reasons, one interpretation of the 
literature would be that assisted forest restora-
tion (revegetation or hydro forest management) 
could best enhance aquifer recharge for this 
biome and climate, where the density, species, 
and location of forests can be controlled better 
than through natural regeneration or by conserv-
ing existing forest.

As additional research linking forests to aquifer 
recharge becomes available in the future, it will be 
easier to design interventions. Ideally, users will have 
designed a green infrastructure portfolio using a 
biophysical model and by working with local experts 
and stakeholders prior to using this tool. 

Notes: a. Ilstedt et al. 2016; b. Smith et al. 1997.
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Biophysical Assumptions 
This analysis assumes that a change in the study area’s 
land cover condition and management (through natural 
infrastructure interventions) impacts the volume of the 
underground water supply. This section provides guid-
ance and recommendations for selecting values related to 
aquifer recharge and the other biophysical variables.
A number of variables related to forest condition and type 
can impact aquifer recharge rates, including forest age 
and maturity, tree species, and tree density and spacing. 
The impact these variables have on aquifer recharge is 
not well understood globally and is not well researched 
locally, at our study site or similar sites. Due to these 
important data gaps, our calculation aims to be flexible, 
customizable, and comprehensible, rather than detailed. 
The calculator’s purpose is not to output a single predic-
tive value to represent the impact of land cover change on 
groundwater availability; rather it is to identify a possible 
range of impacts by characterizing some probable linkages 
among precipitation, forest cover, and aquifer recharge on 
the basis of the best available data. 

Precipitation 
(Dynamic input, cell B11 on the Control Dashboard tab)

Precipitation levels directly impact the amount of ground-
water recharge, because a portion of the water from pre-
cipitation ultimately makes its way to underground water 
reserves. On the basis of consultation with experts in 
watershed science and hydrology, the tool applies a yearly 
average precipitation volume7 (in mm) to the entire testing 
area.8,9 This value is held constant over time during the 
analysis, although users can change it to simulate higher 
or lower rainfall averages. 

Consulted literature about the case study region (the 
Monterrey metropolitan area) reported average annual 
precipitations of 616 mm and 622 mm (Sisto et al. 2016; 
Aguilar-Barajas et al. 2015) These sources also reported 
inter-annual variability and prolonged periods of water 
scarcity. Observed data was available from two sources: 
the MMWF (2001–2015), and the National Meteorologi-
cal Service (SMN) (1957–2016). Annualizing these data 
sets and organizing them into frequency charts produced 
an average of 636 mm/year, with standard deviations of 
+/- 216 mm/year. It is important to understand the limita-
tions when using average rainfall in a territory like Nuevo 
León, which is prone to cyclonic activities and has pro-
nounced seasonal and inter-annual variability. The most 

important limitations are described later in this docu-
ment. We strongly recommend users to become familiar 
with these limitations to ensure they correctly interpret 
the calculator’s results. 

Forest maturity and ecosystem services  
dynamics over time
(Dynamic variables, tab 2.0 Forest Maturity Input, 
yellow cells on B6:D9, underlying calculations on tabs 
2.1, 2.2, 2.3)

Forest type, condition, density, maturity, and other 
features can impact the portion of rainwater that ulti-
mately infiltrates groundwater systems. Of these, forest 
maturity has a particularly unique and powerful impact 
on infiltration and is an important factor for all natural 
infrastructure interventions. Generally, studies show 
that younger forests consume more water as they grow, 
which can reduce infiltration rates; in turn, older forests 
are more likely to have a positive impact on water infil-
tration because they consume less water, provide shade 
that inhibits evapotranspiration, and have deep, complex 
root systems that can slow water runoff and promote soil 
absorption.

It is important to account for these trends over time when 
analyzing the benefits of forest restoration and conserva-
tion, especially when conducting a financial analysis. Rev-
enues derived from aquifer recharge may not be immedi-
ate and may change over time through the cashflow.

This calculator roughly assumes that the level of aquifer 
recharge services correlates to the rate of forest recovery 
and that forests provide their maximum possible aquifer 
recharge services when they reach full maturity (poten-
tially after 30–40 years of growth, adapted from find-
ings from Poorter et al. 2016). Prior to maturity, forests 
provide only a portion of maximum potential aquifer 
recharge. No study has estimated the flux of aquifer 
recharge rates in a restored natural forest over a 30-year 
period for the forests in this study area. Still, forest recov-
ery rates have been observed for the neotropics and other 
nearby regions. 

Given the lack of specific data to precisely determine the 
benefit progression of the interventions, our model uses 
a transformation of a logistic curve to characterize the 
groundwater infiltration rates over time. This mathemati-
cal function is commonly known as an S-shaped curve 
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and is used to represent growth models with increasing 
and then decreasing rates of growth in an established 
time horizon. The formula used is defined by the equation 
Xi (t).

Where

Xi(t) Rate of benefit accrual from the intervention (i) 
for each time period (t)

Mini Minimum value of benefits that intervention i 
could provide (%)

Ki Maximum percentage of benefits that the inter-
vention  can produce (curve range of the interven-
tion i)

bi−ri Rate of change of the intervention i, where r and 
b define the curve’s slope and its amplitude of 
growth. In our model, this results from the com-
bination of the following two parameters: 
(bi) The year when the maximum benefits of the 
intervention i are met 
(ri)  The moments when the marginal rate of 
benefits of intervention  start to (1) increase and 
(2) decrease 

t Time in years, where (for our analysis, m is lim-
ited to the 30 years of the time horizon)

i The intervention  (revegetation, hydroforest, and 
conservation and protection)

This function allows for additional parametric adjust-
ments to characterize different benefit progression curves. 
Specifically, users can manipulate the following four 
simplified parameters on tab 2.0 Forest Maturity Input to 
change the shape of the S-curve:

 ▪ The maximum percentage of benefits that the 
action can produce (cells B6:D6). We recommend 
this be kept at 100 percent, which means achieving 
the maximum intended benefits by the time this limit 
is met. 

 ▪ The minimum percentage of benefits that 
the action can produce (cells B7:D7). We recom-
mend this be kept at 0 percent unless there is reason 
to believe a different minimum value would better 
represent reality. Zero percent means achieving “no 
benefits” by the time this limit is met. 

 ▪ The year when maximum benefits are 
achieved (cells B8:D8). We recommend keeping this 
value between 30 and 40 years, unless there is expert 
advice or literature that suggests the maximum matu-
rity and maximum benefits (100 percent) are achieved 
at a different year.10

 ▪ The inflection points for commencement and 
conclusion of benefits (cells B9,D9). This func-
tionality allows the user to test different years when 
the rate of benefits start to become apparent (initial 
years) and start to disappear (final years). This is not 
an accurate value like the years of maximum benefits. 
Instead, it is an intuitive range of years that can be 
adjusted by a dynamic scroll, which tests different 
“b values” that automatically adjust the slope of the 
curve (r) while not affecting the maximum year of 
benefits (also related to the slope).

As a result of these customizations, the benefits of each 
intervention are shaped by a different benefits progres-
sion curve,11 one that properly represents the lag time 
required to accrue the intervention’s benefits, as presented 
in Figure 6. 

A. REVEGETATION, FOREST MATURITY AND  
BENEFIT PROGRESSION MODEL
Benefits derived from revegetation strategies are assumed 
to follow a traditional logistic curve. The S-curve pattern 
describes the expected progression of potential aquifer 
recharge associated with forest growth. During the first 
years, the young trees and forests may consume more 
water than they allow for infiltration. Once a certain 
maturity level is reached, the forest will require less water 
for growth and promote less evapotranspiration (dis-
played graphically by an inflection point in the S-curve). 
The exact year of this occurrence will vary by region and 
species. In our model, this situation translates into a 
benefit behavior change, going from a more accelerated 
accrual of benefits to slower accrual, until it reaches its 
maximum potential of benefits at full maturity (curve A in 
Figure 6 ).

