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EXECUTIVE SUMMARY
The present master’s project is an analysis of the future vulnerability of the water company (Aguas del
Valle) in Salamanca, Chile to potential changes in population, per capita water use, leakage, and climate.
Scenario modelling and sensitivity analyses were carried out in Excel and Stella. We find that under a
business as usual scenario, the water company will reach maximum production capacity according to its
current water rights in the year 2030. In the most pessimistic scenario, the company will reach maximum
capacity in year 2025 and need to produce nearly 13 million m3 in 2050, while in the most optimistic
scenario, it will not reach maximum capacity before the year 2050, and will only need to produce 510,000
m3 yearly. A detailed sensitivity analysis revealed that population growth was the principal driver of
water production for the future of the water company. A Monte Carlo analysis showed that there is a 60%
probability that production will be 3.4 million m3 or less in year 2050. We recommend that the company
reduce leakage, which has averaged 34% over the past 10 years. We also recommend that the company
invest in demand management as well as an increase in storage of the system from the 9 hours of current
consumptive volume to at least 24 hours of emergency storage.

5

1
1.1

CHAPTER 1: INTRODUCTION
Study Purpose

Human development and climate change will undoubtedly affect the availability of water in the semi-arid
regions of Chile. The present study has been undertaken to answer the following research question: what
are the main sources of future vulnerability of the water company in Salamanca, Chile? More specifically,
how will changes in climate, water use, population, and leakage impact Salamanca’s urban water supply
system between now and 2050?
1.2

Location and Description of the Study Area

Salamanca, Chile is a city of 13,500 people located near the Andes mountain range in central northern
Chile (Figure 1) (Instituto Nacional de Estadísticas de Chile, 2017). The City is part of the larger
Salamanca County (Spanish: comuna) which includes surrounding rural areas and reaches a total
population of 27,220 (Instituto Nacional de Estadísticas de Chile, 2017) (Figure 2). It is situated 47 km
from the border with Argentina and 53 km from Chile’s Pacific coast.
Figure 1. Location of Salamanca, Chile.

Source: Google Earth ®
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Figure 2. A view of urban Salamanca, Chile and the surrounding semi-arid mountainous landscape.

Photo credit: Lucas Eastman, 2016.

1.2.1

Economy

The two biggest industries in Salamanca County are copper mining and agriculture. Neither of these
industries relies on potable water from the local water company for their operations, but do affect
drinking water demand because workers often live and buy goods within the company’s urban coverage.
Copper mining is the dominant industry in Salamanca. Los Pelambres copper mine, which is located
within Salamanca County on the border with Argentina but is 25 miles from the City, is the seventh most
productive copper mine in the world (Los Pelambres, 2017). The company hires 919 people directly and
4,922 indirectly through contracting companies. Many of these workers are from Salamanca County.
Restaurants, hotels, transportation, construction, and associated enterprises serve the mining company and
its workers in Salamanca.
Agriculture is the second most significant commercial activity, with oranges, avocados, lemons,
blueberries, grapes, and walnuts being the most common products (Salamanca Chile, 2015). Large scale
agriculture is dominated by the companies Agrícola Mercedario (avocados, oranges) and Agrícola Norte
Verde (lemons, oranges, avocados). Most grapes are produced by small-holder farmers and sold to Capel,
a company that makes pisco, an alcoholic drink popular in Chile.
Regarding household economics, Salamanca is located in a region that had a median household income of
approximately $10,823 USD per year in 2015 (converted to 2015 US dollars) (Ministerio de Desarrollo
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Social, 2015a). 13.8% of households were estimated to be in poverty in 2015, which was defined in Chile
as less than $2,912 USD/person/year (Ministerio de Desarrollo Social, 2015b).
1.3

Chilean Water Regulations

In 1988, the potable water and sanitation sectors in Chile changed from public to private in a wave of
privatizations in the country and throughout Latin America (Sjödin, 2006). The Sanitary Services
Superintendence (SISS) (Spanish: Superintendencia de Servicios Sanitarios) regulates the sector. It
oversees the concession process in which private companies present their offers to win 30-year service
contracts, it studies and fixes allowable water and sewage tariffs, and it monitors and enforces service
quality (water quality, coverage, etc.) (SISS, 2017a).
Recognizing the naturally monopolistic nature of water provision, the SISS sets water tariffs via a process
in which a model, efficient water company is created and estimates of its costs are simulated. This is used
as a basis for setting tariffs for each concession (Sjödin, 2006). Tariffs are adjusted according to inflation
and an index of consumer goods.
1.3.1 Water Rights
The Chilean Water Code establishes that water is a public good, but creates a free market for water rights
that permits buying, selling, and trading with little restriction such that the governance structure has been
characterized as “private” (Melo, 2006). Thus, drinking water providers must purchase water rights at
market prices to assure they have enough water for the populace. Currently, these water rights are highly
protected as private property and there is no prioritization of drinking water over other uses such as
agricultural, industrial, or commercial.
Water rights to the Choapa River have been fully allocated, and no new rights can be registered from the
river after it was declared fully exploited in 2004 (DGA, 2004). The same was decreed for any new
groundwater rights (DGA, 2016). This means that no person or company can “discover” or extract new
ground or surface water. Thus, the water company must buy water rights from a third party to add more
source water. Figure 3 gives some general context of who owns the water in Salamanca County. As of
2015, the copper mining company Los Pelambres owned 73% of all water rights registered in Salamanca
County, followed by agricultural groups and other rights owners.
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Figure 3. As of 2015, the copper mining company Minera Los Pelambres owned 73% of all
registered water rights of the Choapa River within Salamanca County. Data source: DGA, 2015.

Note: this graph represents only those water rights within the political boundaries of Salamanca
County, and excludes other water rights in the watershed downstream of the county.

1.4

The Water Company Aguas del Valle
1.4.1

Company Setup

Aguas del Valle (in English: Waters of the Valley) is a Chilean private water company that is a subsidiary
of ESVAL (Empresa Sanitaria de Valparaíso, Aconcagua y Litoral). The parent company ESVAL
provides water for several cities south of Salamanca in Region V (regions in Chile are administrative
divisions roughly equivalent to states in the U.S.). Aguas del Valle was created by ESVAL in 2003 after
ESVAL won the 30-year concession (2003-2033) for most of Region IV of Chile, which encompasses
Salamanca as well as other larger cities such as La Serena and Coquimbo (Aguas del Valle, 2017). The
company was created specifically to manage water provision in this more northern region of Chile. Thus,
Aguas del Valle provides water for 13 cities totaling 194,000 connections in 2011 (Huerta, 2011).
Salamanca is one of those cities.
In Salamanca, Aguas del Valle maintains a small, customer-facing office as well as several technicians
and operators, but higher level administrative and financial decisions are made in Aguas del Valle’s
offices in the provincial capital of Illapel (around 30 km from Salamanca) or more likely in the offices in
the regional capital of La Serena, where the executives work and where oversight of operations in the 13
cities is based.
1.4.2

Current Water Tariffs

Water tariffs in Salamanca have increased 80% in the past 12 years, from $0.85 USD/m3 in 2005 to 1.53
USD/m3 in 2017 (Table 1). Rate increases are reviewed and approved by the Chilean regulator SISS, and
9

have gone up consistently with inflation and an index of consumer goods. The current price of drinking
water in Salamanca equals approximately 3.5% of a Chilean median household income, assuming the
household consumes the Chilean average of 20 m3/month (SISS 2017b).
Table 1. Average price of 1 m3 of potable water
for customers in Salamanca, Chile since 2005
Year
Average Total Charge
per m3 consumed (USD)
2005
0.85
2006
0.89
2007
0.99
2008
1.11
2009
1.17
2010
1.13
2011
1.21
2012
1.26
2013
1.30
2014
1.38
2015
1.46
2016
1.52
2017
1.53
Source: SISS 2017c1

2

CHAPTER 2: CLIMATIC CONDITIONS AND EXISTING WATER SUPPLY

The problem of climate variability is becoming a central issue for societies around the world, and thus the
question of how to adapt to these changes is fundamental to reduce negative impacts and achieve
sustainable development. A region like Northern Chile is particularly susceptible because its water
sources depend on seasonal snowpack and runoff conditions, which can be more easily affected by
changes in climate patterns (Vicuña et al., 2010).
2.1

Climatic Conditions
2.1.1

Climate Change Modelling and Analysis

The United Nation’s Intergovernmental Panel on Climate Change (IPCC) has led the way in synthesizing
the published evidence in relation to the observed climate changes around the world and the future
climate projections. The general results show a change in meteorological variables associated with an
increase in world temperatures (IPCC, 2007).
As part of the continued effort to register and report the impacts of climate change, the fourth
1

The price is the sum of treatment, delivery, and sewage charges. Charges in Chilean pesos were converted to dollars using the
March 2017 exchange rate.