Xi(t) = Mini + 
Ki

1 + ebi−rit

EQUATION 1
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Suggested time frame for revegetation benefits to 
accrue in the Monterrey case: Impacts increase to 
100 percent in 30 to 45 years, once the trees have grown 
and the forest structure has fully matured.
 
B. HYDRO FOREST MANAGEMENT, FOREST MATURITY AND BENEFIT 
PROGRESSION MODEL
Under the HF portfolio, benefits are assumed to follow a 
horizontal line trend. We expect recharge benefits from 
reduced evapotranspiration and improved infiltration 
to be fully realized immediately after the HF interven-
tion is completed. Assuming that the interventions are 
maintained throughout the 30-year period, benefits are 
expected to remain constant. To represent this dynamic, 
we relied on the transformation of the logistic function, 
with a slope of 0 to represent a flat line with a constant 
state through the time horizon (curve B in Figure 6).12

Suggested time frame for HF management ben-
efits to accrue in the Monterrey case: 100 percent of 
impacts are reached in year one and remain constant over 
time. 

C. CONSERVATION AND PROTECTION, FOREST MATURITY AND BENEFIT 
PROGRESSION MODEL
Two benefit trends are possible under the CP portfolio.13 
In the first trend, we assume that the progression of ben-
efits can be represented using a horizontal line because 
the interventions maintain a consistent recharge rate over 
time (curve C1 in Figure 6). Here, we assume the impacts 
of avoided deforestation are immediate because defor-
estation would cause an immediate shift from one land 
cover to another. If the baseline land cover is providing 
a service, that service would be immediately lost follow-
ing conversion. We assume conservation is successful at 
maintaining a healthy forest, and therefore the benefits 
persist as a constant into the future. In the second trend, 
we assume there are reasons to believe that conserva-
tion and natural regeneration could potentially lead to a 
decrease in aquifer recharge (see Box 3 for information on 
and examples of this occurrence). Here, the transformed 
S-curve is used to represent a decrease in benefits over 
time (curve C2 in Figure 6). 

Figure 6  |  Benefit Progression Characterization Curves (Forest Maturity Time Lag Representation)

Note: For illustrative purposes, not based on observed data for the region.
Source: WRI.
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Suggested time frame for conservation benefits to 
accrue in the Monterrey case: 100 percent of impacts 
are immediate (start in year one) and endure throughout 
the 30-year time horizon. 

Estimated aquifer recharge—infiltration rates obtained 
per intervention
(Dynamic inputs, cells L6:L8 on the Control Dashboard 
tab; underlying calculations in tab 2.3)

The exact rates of current groundwater infiltration are 
unknown in the study area. Cedillo de Lucas (2012) 
estimates an infiltration coefficient of 17 percent and an 
82 percent conversion into runoff in the Santa Catarina 
Basin, which includes our study area. However, this coef-
ficient must be used with caution in our pilot analysis. 
Infiltration coefficients depend on several variables and 
the specific conditions under which they were calculated. 
Thus, they can vary significantly across the territory. 
Further details about this and other limitations associated 
with the methods utilized in the tool for infiltration rates 
are discussed in the limitations section of this document. 
We highly recommend that users familiarize themselves 
with these limitations to ensure they accurately interpret 
the calculator’s results. 

In any case, the intervention strategies aim to enhance 
this baseline rate or, at the very least, maintain it over 
time. Each intervention will relate to different recharge 
impacts (in terms of rate changes relative to the baseline). 
The user can create scenarios for those impacts using the 
following parameters as referential examples:

 ▪ Aquifer recharge, impacts of revegetation: 
While no data exist for this study site, we can draw 
on literature from similar areas to determine that 
the impact of reforestation on aquifer recharge could 
fall between -10 percent and +10 percent, depending 
on the forest type and density. Whereas low-density 
native deciduous vegetation is likely to have a posi-
tive impact, high-density coniferous vegetation and 
non-native species are likely to have high evapotrans-
piration rates and therefore negatively impact aquifer 
recharge. 

 ▪ Aquifer recharge, impacts of HF management 
(clearing, thinning, and pruning): While no data 
exist for this study site, one could imagine a 0 to 5 
percent improvement in aquifer recharge in this area. 

 ▪ Aquifer recharge, impacts of conservation 
and protection: While no data exist for this study 
site, we can draw on literature from similar areas to 
determine that the impact of conservation on aquifer 
recharge could be between -10 percent and +10 per-
cent, assuming conserved areas are in good condition 
and avoid deforestation. 

The above parameters are assumptions and should not 
be interpreted as validated ranges. They conservatively 
represent the order of magnitude of potential benefits 
assumed for this region on the basis of literature reviewed 
(see sources in Box 3) and corroborated by expert 
opinion.14,15 Values may vary by territory depending on 
forest type, density, and other biophysical characteristics. 
Although this calculator uses them as referential param-
eters, we recommend users validate and refine them with 
local research. No local studies were available to help 
better approximate this important reference during our 
research.

Biophysical assumptions, underlying calculations
The biophysical parameters (precipitation, forest 
maturity, benefit curves, and aquifer recharge impacts) 
must be translated into volume of water made available. 

The total yearly maximum aquifer recharge is a function 
of the restored area per year, the age of the forest, the 
percentage of the maximum aquifer recharge per type 
of intervention per year, and the yearly precipitation per 
ha. To estimate the annual amount of water recharged 
to aquifers, we built a matrix function, as presented in 
Equation 2:

Where

GIy Groundwater infiltration due to restoration placed 
in the year y 

ai,j Area restored (ha) in the sequencing year  
i =1, . . . ,n and with age j = 1, . . . ,m

ai,j* Area restored (ha) 

X(t)j Benefit rate (%) of the intervention with age j 

GIy = × IR × P ×
a1,1 X(t)1

m×1n×m
X(t)m

...
an,1

...
0

...
ai,j*

0

an,m

0

EQUATION 2
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resultant from Equation 1

IR Infiltration rate (%) established at the end of m 
years

P Precipitation yearly average (m3/ha)16 

The results from the biophysical assumptions and meth-
ods are computed by the application of Equation 1 and 
2 described earlier. Those results are displayed on the 
2.0 Forest Maturity Input tab over cells A21:AE36 as the 
total volume of water gained because of natural infra-
structure interventions (A36:AE36). Water gained is then 
transformed into monetary terms, which will be further 
explained in the next section.  

Box 3  |  Using Literature to Link Natural Infrastructure Interventions to Aquifer Recharge Potential in Monterrey 

Although no local data exist to directly inform 
the biophysical inputs of this calculator, several 
global meta-analyses, as well as relevant studies 
conducted at sites that also have dry, subtropical 
seasonal climates and mountain areas, help to 
inform the calculator’s defaults. Findings from 
these studies may differ from our study site on 
the basis of geographic, climatic, topographic, 
hydrologic, biotic, and management factors, 
but are still useful because they help explain 
relevant processes.