10

Intergovernmental Panel on Climate Change Assessment Report (AR) was published in 2007. This 4 th AR
was based on the results of numerous coupled atmosphere-ocean global circulation models (GCMs) that
characterized the climate by the end of the century under different scenarios of greenhouse gas emissions
and concentrations.
Most of the available GCMs have consistent climate projections; however, they have a coarse grid
spacing that do not completely reflect the variations in temperature and precipitation within different
regions in Chile. Given that, the Geophysics Department of the University of Chile improved the
resolution of these results and adjusted them to Chile’s geographical characteristics. Additionally, the
Chilean government sponsored “The Study on Climate Change in Chile in the 21st Century” (Conama,
2006) to analyze the country’s baseline climate scenarios registered at the end of the past century, and
present climate projections for the country by the end of the 21st century. Among the main conclusions,
the study suggests that “there will be a general reduction in precipitation in the country by up to 40%, a
temperature rise in all regions, and major impacts on water resources” (Conama, 2006). Refer to
Appendix Figure 1 for temperature and precipitation projections from Conama’s study on climate
change scenarios.
2.1.2

Hydroclimate Tendencies in Northern Chile

The arid and mountainous regions of Northern Chile are “characterized by extreme geographic, climatic
and hydrologic gradients, because of their locations between the cold Pacific Ocean and the high Andean
mountains” (Fiebig-Wittmaack et al., 2011). The Norte Chico region consists of numerous fast-flowing
rivers with mixed regimen that originate in the Andes, either from direct runoff during winter storms or
from snowmelt during spring and early summer. These water bodies are characterized by having high
seasonality flows and inter-annual variability.
Diverse studies (Rosenbluth et al., 1997, and Quintana, 2004) have demonstrated positive temperature
trends in central Chile and the Andes Mountains, and negative precipitation trends in the last decades.
These changes are having adverse impacts on the annual mean flow of some watersheds throughout
Central Chile (Molina, 2007), especially in the past twenty years. According to Stewart et al. (2005), in
river basins like the Choapa River, “it is expected that a reduction of precipitation will lead to a reduction
of annual mean flow, while an increase in temperature will change the shape of the hydrograph and will
be moving the flow-weighted timing earlier in the year.”
2.2

Climatic Variability and Trends
2.2.1

Description of the Choapa River Basin

The Choapa River Basin is located between latitudes 31°10′–32°15′ S and longitudes 70°16′–71°33′ W,
and has an area of 7,630 km2. From a source at an altitude of above 5,300 m in the Andes Mountains, the
Choapa River runs more than 149 km to the Pacific Ocean (Figure 4).
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Figure 4. Map of the Choapa River Basin from the Andes Mountains
(right) to the Pacific Ocean (left).

Source: Información Hídrica de las Cuencas Priorizadas, Fichas Temáticas, DGA.

The historical hydrological conditions of the Choapa River are registered by a network of stations
operated by the Chilean National Water Bureau (Dirección General de Aguas, DGA). Most stations in the
dataset have a near-complete monthly-mean record for the period 1970-2000.
2.2.2

Temperature

According to the IPCC, during the last century the mean surface air temperatures of the Southern
Hemisphere have increased from 0.3 to 0.6°C (IPCC 2007). Rosenblüth et al. (1997) found a warming of
about 2.8°C during the past century in central Chile. However, this warming trend has fluctuating cooling
periods and temperature anomalies in northern Chile caused by the influence of El Niño Southern
Oscillation (ENSO) (Carrasco et al., 2005).
The average monthly temperature over the period of available instrumental record (1960-1990) was
14.3°C (Figure 5). It should be noted that since more recent data was not available for Salamanca, the
temperature record data was complemented using data from the nearest station at Illapel, approximately
30 km north of Salamanca and also at a similar altitude.
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Figure 5. Average monthly temperatures in Salamanca, Chile.

2.2.3

Precipitation

Salamanca’s climate is semiarid, with over 300 days per year of sunlight (Diario Salamanca Chile, 2015)
and historical average precipitation in the city at approximately 223 mm/year. Precipitation is mostly
produced by cold fronts during the winter months that accumulate as snow in the Andes, with more than
80% of the annual total falling between May and August (Figure 6) (Falvey and Garreaud, 2007).
Figure 6. Average monthly precipitation in Salamanca, Chile.

The precipitation data used for our analysis (1986-2016) can be seen in Figure 7. A simple linear
regression to the series do not indicate a statistically significant decrease; however, there is a clear
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decreasing trend in precipitation, especially over the past 15 years.
Figure 7. Historical annual precipitation in Salamanca, Chile.

2.3

Present Water Supply
2.3.1

Water Supplies and Facilities

Salamanca has multiple pathways for obtaining the water needed to meet the City’s demand. The
principal raw water source is the Choapa River. While the extraction point is not directly found on the
river, but within the river’s floodplain, the response of this well has been historically associated with the
behavior of the Choapa River. As such, we will treat the flow of the Choapa River in Salamanca’s
proximity as a close estimate of water availability for the water supply system.
In addition, the water company owns another groundwater well and water allocation rights to utilize water
from two agricultural irrigation canals. The following table provides a summary of the sources of drinking
water and the volumes they supply:
Table 2. Salamanca’s water supply sources.
Source

Name

Type

Withdrawal Rights

Choapa River Aquifer
City Well
Irrigation Canal
Irrigation Canal Right

Santa Rosa Well
Well # 3, Chuchiñí
El Pardo
El Molino de Peralillo

Ground water
Ground water
Surface water
Surface water

45 (l/s)
10 (l/s)
4 (l/s), from Sept. to March
1 right

The water supply sector has historically used the Choapa River as its only source of water. Raw water
from the Choapa River enters the system through the Santa Rosa Drain and is led to two concrete,
covered storage tanks (Santa Rosa and Diaguita Storage Tanks with volumetric capacities of 1,000 m3 and
300 m3, respectively). At these stations, water is chlorinated and distributed via gravity to the city. The
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well and two canals provide alternative sources, but reportedly have not been used. Figure 8 shows an
aerial view of the city, the Choapa River, and the principal water intake.
Figure 8. Location of Aguas del Valle’s primary well, the Choapa River, and its client base,
urban Salamanca.

Source: Google Earth®

2.3.2

Water Quality

The most in-depth look at water quality in this watershed was a study jointly carried out by the Chilean
government, the copper mining company Minera Los Pelambres, and the Choapa River Organization. The
study revealed that the Choapa watershed from mountains to coast from 2011 until the present has shown
that in the vast majority of samples, both superficial and groundwater quality have been very good. Most
chemical and biological parameters measured had such low concentrations that they were below the limit
of detection (Minera Los Pelambres/INIA/Junta de Vigilancia del Río Choapa, 2015). All monitoring
stations had low mercury, beryllium, hexavalent chromium, and hydrocarbons. Animals (goats, cows,
horses) feed in the riverbed and could contribute to rare spikes in bacteria counts at some monitoring
points. Water quality is crucial for any city water supply but the focus of the present study is on water
quantity.

3

CHAPTER 3: WATER SUPPLY AND DEMAND ANALYSIS
METHODOLOGY

Projecting water demands can help the City of Salamanca determine future water supply investments, and
thus provide support to develop long-term water management plans and eventually reduce investment
costs.
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3.1

Forecast Method

Billing and Jones (2008) recommend using simple urban water demand forecast methods for water
utilities with slowly changing customer bases and mostly residential customers, which is the case in
Salamanca. There are two standard ways of carrying out a forecast of this type: i) a per-capita water use
method, or ii) a sectoral water use method. Because Salamanca’s users are almost uniformly residential
and Aguas del Valle did not provide any sectoral data (industrial vs. commercial vs. residential use), the
per-capita water use method was selected.
To carry out this method, one must have data, at a minimum, on population and water use per client, over
a time period. We have trustworthy data for these variables, as well as leakage, for each month from
January 2001 to December 2014.
3.2

Conceptual Framework for Evaluating Adaptation Decisions

The main objective of this study is to quantitatively assess different adaptation strategies based on
changes in climate and population projections and their effects on water supply and demand.
The conceptual framework proposed to evaluate adaptation decisions is based on the framework in
Bonelli et al. (2004) which considers climate and population changes as the main drivers of possible
changes in water resource availability and demand (Figure 9). In this process, “climate change
projections vary according to global circulation models (GCMs), future greenhouse scenarios, and the
downscaling method used… population changes are based on demographic events, migrations, regional
growing rates, and estimation methods” (Bonelli et al., 2004).
In our study, we focused on how temperature and precipitations changes will impact the hydrologic
regime of the Choapa River and we evaluated their relation to water demand, which depends on
population dynamics. The outcome denotes the selected metrics to evaluate the water system performance
under the projected scenarios. These results allow us to compare the projected scenarios and provide
adaptation strategies.
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Figure 9. Conceptual framework of the evaluation and adaptation process.