Global studies
The global scientific information regarding 
the impacts of forest loss and gain on aquifer 
recharge show unclear results and highlight the 
need for more research. For example, Filoso et 
al. found that, among 15 relevant studies from 
around the world, 67 percent concluded that 
reforestation reduced groundwater supply, and 
33 percent found that reforestation increased 
groundwater supply.a 

Therefore, it is more useful to look at specific 
intervention factors when linking restoration to 
recharge. Owuor et al. reviewed 27 studies in 
semiarid environments and found that restoring 
bare land decreases groundwater recharge 
by 6 to 42 percent.b Although tree cover has a 
beneficial effect on soil infiltrability,c trees have 
a higher evapotranspiration rate than other 
land covers. Ellison et al. point out that tree 

cover loss from agriculture or pastures leads 
to an impoverished soil structure, which in turn 
reduces groundwater infiltration. Some studies 
have shown that agroforestry systems with low 
tree density have higher infiltration capacity 
than nonforest areas or forestland.d

Relevant studies from Nuevo León, Mexico
Maqueda et al. applied the Soil and Water 
Assessment Tool (SWAT) model to the San Juan 
watershed in Nuevo León, covering our study 
area. The model estimated that on average, 40 
percent of water flow was base flow, and 60 
percent was surface runoff. They also found that 
a 20 percent increase in the urban area of Cañón 
del Huajuco caused an 18 percent increase in 
surface runoff, indicating a lower base flow and 
higher risk of flood. Forested mountain regions 
showed a high percolation capacity.e

Návar studied northeastern pine-oak forests in 
the Sierra Madre Oriental, the same climate and 
ecoregion as our study site. Návar found that 
areas influenced by stem flow (e.g., forest areas) 
receive two to seven times more water than 
open soils; however, some of this water will be 
used by trees, and some will evaporate from the 
soil. Even so, stem flow along deep root systems 
can be a source of groundwater recharge by 
promoting water flow pathways through soil and 
bedrock.f

Studies from similar sites outside  
this study area
Studies from outside our study site that share 
relatively similar climatic and topographic 
characteristics also provide useful insights. 
Though from another Mexican biome, López 
Báez et al. and Castro Mendoza et al. found that 
in a forested biosphere in Chiapas, 24 percent 
of water infiltrates into the groundwater and 
subsoil system, providing an infiltration capacity 
two and a half times higher than areas outside 
the biosphere that were otherwise similar.g,h

 
In India’s Western Ghats, Krishnaswamy et al. 
estimated that 50–61 percent of water on native 
forest plots is recharged. Native evergreen 
forests recharged 4–6 percent more water than 
degraded savanna forests, depending on the 
location, and significantly more than nonnative 
plantation.i In northern Ethiopia, Descheemaeker 
et al. concluded that increased vegetation (i.e., 
conversion of pasture to forest) on hillsides cre-
ated source-sink systems that increased deep 
percolation tenfold.j

Note: a. Filoso et al. 2017; b. Owuor et al. 2016; c. Ilstedt 
et al. 2007; d. Ellison et al. 2017; e. Maqueda et al. 2008; f. 
Návar 2011; g. López Báez et al. 2014; h. Castro Mendoza 
et al. 2016; i. Krishnaswamy et al. 2013; j. Descheemaeker 
et al. 2009. 

Economic Assumptions
This section provides information about the economic 
assumptions and methods used to quantify the total costs 
of implementing the natural infrastructure portfolios, 
as well as the economic benefits from the water gained 
through the interventions.  

The three cost categories considered here are natural 
infrastructure implementation and operation and main-
tenance (O&M) costs, opportunity costs, and transaction 
costs. Further details about these cost categories and how 
to integrate them can be found in Gray et al. (forthcom-
ing). The benefits accounted for include avoided costs 
from alternative sources and profit gains from additional 
water sales. 

https://www.researchgate.net/publication/248882489_Changes_in_water_flows_and_water_productivity_upon_vegetation_regeneration_on_degraded_hillslopes_in_northern_Ethiopia_A_water_balance_modelling_exercise
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Natural infrastructure costs 
(Dynamic inputs, 1.0 Costs Input tab, cells A1:K38) 

Tab 1.0 Costs Output corresponds to the capital invest-
ments and natural infrastructure  establishment costs, as 
well as to the O&M costs that must be incurred through 
the time horizon. These costs are classified as follows:

 ▪ Costs associated with revegetation (cells A4:K14 
of the 1.0 Costs Input tab): Labor (planting costs), 
technical assistance, per diem expenses, and input 
materials and expenses (e.g., either the cost of seeds, 
seedlings, and nurseries or grown plant acquisition 
and transportation). 

 ▪ Costs associated with hydro forest manage-
ment (cells A16:K26 of the 1.0 Costs Input tab): La-
bor, per diem expenses, and input materials required 
for clearing, thinning, and pruning activities. 

 ▪ Costs associated with conserving and protect-
ing existing forest (cells A28:K38 of the 1.0 Costs 
Input tab): Labor, per diem expenses, and surveillance 
and required materials to protect the territory and 
promote its natural generation (e.g., materials needed 
to establish protective fences and signs).

The costs of restoring or conserving a habitat depend on 
many variables, such as the type of habitat, the severity 
of degradation, the characteristics of the terrain, and 
the extent of restoration or conservation intended (King 
and Bohlen 1995). Specific studies to define site- and 
ecosystem-specific costs may be needed if accurate values 
are expected (FAO and GM 2015). International sources 
confirmed the pronounced cost variability, ranging 
from US$300 to $9,800 (Appanah et al. 2015) or $675 
to $2,700 (Vergara et al. 2016) per ha. National sources 
(DOF 2013) and Saldívar et al. (2016) reported costs 
ranging from MXN$6,000 to $19,000 per ha, depending 
on the type of intervention and specific terrain charac-
teristics. Additional interviews conducted with TNC local 
specialists and MMWF staff confirmed the variability on 
the basis of the nuances of the terrain (level of degrada-
tion and accessibility to the area). They reported ranges 
from MXN$19,000 to $26,000 per hectare. The duration 
and periodicity needed to guarantee optimal results of 
these interventions would be equally variable.

The 1.0 Costs Inputs tab will serve as a template for the 
user to insert the local cost assumptions associated with 
each portfolio. Columns C:F must reflect the investment 
and establishment (I&E) expenses generally associated 
with either the initial purchase of fixed assets, or the one-
time expenses required to achieve the objective. Columns 
H:K are reserved for the O&M costs as well as any other 
periodical expense required to preserve the intervened 
area in optimal conditions. The O&M costs will require 
the user to input either periodicity17 or duration18 restric-
tions for each portfolio.

Natural infrastructure costs must be inputted in “cost per 
hectare” units. If the user encounters a situation where 
a cost is provided in a different unit (e.g., cost per linear 
kilometer, cost per lot, or other), then the costs should 
be converted to hectares before being entered into the 
calculator. At the bottom of the Costs Input tab, the user 
will find a unit converter aid section to help convert the 
original unit’s value into cost per hectare values. The user 
must then manually transfer the results to the applicable 
Costs Input section.

Figures 7 and 8 contain hypothetical cost scenarios 
constructed with data obtained from sources consulted. 
Further characterization of the microsites and valida-
tion from local stakeholders would be required for actual 
investment projects.

Opportunity costs 
(Dynamic inputs, 1.0 Costs Input tab, cells A43:K47)

Opportunity costs are the benefits one could have received 
had an alternative action been taken. In the case of land, 
it could be revenues that would have been obtained if the 
property had been sold or rented, or the value of goods 
and services that would have been obtained if the land 
had been cultivated to produce commercial goods (e.g., 
crop yield per ha) (Maliva 2014).

Another type of opportunity cost can relate to incentives 
paid for conservation, such as a payment for ecosystem 
services (PES) program. A PES is a governmental or 
private program that incentivizes preservation of a terri-
tory, generally in the form of a payment to the landowner 
per hectare preserved. In this analysis, PESs are consid-
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Figure 7  |  1.0 Costs Input Tab: Cost Structure Scenario

Figure 8  |  Units Converter Aid, Monterrey Conservation Actions

Note: This is a hypothetical case for illustration purposes. Results have been transferred to the conservation and protection costs input section. 
Source: WRI.

Note: This is a hypothetical case for illustration purposes. Results have been transferred to the conservation and protection costs input section. 
Source: WRI.

ered opportunity costs because they represent a value 
per hectare that investors may need to pay to motivate 
landowners to avoid converting the land.  This type of PES 
must not be confused for a payment that covers the cost of 
the environmental outcome, but rather understood as an 
incentive to preserve it. 