3.3

Excel Model

We imported the aforementioned data into a Microsoft Excel spreadsheet model database, which was
built into the general format shown in Appendix Table 1.
The next step was to program growth functions into the model. We used compound growth functions for
our variables, and introduced limits (maximums and minimums) based on ranges cited in the literature.
These growth functions were adjusted to create various scenarios of future water demand for the water
company.
The primary output variable for our forecasts is monthly water production. Thus an equation was created
to calculate this variable:
Q = N * q / (100%-L),
Wherein,
Q = Volume of water produced in a given month
N = Population in the service area in that month
q = Per capita water use in that month
L = % Leakage in that month
17

With our growth functions and water production equation, we were able to calculate and project water
production for the water company on a monthly basis from years 2015 to 2050.
3.4

Systems Simulation Model

As an additional analysis tool, a framework for the integrated management of water availability and
demand in Salamanca was developed. The framework models the feedback mechanisms among various
components of the water supply system using a system dynamics (SD) modelling approach. This provides
further opportunities to understand the dynamic behavior of the system.
3.4.1

Causal Relationships of Water Supply System

In a dynamic system, the qualitative relationship between the parameters influencing the system are
represented through a Causal Loop Diagram (CLD). According to Hannon and Ruth (1994), “a feedback
loop has causal relationships among other system components such that when one component changes,
the perturbation traverses along the loop resulting in a change to the originating component.” In a CLD, a
“positive link indicates that an increase in one parameter causes an increase in other parameters, and a
negative link indicates that the dependent variable is inversely proportional to the cause” (Sterman, 2000).
The goal of establishing the causal relationships in this water system was to develop the layout of the
connection points in the water supply and demand network, and identify key drivers and the
corresponding impacts of an action. As a result, a basic water supply system was established
conceptually, with causal relationships between each component that helped us identify feedback loops
that exist among the physical infrastructure, population, and consumer water demand (Figure 10).
Figure 10. Causal loop diagram of the water supply system.
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3.4.2

Conceptual Model

The SD demonstration model was used to understand the complex behavior of the water distribution
system, and show the impact of the connections and feedback loops on management decisions. The model
used in for this analysis was based on Stella® Software2 due to its useful features such as built-in
functions and capability of using graphical functions. Furthermore, its use in the water utility industry
added motivation for using this software.
The SD simulation model was developed based on the causal feedback loops in Figure 10. The model
was composed of three subsystems:
1. Water supply sub-model:
a. Water intake, uses, and losses
2. Population sub-model
a. Population growth
3. Wastewater sub-model
a. Sewerage output into wastewater aeration lagoon
This system provides a simple model of a water utility with the current state and changes of water
quantity in the whole system, i.e. water supply system from intake to users, including the collection of
sewage and outflow.

4
4.1

CHAPTER 4: WATER AVAILABILITY
Present Availability

The principal water source available to Salamanca is the Choapa River. As previously mentioned, the
Choapa River basin is snowmelt-dominated with the majority of its streamflow coming during late spring
and summer months (September to January) (Figure 11). The mean monthly streamflow at the Salamanca
station allows us to see this snowmelt regime with a peak during November and decreasing until the
month of June, when it reaches its lowest flow. For the 1986-2016 period, the mean yearly flow at the
Salamanca cross-section was 9.45 m3/s.

STELLA is an acronym for "Systems Thinking, Experiential Learning Laboratory, with Animation”, and was developed by Isee
Systems, Inc. A system model is developed by combining four types of icons: stocks, flows, converters, and connectors. Stocks
accumulate flows and are used as state variables to reflect dynamic characteristics of the system. Converters are used to store
mathematical expressions and data. Connectors provide a mechanism to show the relationship between stocks, flows, and
converters. (Sterman, 2000). A system representation may consist of any number of stocks, flows, converters, and connectors.
2
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Figure 11. A view of the Choapa River in Salamanca, Chile in December 2016.

Photo credit: Lucas Eastman, 2016.