The tool allows users to list three opportunity costs in the 
analysis. To insert the opportunity costs, the following 
information must be previously defined: 

 ▪ Name of opportunity costs to consider (e.g., land 
acquisition, land rent, annual crop yield, payment for 
ecosystem service, etc.)

 ▪ Cost per hectare per opportunity cost considered

 ▪ Percentage of the target area subject to the opportu-
nity costs considered 

 ▪ Duration of the opportunity costs considered (e.g., 
how many years will this cost be accounted for?)

 ▪ Definition of whether the opportunity cost will be 
prorated19 or repeated20 through the established dura-
tion 

In the MMWF case study, most of the target area (91 
percent) is located within a natural protected area. Cerro 
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Figure 9  |  Examples of Transaction Cost Concepts 

Source: WRI.

de la Silla and Cumbres de Monterrey National Park 
make up almost 85 percent of the MIA (Hesselbach et al. 
2016). Due to regulations over these jurisdictions (DOF 
2018b), natural protected areas must abide by the rules 
and prohibitions laid out in their official management 
plans (CONANP 2016). The Cerro de la Silla management 
plan (DOF 2014) and the Cumbres de Monterrey National 
Park published decree (DOF 1969) both prohibit land use 
change and alternative activities. We can then assume 
that the cost of opportunity related to alternative income 
(crop yield) and land rental in this case study would be 
zero, as there is no legal permission to do so. Despite these 
restrictions, existing PES systems have set a precedent 
for compensating landowners in this area. Thus, the PES 
mechanism is a necessary cost of opportunity to guaran-
tee restoration success. For our pilot analysis, it was set 
between MXN$300 and $600 per ha per year.

It is recommended that users apply the PES opportunity 
costs in cases similar to our case study (where there is 
a precedent of the community expecting conservation 
incentives) and include other opportunity costs (land 
rental, yearly crop yield), where market incentives require 
it to increase the probability that the natural infrastruc-
ture actions will be successful. 

Transaction costs
(Dynamic input, 1.0 Costs Input tab, cells A49:K54) 

Transaction costs are the indirect costs incurred, and 
generally reflect the “time, effort, and resources needed to 
search out, initiate, negotiate, and complete a deal” (Gray 
et al. forthcoming; Lile et al. 1998). The transaction costs 
will vary across projects depending on social, physical, 
political, and financial conditions (see Figure 9 for exam-
ples). The inputs required to account for transaction costs 

in the calculator would be a maximum and minimum 
cost parameter for each transaction cost concept, and the 
respective periodicity restrictions would be as follows:

 ▪ Cost parameter: The total cost of transaction-related 
expenses in a given year (cost per year). The cost 
parameter is in “costs per year” because logistics 
required to sustain meetings and negotiations are 
unrelated to the number of hectares. Hence, the total 
transaction cost will be the costs incurred during a 
year to reach consensus or contracts, regardless of 
how many hectares are being negotiated. 

 ▪ Periodicity: This establishes how often these transac-
tion costs would be incurred. The figure should ac-
count for the optimal relations between stakeholders, 
ensure proper operations, and fulfill regulations. 

If the user does not have accurate estimates of transaction 
costs, a global percentage and global periodicity can be 
entered into cell K49.21 When doing this, the percentage 
in cell K49 will be applied over the I&E costs as a proxy 
for the transaction costs in the financial calculation. The 
suggested global transaction cost of natural infrastructure 
implementations is 10–25 percent, using estimations from 
Vergara et al. (2016). 

Estimation of water benefits in economic terms
(Dynamic input, 3.0 Benefits Monetization Input tab, 
underlying calculations, 3.1 Benefits Monetization Out-
put tab)

The benefits represent the income to be gained by invest-
ing in natural infrastructure. Beneficiaries would be those 
who have access to the benefits. The water utility is the 
main beneficiary of our financial evaluation. However, as 
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noted earlier, there are other indirect beneficiaries, such 
as CONAGUA and the state government, which also stand 
to gain from reduced operation costs and an improved, 
more resilient system in the region. 

In the tool, the benefits section translates the interven-
tion’s biophysical results (the aquifer recharge volume 
gained or maintained) into potential streams of revenue 
for the beneficiary’s cashflow.

Benefits1 avoided costs 
(Dynamic inputs, 3.0 Benefits Monetization Input tab, 
cells A3:D26)

The analysis of local data and stakeholder interviews in 
Monterrey led to the assumption that the total cost of 
managing underground sources is cheaper than manag-
ing surface sources (with differences ranging from 8 to 
26 percent, depending on the year),22 largely due to a 
differential in conduction costs. While those assumptions 
could not be further refined or validated by the water 
utility, it was deemed as the first potential “benefit” from 
natural infrastructure interventions. To value it, we used 
an alternative cost approach,23 assuming that if the addi-
tional water volume gained from natural infrastructure 
interventions can be drawn from underground instead of 
surface water sources, it would result in an accumulation 
of avoided costs. 

The total income of this first benefit’s monetization 
method is a function of the underground volume varia-
tion (gain or loss) and the management cost difference 
between the water sources (underground and surface):  

Where

B1 Benefits obtained on year y as a result of avoided 
costs

GIy Groundwater infiltration due to restoration placed 
in the year y (resultant from Equation 2)

TCsf Total cost of managing surface sources on year y 
($/m3)

TCug Total cost of managing underground sources on 
year y ($/m3)

y  The year being analyzed (1, 2, 3 . . . m) for our 
case study; the maximum valid year is 30 

Including this type of benefit must only be considered if 
the following three criteria are met:

1. There is a management cost difference between surface 
and underground sources.

2. It is cheaper to manage underground sources. 

3. The management cost difference between the sources 
is due to the watershed factors such as favorable topog-
raphy, or smaller distances, and not to operational or 
administrative inefficiencies. 

If those three principles are not fully met, the Benefits1 
section must be left blank in the calculator. The rationale 
for this recommendation is included in the limitations 
section of this document.  

Information about local benefits must be entered into the 
3.0 Benefits Monetization Input tab. The template allows 
the user to input either disaggregated cost structure per 
source or bottom-line cost values per source. The decision 
regarding which to use depends on data availability. If the 
user has access to the detailed cost structures of the water 
distribution system, this information can be inserted into 
cells A6:D24. Having detailed and disaggregated data 
would lead to a more informed analysis and allow the user 
to locate inefficiencies and improvement opportunities in 
a more precise manner. However, when this is not pos-
sible, a bottom-line value would suffice (cells C22:D22).24 
The user can also include a rate of yearly cost increase in 
cell D26. If this cell is left blank, the avoided cost estima-
tion would remain constant over time.

Benefits2 profit of water sale 
(Dynamic inputs, 3.0 Benefits Monetization Input tab, 
cells A28:D35)

The second stream of revenue incorporated into the tool 
results from estimating the potential profit of selling 
the extra volume of water accrued or conserved through 
natural infrastructure interventions. Note that the water 
volume used to calculate both the profit from sales and 
avoided costs is the same, as there is no overlap in water 
allocation. 

B1 = GIy × (TCsf,y − TCug,y)

EQUATION 3
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The profit would be a function of underground water vol-
ume variation (gain or loss) and the profit obtained from 
selling that water. The profit itself results from the differ-
ence between the costs from the underground system and 
the selling price correspondent to the consumer to whom 
it is sold.

Where

B2 Benefits obtained on year y through the addi-
tional profit method

VCi,y Total volume sold to a consumer type i on the year 
y (m3)

GIy Groundwater infiltration due to restoration placed 
in the year y resultant from Equation 2

PSi,y Selling tariff applicable to a consumer type i on 
the year y ($/m3)

TCug Total cost of underground sources on the year y 
($/m3)

i Consumer categories established by the calculator 
user (e.g., industrial, domestic, public, etc.)

y The year being analyzed (1, 2, 3 . . . m); for our 
case study, the maximum valid year is 30 

To compute Benefits2 (profit from water sale) the calcula-
tor calls for the following local information:

 ▪ Water consumer categories: In Mexico, most 
water utilities classify their demand by type of 
consumer. Such classifications allow them to set 
differentiated tariffs based on the social, political, 
or environmental standards. The calculator allows 
four different types of consumer categories, which 
in our pilot analysis are represented by household 
consumers, public consumers, industrial consumers, 
and commercial consumers.

 ▪ Consumption share per consumer: The user 
must indicate or assume the estimated consump-
tion share over the total volume distributed for each 
consumer type. 

 ▪ Selling tariffs: the user must insert the estimated 
tariff per cubic meter paid per each of the consumer 
types listed.

 ▪ Price increase: The user must input the yearly 
price increase per consumer category to be used in 
the financial exercise. If no price increase is expected, 
these parameters must be marked as 0 percent. 

Table 3  |  Estimated Unit Cost of Providing Water from Underground and Surface Sources

COSTS AND EXPENSES CONCEPTS UNDERGROUND SOURCES (MXN$/M3) SURFACE SOURCES (MXN$/M3)
Catchment and purification  $0.58  $0.39 
Conduction  $0.40  $1.42 
Storage and distribution  $0.83  $0.83 
General expenses for potable water  $0.34  $0.34 
Drainage and treatment  $1.31  $1.31 
Commercial expenses  $0.64  $0.64 
Administrative expenses  $6.37  $6.37 
Engineering expenses  $0.18  $0.18 
Financial expenses  $0.58  $0.58 
CONAGUA extraction rights  $0.44  $0.44 
Depreciation  $2.29  $2.29 
Totals costs and expenses per source  $13.96  $14.79 

Source: WRI based on and adapted from SADM 2011

B2 = GIy × VCi,y × (PSi,y − TCug,y)

EQUATION 4 4

i=1
∑
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Monterrey case study parameters
To establish the benefit’s parameters for the Monterrey 
case, the cost data, pricing data, user types, and consump-
tion rates had to be averaged and generalized. Historical 
data from an old water utility report (SADM 2011) was 
used to create the key assumptions for both categories of 
benefits (avoided costs and water selling profit) (see Tables 
3 and 4).

Economic assumptions, underlying calculations
Once all the economic assumptions have been made, the 
output generator tabs will be able to evaluate the invest-
ment portfolio under the selected scenario. 

 ▪ Tab 1.1 Costs Output will use the data provided on 
tab 1.0 to estimate the annual costs through the set 
timeline. Then, the 4.0 Cashflow tab will automati-
cally take those results to construct the cost section of 
the cashflow.

 ▪ Tab 3.1 Benefits Monetization Output will take the 
data from tab 3.0 to compute the benefits of the inter-
ventions and display them over three sections:

 □ Cells A3:AH7: Display the water volume in cubic 
meters per year accrued as a result of the natu-
ral infrastructure portfolio implementation (the 
yearly results of Equation 1).

 □ Cells A9:AH14: Display the yearly income from 
the water benefits (applying Equation 2). 

Table 4  |  Hypothetical “Intermediate Level” Price Scenarios for Monterrey

CONSUMER 
CATEGORY

CONSUMPTION 
SHARE

YEARLY 
AVERAGE 

INCREASE 
(%)

2010 TREND 
2011

TREND 
2012

TREND 
2013

TREND 
2014

TREND 
2015

TREND 
2016

TREND 
2017

TREND 
2018

Domestic users 73% 6.29%  $9.19   $9.77  10.38  $11.04  11.73  $12.47  $13.25  $14.08  $14.97 

Public users 14% 3.05%  $8.40  $8.66  $8.92  $9.19  $9.47  $9.76  $10.06  $10.37  $10.68 

Commercial users 10% 7.57% $26.89 $28.93 $31.12  $33.47  36.01  $38.73  $41.67  $44.82  $48.22 

Industrial users 3% 6.90%  $32.48  $34.72  $37.11  $39.67 $42.41  $45.33  $48.46  $51.80  $55.37 

Note: Price scenarios reflect yearly increases based on historical linear averages, 2004–10. All amounts in MXN$. 
Source: WRI, based on SADM 2011.

 □ Cells A16:AH30: Compute the expected profit 
from selling the water accrued each year (applying 
Equation 3). 

All results from these calculations are then automatically 
sent to the Cashflow tab to perform the financial analysis. 

Cashflow
(4.0 Cashflow tab, cells A1:AG31, and main functionalities 
and graphics included on the Control Dashboard tab)

To finalize the analysis, the input data and models pro-
duced through the sections previously described are used 
to create a cashflow. The cashflow summarizes the annual 
“ins and outs” (benefits and costs) through the time hori-
zon. These results are displayed on the 4.0 Cashflow tab, 
an output spreadsheet that connects the model results as 
seen in Table 5.

The Cashflow tab also estimates the NPV, the internal 
rate of return (IRR), the payback period, the ROI, and the 
benefit-cost ratio using standard accepted formulas. Gray 
et al. (forthcoming) include the formulas in a detailed 
manner. The quantitative and graphic results of these cal-
culations are also displayed on the Control Dashboard tab. 

Sensitivity analysis
The last piece of the tool is a dynamic sensitivity analysis. 
This functionality shows how changes in the independent 
variables impact the project’s financial outcome. 
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Table 5  |  Sources of Information Tabs to Construct the Final Cashflow

CASHFLOW COMPONENT ON TAB 4.0 SOURCE TAB SOURCE CELLS AND PRECEDING SOURCE TABS 

Investments in green infrastructure 1.1. Costs Output Source cells: (RV) C13:C42 (HF) C54:C83 (CP) C95:C124
Preceding tabs: 1.0 Costs Input, Control Dashboard

O&M in green infrastructure 1.1. Costs Output Source cells: (RV) D44:AG44 (HF) D85:AG85 (CP) D126:AG126
Preceding tabs: 1.0 Costs Input, Control Dashboard

Opportunity costs in green infrastructure 1.1. Costs Output Source cells: C139:AG142
Preceding tabs: 1.0 Costs Input, Control Dashboard

Transaction costs in green infrastructure 1.1. Costs Output Source cells: C149:AG152
Preceding tabs: 1.0 Costs Input, Control Dashboard

Benefits1, alternative costs 3.1 Benefits 
Monetization Output

Source cells: E14:AH14
Preceding tabs: 3.0 Benefits Monetization Input, 2.0 Forest Maturity Input (2.1 RV 
Output, 2.2 HF Output, 2.3 CP Output), Control Dashboard

Benefits2, 
selling profit

3.1 Benefits 
Monetization Output

Source cells: E30:AH30
Preceding tabs: 3.0 Benefits Monetization Input, 2.0 Forest Maturity Input (2.1 RV 
Output, 2.2 HF Output, 2.3 CP Output), Control Dashboard

Source: WRI.

This section is located on the lower part of the Control 
Dashboard tab (cells A33:M57). The calculator is preset to 
run a robust sensitivity analysis (100 iterations) of one of 
seven independent variables: discount rate, yearly pre-
cipitation, sequencing plan time frame, the target area’s 
total number of ha, and the maximum infiltration rate 
variation expected from each of the three portfolios (RV, 
HF, CP). 

To conduct the analysis, the user must select the indepen-
dent variable to test from the drop-down menu on cell F33 
of the Control Dashboard and set the variable’s maximum 
and minimum bounds. The calculator will then test 100 
different values between the limits and gauge their finan-
cial impact over the evaluated portfolio. 