While there are no clear differentiated patterns in the downward or upward flow levels, there is an
observed variation in the behavior of the flows that present observable seven-year cyclical periods.
Furthermore, there does seem to be a slight downward tendency in the streamflow at Salamanca’s cross
section starting in the year 2005, reaching minimum observed values in the drought period of 2011-2014.
Figure 12 illustrates the mean flow and the seven-year running average of the Choapa River at
Salamanca’s gauging station. A simple linear regression over time indicates a decrease in annual
streamflow the 1986-2016 period, thus we expect that an effect from climate changes will be an earlier
and shorter melting season with less runoff in spring and summer.
Figure 12. Series of yearly streamflow.
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The hydrograph data used in this analysis was based on records from the Chilean Water Directorate
obtained from the Salamanca gauge station. While the records at some stations date back to 1930, the
period 1986–2016 was considered for the current study due to completeness of data and consistency. Any
missing monthly data (i.e. 1988-1993) was complemented from the Cuncumén gauge station, the nearest
upriver station. Because streamflow in mountainous basins is greatly influenced by orographic
precipitation variations, these years will represent a higher average than what was expected in Salamanca.
4.2

Future Availability

Considering the current flow trends in the Choapa River and future projections, it can be assumed that
drought conditions will become more common in the region. In general terms, a drought is a lack of
precipitation during a fixed period of time, so a more specific definition has to be used based on local
conditions. For our case study, the projected changes in water supply for Salamanca were based on three
streamflow scenarios (Figure 13):
1. Simulated Historic: the baseline scenario produced from the historic 1986-2016 flow
conditions projected through the planning period;
2. Moderate Drought: scenario based on a percentage reduction on flow, following
recommendations from external hydrological studies on the Choapa River aquifer behavior and
changes in snowpack and precipitation; and
3. Severe Drought: simulation scenario based on the 2011-2014 streamflow conditions.
Figure 13. Hydrographs of the Choapa River target (drought) flows.

4.2.1

Baseline Streamflow Conditions

The average annual yield of streamflow in the Choapa River according to gage data from 1986-2016 is
9.45 m3/s. This value represents the baseline conditions.
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4.2.2

Moderate Drought Conditions

The hydrograph for the intermediate drought scenario reflects the predicted changes in snowpack and
runoff quantity based on projected climate-change impacts. This hydrograph is equivalent to a percentage
of the historic normal flow (i.e. 1986-2016). The average monthly yield for each year simulated under the
intermediate drought scenario accounts for a streamflow percentage reduction based on the Water
Evaluation and Planning (WEAP) hydrological model carried out by independent environmental
consultants RODHOS Asesorías y Proyectos Ltda (Rodhos, 2013). This assessment used a monthly
percentage reduction to forecast the behavior of the Choapa River aquifer and its hydrological system. We
used this approach to apply the same reduction factors to the streamflow and provide a drought scenario
with a more fitting monthly percentage decrease in flow. The average annual flow for this intermediate
drought scenario was 6.37 m3/s.
4.2.3

Severe Drought Conditions

The 2011-2014 period is considered the most severe drought period in recent years by local authorities, so
it was resolved to use the minimum streamflow conditions from these four years as the starkest projected
low-flow scenario. The average flow for this drought period was 1.49 m3/s, considerably smaller than the
9.45 m3/s average from the period 1986-2016.
4.3

Frequency of Minimum Flow

A minimum 7-day moving average streamflow approach was used to analyze the return interval and
probability of each of the low-flow months for both drought conditions. For instance, a 7-day minimum
flow of 1.49 m3/s had a 1.8-year return interval with approximately 56% chance of occurrence. The
Severe Drought scenario results in average streamflow of approximately 0.5 m3/s for the autumn months
of February to April. Hence, a seven-day minimum flow of 0.5 m3/s has a 2.7-yr return interval and a
38% chance of occurring (considering an Empirical approach). Using a Gumbel distribution method, it
results in a 4.3-year return interval with a 23% probability of occurrence (Figure 14).
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Figure 14. Graph of frequency of minimum flows under
Empirical and Gumbel approaches.

4.4

Changes in Groundwater

Climate change conditions will also affect groundwater recharge and discharge; however, groundwater
conditions were not included in this analysis because these changes are smaller and longer-term than the
surface-water impacts. The Rhodos Study provided evidence that the aquifer is under-exploited and has a
recharge capacity of 1.49 m3/s. As previously mentioned, the main extraction point, the Santa Rosa well
and drain, is not located directly on the Choapa River and thus is technically a groundwater source.
However, based on interviews with local authorities, we had reason to believe that the Santa Rosa well
behavior could be closely associated with the streamflow conditions of the Choapa River.

5
5.1

CHAPTER 5: WATER DEMAND
Historical Water Demand
5.1.1

Population and Water Use

For the period 2001-2014, served population grew at a rate of around 2.8%. Meanwhile, average annual
per capita demand from 2001-2014, based on water produced, was about 280 liters per capita per day
(lpcd), yet consumed water was almost 189 lpcd. Figure 15 shows the increasing water consumption and
production from 2001 to 2014 against the increasing population. The total average annual production has
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increased at an average of approximately 5% per year, driven by population growth and per capita use,
and by the end of the year 2014 production had reached over 1.5 million m3 (MCM) per year.
Figure 15. Growing population and water demand in Salamanca, Chile.

5.1.2

Non-revenue Water

Non-revenue water typically includes both water losses from mains and the distribution system and water
usage by customers that is not properly measured, paid for, or credited (Billings and Jones, 2008). Figure
16 illustrates the increasing percentage of water losses due to leakage in the system. For instance, in the
year 2014, approximately 564,000 m3 were unaccounted for out of the more than 1.5 MCM m3 produced.
Figure 16. Increasing non-revenue water in the system.
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5.1.3

Seasonal Impacts

The monthly variability provides further insight into the existing water extraction trends. Figure 17 shows
the seasonal pattern in water production and the increasing twelve-month moving average production. As
in most drinking water utilities, the graph exhibits seasonality, peaking during the summer due to increased
demand for lawns, gardens, other outdoor uses. Average water usage in the summer months was
approximately 311,000 m3 (December to February), nearly 12% higher than the production during the
winter months.
Figure 17. Monthly water consumption, 2001-2014.

5.1.4

Peak Monthly Demand

The peak-average ratio, which gives the ratio of a particular year’s highest monthly usage with that year’s
average monthly usage, was also higher during the summer months. When considering capacity
requirements and water-rate design, knowing the ratio of peak-to-average water usage is helpful because
it indicates peak-capacity requirements and can lead to water rates designed to reduce peak usage. Figure
18 shows the monthly peak-to-average ratios for each month, with summer months (December-February)
having the highest demand, at about 12 percent of total annual demand. Demands are lowest during the
winter months primarily because less water is required for irrigation purposes.
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Figure 18. Peak-to-average month demand, 2001-2014.

5.1.5

Sectoral Use

It should be noted that the majority of Aguas del Valle’s clients in Salamanca are residential, so our
sectoral water-demand estimates and forecasts do not differentiate between sectors (i.e. industrial,
commercial or agricultural clients).
5.2

Effects of Climate Variability on Demand

To determine if a relationship existed between temperature, precipitation, and water use, a correlation
analysis was carried out. By creating a weather index, it was possible to distinguish the years of normal
weather based on the monthly temperature and precipitation data. This analysis helped identify any
substantial year-to-year variability. The results suggest that in some years (i.e. 2008-2010), the
temperature and precipitation values were closer to the long-term norm. Subsequently, a correlation test
was conducted between these climatic variables and the monthly water production and demand. The
resulting correlation values were negative or not significant, thus discouraging any further analysis of this
data set (Appendix Table 2). Due to this low correlation, there was no strong reason to interpret these
results as a measure of causation between the variables.

6
6.1

CHAPTER 6: PROJECTED WATER PRODUCTION
Assumptions

As is necessary in any forecasting exercise, several assumptions about the future of Salamanca and the
water company were made. Many scenarios are shown below, but they all adhere to the following
assumptions:
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1. The company’s water rights and capacity will remain the same for the foreseeable future.
2. The volume of water in the Choapa River is directly correlated to the amount of water available
for withdrawal from the Santa Rosa well. The well taps into an aquifer that may have different
behavior than the river itself, but we are treating the river as a proxy.
3. Population growth will be between -2% and 4% annually.
4. Per capita water use growth will be between -0.3% and 1.7% annually.
5. System leakage reductions between 0% and 10% will be made on 5 year intervals, with a
minimum possible leakage of 5%.
6. All of the aforementioned growth rates are compound and consistent throughout the forecast
period.
7. There will be no catastrophic events (natural disaster, bankruptcy, worker strike, equipment
failure etc.) that could cause a prolonged interruption in water production.
6.2

Scenario Analysis for 2050 Water Production
6.2.1

Business as Usual Scenario

The first scenario assumes that historical trends in all key variables will stay the same in the future. That
is, population continues to grow at 2.8% annually, leakage stays the same at 34%, and per capita demand
continues to grow at 0.7%. These values are historical averages for the water company from 2001 to
2014.
In this scenario, by 2030 the company must produce more water than it currently owns the rights to
(Figure 19). In 2050, yearly production is projected to be 5,830,631 m3, which is nearly four times as
much water as the company produced in 2014.
Figure 19. Projected water production needs for Salamanca, Chile under a Business as Usual scenario (blue
line). The dotted red line shows the maximum capacity that the company can produce using all of its current
water rights as of 2017.
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6.2.2