The results will be displayed on three graphs that repre-
sent the NPV, ROI, and IRR from each of the iterations. 
The graphic results allow the decision-maker to see a 
snapshot of the thresholds of sensitivity and influence of a 
given independent variable. Users can check the underly-
ing quantitative results of a run on the hidden (back-end) 
tab titled “_sheet.”

LIMITATIONS
This section summarizes the generalizations and assump-
tions made to simplify the model across this analysis. It 
also describes opportunities to improve the methods. We 
expect those improvements to be pursued progressively 
through the feedback and information that users and 
decision-makers provide to us, as they are in a good posi-
tion to offer information about the usability and strategic 
adjustments that may add value to this prototype.

General Limitations 
Given the acknowledged limitations of this tool, its 
outputs should not be used to make detailed financial 
decisions. Indeed, this calculator must not be considered 
a predictive tool that can substitute for the lack of science 
or transparency in the region; rather, it should help users 
to better understand natural infrastructure opportunities, 
define the limits of risk and uncertainty, and constrain 
these to lower extent on the basis of informed assump-
tions. Its financial results should not be assumed as 
results of a full cost-benefit analysis of natural infrastruc-
ture interventions but as an approximation to the private 
costs and potential gains that beneficiaries can incur by 
investing in natural infrastructure. The tool’s calculations 
are expected to serve as informative arguments for better 
planning and decision-making.
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Limitations of Biophysical Assumptions 
Forest characteristics (baseline and interventions)

 ▪ We assume any restoration would occur at a suf-
ficiently low density to optimize aquifer recharge, 
although this optimum density is unknown.

 ▪ We do not account for cloud forest benefits, which 
typically capture and promote infiltration of water 
from fog. 

Further analysis is needed to test these assumptions, 
determine which forest types are most suitable for given 
areas of the MIA, identify the optimum density needed, 
and confirm that none of these forests is a cloud forest. 

Forest maturity

 ▪ Our assumptions regarding establishing ecosystem 
services at rates related to forest structure are based 
on a well-regarded paper (Poorter et al. 2016) and ex-
pert advice (Filoso et al. 2017). However, we have not 
been able to find a paper on which to base the curve 
progression assumptions used to define accurate rates 
of progression over time for this region. 

 ▪ Similarly, we have described and represented the 
continuity of benefits for hydro forest management 
and conservation and protection on the basis of the 
assumption of flat line behaviors; however, we have 
yet to find literature to support these assumptions.

Further research should be conducted to refine the aquifer 
recharge limit assumptions and their link to forest matu-
rity progression so that the curves used can be further 
refined. Similarly, additional research is needed to refine 
the recharge benefit limits of various sustainable manage-
ment practices and to improve how to represent the way 
in which this intervention’s benefits persist or change over 
time.

Precipitation
Additional research must also be conducted to incorpo-
rate the dynamic roles of precipitation variability and soil 
saturation limits into the model and constrain the current 
uncertainty levels of this variable in the tool. Currently, as 
detailed in previous sections, only annual average precipi-
tation is accounted for, which entails the following: 

 ▪ We assume the yearly average precipitation adequate-
ly captures any seasonal or spatial variability. 

 ▪ We assume the soil saturation is not met at any point 
of the analysis; therefore, all precipitation is properly 
infiltrated under the established maximum infiltra-
tion rates. 

Precipitation dynamics tend to be much more complex 
than the former assumptions. Therefore, these may not 
accurately represent Nuevo León’s reality. To curtail 
this uncertainty, we recommend using conservative 
approaches when setting precipitation values, assuming 
that not all net precipitation will become “effective precip-
itation” for the established recharge rate. We recommend 
testing a minimum of three different precipitation values 
with volumes of at least 10–20 percent below the known 
regional averages. In addition, the sensitivity of the pre-
cipitation variable should be evaluated using at least two 
more scenarios with more radical values—representative 
of very low precipitation and very high precipitation—to 
examine the overall impact that such changes have on the 
financial analysis.

Infiltration 

 ▪ We assume that the entire land area designated for 
the intervention activities offers the ideal topographic 
conditions needed to achieve the impact expected on 
aquifer recharge.

 ▪ We assume that areas defined as aquifer recharge 
zones have geology that potentially delivers as much 
as 100 percent of water infiltrated to the aquifers from 
which Monterrey draws its municipal water supply.

 ▪ We assume the aquifer recharge impacts (maximum 
infiltration rates per type of intervention), are steady 
regardless of the vegetative species being targeted. 

In reality, geology, topography, and vegetative species 
often have a more complicated relationship with aquifer 
recharge. Concerning geology, it is true that the fractured 
cell geology of this region is likely to facilitate higher lev-
els of aquifer recharge compared to other geologic forma-
tions; however, experts have indicated that fractured cells 
sometimes indicate deep aquifer recharge or recharge 
of nonlocal aquifers.25 Similarly, regarding topography, 
research by Schilling (2009) claims that groundwater 
recharge quantity is highly dependent on the topogra-
phy, with the greatest quantities of recharge observed in 
alluvial zones along rivers (not in mountains, where water 
quickly flows downhill). We can expect that forestland on 
moderately steep slopes is likely to slow runoff, enhanc-
ing water infiltration in less steep areas. Thus, further 
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analysis is needed to determine how the topography of the 
priority areas impacts aquifer recharge at different rates, 
and to map the groundwater pathways for the MMWF 
site. Likewise, additional research should be conducted to 
define how the aquifer recharge impacts could vary in this 
area depending on which forest type is targeted. 

Limitations of Economic Assumptions 
 ▪ This prototype only accounts for private costs and 

benefits potentially attributable to a single direct ben-
eficiary: the water utility. 

 ▪ The current version of this calculator was developed 
under a restricted analysis to exclusively capture and 
monetize the environmental benefit of aquifer re-
charge. 

Several potential cost impacts and benefit valuations 
had to be disregarded to focus only on calculating in situ 
groundwater value (the benefit of additional groundwa-
ter in an aquifer). Similarly, there are several potential 
impacts on gray infrastructure capital investments 
and O&M costs that could not be estimated due to data 
constraints (see Table 6). Additional research is needed 
to incorporate new sets of avoided costs and streams of 
revenue to strengthen this analysis or to expand this tool 
to a version able to account for the social benefits of the 
natural infrastructure portfolios.

Benefits1 (Avoided Costs) Additional Rationale
As mentioned in the Benefits1 section, this benefit’s 
component must be considered in the analysis only when 
groundwater sources are cheaper than those for surface 
water, and only when this difference is produced by the 
groundwater’s proximity to the end user and favorable 
topographic conditions (which turns gravity into an 
advantage for groundwater distribution). The Benefits1 
section must be left blank under the following circum-
stances to avoid drawing erroneous conclusions or obtain-
ing negative results:

 ▪ If the cost difference (between underground and 
surface sources) was the result of inefficiencies (e.g., 
pipes, leaks, pumps) in known operational, admin-
istrative, or mechanical-electrical systems, it should 
be left blank to avoid accounting for a benefit that is 
completely unrelated to the natural infrastructure 
interventions. 

 ▪ If managing surface sources was cheaper than man-
aging underground sources, it should be left blank 
to avoid getting a negative value result, which would 
imply that it was detrimental to promote aquifer 
recharge.

Table 6  |  Additional Water System Impacts and Benefit Valuation Methods

WATER SYSTEM IMPACT VALUATION METHODS

AVOIDED COSTS ALTERNATIVE COSTS

Increased groundwater supply (i.e., abstraction 
benefits; water is easier to access and will not 
evaporate as it would from a reservoir) 

Avoided costs of installing new/additional infrastructure 
(e.g., avoidance of groundwater pumping costs; wells; 
artificial infiltration)

Cost of alternatives for this additional wa-
ter supply (e.g., from surface water sources 
or transfers from distant watersheds)

Reduction in overexploitation of aquifers Avoided costs associated with groundwater overexploita-
tion (e.g., related to land subsidence or saltwater intru-
sion; decommissioning of aquifer, among others)

N/A 

Water supply reliability (increased access to 
water during times of high demand)

Potentially, avoided costs related to drought and meeting 
emergency supply needs

Alternative costs of providing same water 
supply from these sources, guaranteed 
through alternative methods such as 
artificial water injection

Source: WRI.
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Benefits1 and Benefits2 
The benefits valued by the tool are potential, and their 
effective realization is constrained by additional elements 
of the territorial, political, legal, and economic reality. For 
instance:

 ▪ If the utility is just meeting current water demand and 
does not require utilizing additional groundwater re-
sultant from the natural infrastructure interventions, 
then there would be no additional profit from sales, 
nor from avoided costs from distribution.

 ▪ If current usage of groundwater is equal to the legal 
concessions and allowances, having more ground-
water in situ will not automatically translate into the 
ability to utilize it for distribution, and therefore into 
achieving the potential gains. 

PILOT TEST ANALYSIS
To demonstrate how this tool operates and the interpreta-
tions one can make from it, a pilot analysis was conducted 
using some of the locally collected data for the Monterrey 
case study. For this analysis, we created a portfolio based 
on the three categories of potential interventions (RV, HF 
management, and CP), and followed all the recommended 
parameters included in this technical note (see Table 7). 

Results
The results from the pilot analysis signal that natural 
infrastructure is a promising option for water manage-
ment in Monterrey. The NPV is over MXN$238 mil-
lion, the IRR is 23 percent, and the ROI is a bit over 118 
percent. Under this scenario, the investment would be 
paid back by year 14, resulting in a benefit-cost ratio of 
MXN$2.18 to $1.00. From quantitative and graphical 
results, it is easy to see that the “conservation” strategy 
provides the greatest benefits to this portfolio. Its initial 
costs are low, yet end up accounting for 76 percent of all 
benefits. Part of the reason is that CP interventions claim 
a guaranteed conserved infiltration of 9 percent, which 
results in significantly positive financial yields when 
turned into water volume sold (see Figure 10). 
 

Sensitivity Analysis 
As results are based on hypothetical scenarios, a strong 
sensitivity analysis is highly recommended. Running the 
calculator’s sensitivity analysis module allows the user 
to understand the breaking points of strategic variables. 
We recommend this type of analysis, especially for highly 
uncertain variables where no validated data can be found 
(in this case study, almost all biophysical elements meet 
this criterion). A sensitivity analysis run for the infiltra-
tion baseline (maintained through CP interventions) 
found that it only takes having a little more than 2.5 
percent of the infiltration baseline to achieve a positive 
NPV for this investment portfolio and keep conservation 
investments at a profitable level in the pilot (see Figure 11). 
Doing a similar exercise to capture the sensitivity of the 
precipitation variable shows that as little as 202 mm/yr of 
precipitation through the time horizon is required to keep 
the investment portfolio profitable (assuming the rest of 
the original variables remain the same). 

Table 8 depicts the sensitivity of a few other strategic 
variables from the general and economic assumptions. 
The original selection of these inputs did rely on validated 
sources. However, it is advisable to understand how sensi-
tive they might be to changes in market conditions and 
gauge their influence over the general results. 

These results show that keeping revenue streams stable 
is a highly strategic way for the beneficiary to secure their 
investment. The slightest change in some of those eco-
nomic variables—such as the cost of managing the water 
sources (only by MXN$2/m3 going from MXN$16/m3 to 
MXN$18/m3)—can turn a portfolio from MXN$88 million 
of positive NPV to a negative NPV of MXN$37 million. 
This underlines the importance of stable, affordable, 
underground source management costs.

Similar results are observed regarding selling prices. For 
example, when the selling price was raised just 1 percent 
(going from 5 to 6 percent of yearly increase), the value of 
the investment went from unprofitable to very profitable 
(from MXN$45 million of negative NPV up to MXN$132 
million of positive NPV). This confirms the idea that the 
sale price per year should increase at least at the same rate 
as the costs per year.
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Table 7  |  Assumptions Used for Monterrey Case Pilot Test Analysis

GENERAL ASSUMPTIONS

Discount rate (%) 10

Target area (ha) 29,172

Sequencing (yrs) 30

RV investment portfolios 18 (0.06%)

HF investment portfolios 12,260 (42.03%)

CP investment portfolios 16,894 (57.91%)

BIOPHYSICAL ASSUMPTIONS

Precipitation (mm) 440 mm/yr (30% below yearly average as a conservative assumption)

Infiltration gained through RV 6%

Infiltration gained through HF management 4%

Infiltration baseline and kept through CP 9%

Revegetation forest maturity model S logistic curve

HF management maturity model Flat line

Conservation forest maturity model Flat line

Year of max benefits 44 for RV, 1 for HF, and 1 for CP

ECONOMIC ASSUMPTIONS (MXN$)

Natural infrastructure costs—RV cost per hectare ($/ha) $22,960 (I&E) + $4,781.50 (O&M) during 5 years

Natural infrastructure costs—HF management cost per hectare ($/ha) $9,650.00 (I&E) + $9,650.00 (O&M) every 5 years

Natural infrastructure costs—CP cost per hectare ($/ha) $2,527.50 (I&E) + 2,527.50 (O&M) every 5 years

Natural infrastructure opportunity cost $600/ha during 5 years to 100% of target area

Natural infrastructure transaction costs 25% of I&E costs

Water from underground sources—cost of provision $13.96/m3

Water from surface sources—cost of provision $14.78/m3

Water provision—cost increase per year 6%

Domestic water consumption and market structure 73% of consumption at $14.97/m3 with a 6.29% of yearly price increase

Public water consumption and market structure 14% of consumption at $10.68/m3 with a 3.05% of yearly price increase

Commercial water consumption and market structure 10% of consumption at $48.22/m3 with a 7.57% of yearly price increase

Industrial water consumption and market structure 3% of consumption at $55.37/m3 with a 6.90% of yearly price increase

Note: I&E represents investments and establishment costs, O&M represents operation and maintenance costs
Source: WRI.
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Figure 10  |  Financial Analysis Graphic Results

Note: I&E: investments and establishment costs; O&M: operation and maintenance costs; Opp costs: opportunity costs; Trans costs: transaction costs. All amounts in MXN$. 
Source: WRI.
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Figure 11  |  Sensitivity Analysis Graphic Results

Table 8  |  Sensitivity Analysis Quantitative Results

DISCOUNT RATE (%)
12% 15% 18% 21% 24%

NPV (MXN $, million) 150.6 73.8 33.0 10.8 -$1.5
ROI (%) 92 59 33 13 -2

COST OF WATER PROVISION*
 $14 $16 $18 $20 $22
NPV (MXN $, million) 214.9 88.5 37.9 -164.4 -290.8
ROI (%) 107 44 -19 -82 -145

ANNUAL WATER PRICE INCREASE**
3% 4% 5% 6% 7%

NPV (MXN $, million) -317.7 -194 -45.8 132.3 346.6
ROI (%) -158 -96 -23 66 172

Notes: 
*This assumes that both types of water sources (underground and surface) have equal costs. 
**This assumes the same price increase is applied to all types of water users (domestic, public, commercial, and industrial).
Source: WRI.
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FUTURE DEVELOPMENT 
Global experiences have made it clear that protecting 
and restoring nature’s hydrologic benefits can constitute 
a cost-effective, resilient water security strategy. How-
ever, such efforts must be based on local assessment 
and design. Very few regions of the world have sufficient 
biophysical data to predict the hydrologic outcomes of 
land cover change; likewise, most lack transparent data 
on water management strategies and costs. To date, this 
lack of sufficient data has been a barrier to integrat-
ing natural infrastructure strategies into water-sector 
decision-making.

The calculator demonstrates one approach to address-
ing this important challenge. It aims to balance scientific 
integrity with practicality to integrate natural infrastruc-
ture into water management plans, even in data-scarce 
situations. Future work should be undertaken to develop 
other decision-relevant calculators to help decision-mak-
ers more efficiently and easily integrate natural infra-
structure into water investment objectives and to help 
guide future local research to overcome important data 
gaps and be as relevant as possible. 

Currently, the Natural Infrastructure for Aquifer 
Recharge Financial Calculator contains approximated 
data and formulas, and allows users to enter their own 
data and assumptions. While the tool contributes a 
hypothetical approximation of the financial impacts of 
land cover change, it has numerous sources of uncertainty 
and limitations that can only be solved through additional 
research and local validation. Looking ahead, the tool may 
be enhanced by integrating additional and better locally 
collected data and formulas. Once water managers and 
other relevant stakeholders are able to test the tool and 
provide feedback, we will be able to refine the tool’s utility, 
the quality of its outputs, and identify the most critical 
areas for further development. 

We encourage users of this prototype to contact the 
authors and convey their impressions and recommenda-
tions so as to continue improving this calculator and its 
underlying methods. 

ENDNOTES
1. Comprehensive information about the MMWF’s strategy, structure, and 

operation can be found at http://famm.mx/. 

2. Platforms reviewed include WEAP (Water Evaluation and Planning sys-
tem); Liquid Assets: Investing for Impact in the Colorado River Basin; Wa-
ter Risk Monetizer; InVEST (Integrated Valuation of Ecosystem Services 
and Tradeoffs); WaterWorld; Co$ting Nature, i-Tree Eco/i-Tree Hydro; 
L-THIA (Long-Term Hydrological Impact Assessment); AQUATOOL; Global 
Water Tool; Green Values (National Stormwater Management Calculator); 
WRI Aqueduct; ARIES; and TESSA (Toolkit for Ecosystem Service Site-
based Assessment).

3. The MMWF’s Conservation Plan covers an MIA of 151,958 ha located on 
the forested mountains around Monterrey. From that entire area, we se-
lected only the territory that met four criteria: (1) it was part of the “local 
catchment and potential recharge” priority area within the MIA (per Hes-
selbach et al. 2018); (2) it was located directly on areas with geological 
aquifer recharge facilitation characteristics; (3) it had assigned interven-
tion strategies in the MMWF Conservation Plan; and (4) its condition 
(good, fair, or poor) had already been evaluated and characterized by 
Hesselbach et al. (2016). 

4. They were determined by overlaying the “local catchment and potential 
recharge” priority map with “intervention strategies” map provided by 
TNC (Hesselbach et al. 2016; Hesselbach et al. 2018). 

5.  Due to the legal status and the prohibitions from the Natural Protected 
Areas National Commission (Comisión Nacional de Áreas Naturales 
Protegidas; CONANP), HF management practices cannot be promoted in 
Nuevo León. Nonetheless, the HF management interventions were kept 
as an option in the tool, acknowledging the relevance of these practices 
for aquifer recharge and allowing for the possibility to test the tool in 
other contexts where those actions are legally plausible. 

6. For hypothetical purposes to demonstrate the potential ROI of conserva-
tion, we suggest running the model twice: once with the preset baseline 
infiltration rate associated with some hectares for conservation, and 
again with a scenario in which the same number of hectares are 
designated for forest loss and therefore the infiltration capacity is also 
lost (infiltration baseline and conservation investments both change to 
0 percent). The difference between the two scenarios would show the 
benefits of conservation and the cost of inaction.

7. We assume the mean from a set of historical values has a higher prob-
ability to be closer to the “true” value of what can be expected in future 
events than any other typical value from the historical observations.

8. Personal communication between the authors and Dr. Zablon Adane, 
associate researcher for the Water Program at the World Resources 
Institute, Washington, DC. November 21, 2017.

9. Online conversation between the authors and Dr. Solange Filoso, World 
Resources Institute, Washington, DC. November 21, 2017.

10. In our financial pilot analysis, we used an even more conservative as-
sumption—of 44 years—to achieve maximum revegetation benefits, de-
laying revenue accrual even further and limiting what can be captured 
during the time horizon.

http://famm.mx/
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11. Reality manifests more dynamic behaviors than those represented in 
Figure 6 (e.g., in reality, the benefits of HF would not be a perfect flat 
line). These curves, however, can be reasonably assumed as average 
trends of real dynamics.

12. This transformation is achieved by shifting the “minimum rate of benefits 
to model” to 100 percent (cell C7 on the Forest Maturity Input tab). Having 
a minimum rate of benefits (100 percent) equal to the maximum rate of 
benefits (also 100 percent) produces a flat line with no slope at the rate 
of 100 percent of benefits constant over time.

13. In the Excel-based calculator the user will only be able to model one 
of the two possible benefit progression curves for CP. The user must 
previously decide which of the two (C1 flat line or C2 decreasing line) 
better represents the target area. We strongly recommend using C1 
benefit’s progression model, unless there is sufficiently robust data to 
prove otherwise, and is detailed enough to properly adjust the decreas-
ing curve (C2).

14. Personal communication between the authors and Dr. Zablon Adane, 
associate researcher for the Water Program at the World Resources 
Institute, Washington, DC. November 21, 2017.

15. Online conversation between the authors and Dr. Solange Filoso, World 
Resources Institute, Washington, DC. November 21, 2017.

16. Precipitation volume will be inputted by the user on cell B9 of the Control 
Dashboard, as a yearly average in mm, which is the common way to 
express precipitation. Considering that 1 mm is equivalent to 1 liter per 
square meter (1 l/m2), the volume inputted by the user is automatically 
converted by the tool into cubic meters per ha (m3/ha). This conversion 
is done by dividing the millimeters by 1,000 (to convert them to cubic 
meters) and multiplying the square meters by 10,000 (to obtain the 
volume per ha).

17. Periodicity: How often does this O&M cost occur? For example, every 
three years.

18. Duration: During how many years does this O&M cost occur? For 
example, during three continuous years.

19. Prorated: If the opportunity cost needs to be divided through the years 
of duration (e.g., a land purchase, where the investor might want to 
divide this capital investment over several years). Row 45 of the 1.0 Costs 
Input tab is reserved for prorated opportunity costs.

20. Repeated: If the opportunity cost must be paid in full for several years. 
Land rental and crop yield are examples of repeated opportunity costs, 
as, for instance, the rent of land would have to be paid in full through 
all the years agreed. Rows 51 and 53 are reserved for the user to input 
repeated opportunity costs. 

21. To activate cell K49 functionalities, cells H51:J54 must be switched to 
blank.

22. The cost components considered to establish this comparison were 
catchment and purification, conduction, storage and distribution, 
general expenses for potable water, drainage and treatment, commercial 
expenses, administrative expenses, engineering expenses, financial 
expenses, CONAGUA extraction rights, and depreciation.

23. According to Maliva (2014), “The alternative cost method is based on the 

notion that the maximum amount that people would be willing to pay 
for a good or service will not be greater than the cost of providing that 
good or service through a different process.” Hence, we assume that the 
avoided cost-benefit’s potential for this case study would be limited by 
the difference in the cost of the underground water and the cost of the 
alternative source (in this case, surface water).

24. Note that If both sections are fulfilled (disaggregated costs as well as 
total bottom-line costs), the tool would prioritize the values on cells 
C22:D22 (the broad assumptions). If the user’s desire is to prioritize the 
disaggregated values, then the global value’s section must remain blank.

25. Personal communication between the authors and Dr. Zablon Adane, 
associate researcher for the Water Program at the World Resources 
Institute, Washington, DC. November 21, 2017.
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