Leakage Reduction Scenario

We also modeled a scenario in which the company invests in leakage reduction such that it reduces
leakage by 5% every 5 years, reaching a minimum of 5% (Figure 20). This scenario holds the other
variables constant at the business as usual levels described in the previous scenario. In this case, the
leakage investment delays the need for more water rights until 2038.
Figure 20. Projected water production needs for Salamanca, Chile under a Leakage Reduction scenario (dark
grey line). The blue line shows the business as usual scenario and the dotted red line shows the maximum
capacity that the company could produce using all of its current water rights as of 2017.

6.2.3

Population Expansion Scenario

Population expansion is a possibility in Salamanca County, especially considering the plans of Los
Pelambres Mining company to expand operations, which could add workers and consumer water
consumption to the water company’s current burden (Diario Financiero, 2017). Given this, a more
aggressive scenario with annual population growth of 5% was modelled, holding other variables constant
at business as usual levels (Figure 21). In this scenario, the company must expand its water rights in
2026, four years earlier than the business as usual scenario.
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Figure 21. Projected water production needs for Salamanca, Chile under a Population Expansion scenario (grey
line). The blue line shows the business as usual scenario and the dotted red line shows the maximum capacity
that the company could produce using all of its current water rights as of 2017.

6.2.4

Conservation Scenario

Changes in per capita water use are possible if there are technology changes in Salamanca, such as
implementation of low-flow toilets, showerheads, dishwashers, and other water-efficient appliances and
practices. Given this, a conservation scenario was considered in which there is a -0.3% annual reduction
in per capita water use (Figure 22), holding other variables constant at business as usual levels. This
would have a similar impact as does investment in leakage reduction, delaying the necessity for expansion
of water supply until the year 2037.
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Figure 22. Projected water production needs for Salamanca, Chile under a Water Conservation scenario (yellow
line). The blue line shows the business as usual scenario and the dotted red line shows the maximum capacity
that the company could produce using all of its current water rights as of 2017.

6.2.5

Highest and Lowest Production Pressure Scenarios

In addition to the plausible scenarios shown in the previous section, it is illuminating to model extreme
cases. The highest production pressure scenario in our model, which includes aggressive growth in
population, per capita water use, and little investment in leakage reduction, results in a need to produce
12,853,156 m3 in the year 2050 (Figure 23). By contrast, the lowest production pressure scenario, which
models a future with much less population, per capita water use, and leakage, resulted in only 510,687 m3
produced in the year 2050. As a reference, the business as usual scenario, shows 2050 water production at
4,351,253 m3/year. These scenarios are also shown in Table 3.
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Figure 23. Projected water production needs for Salamanca, Chile under the Highest (dark blue line) and
Lowest Production Pressure Scenario (green line). The light blue line shows the Business as Usual scenario and
the dotted red line shows the maximum capacity that the company could produce using all of its current water
rights as of 2017.

6.2.6

Full Range of Scenarios Considered

For each of the three input variables to our model (population served, per capita water use, and leakage),
three values were chosen: a low production pressure value, a business as usual value, and a high
production pressure value. Subsequently, the resultant water production needed in 2050 was calculated,
considering all combinations of these values. Table 3 shows all 27 scenarios. The scenarios represent
very different futures for the water company. The scenarios range from 510,000 to nearly 13 million
m3/year in 2050 production needs, with most scenarios resulting in production between 2 and 6 million
m3/year.
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Table 3. The inputs and results of 27 scenarios of total water production in the year 2050 for the water company in
Salamanca, Chile. Blue cells represent low production pressure (optimistic) values, green cells represent business
as usual (historical) values, and orange cells represent high production pressure (pessimistic) values. The bars
under the last column visually represent the total volume of water produced in 2050 in that scenario.

6.3

Supply Versus Demand Interaction

Using historical data and drought projections detailed previously, streamflows were forecasted for the
Choapa River (Figure 24). The average historical supply provides nearly 300 MCM/year, while a
moderate drought provides 201 MCM/year and a severe drought supplies 47 MCM/year. Figure 25 also
shows all of the aforementioned demand scenarios, including the most water-intensive scenarios, none of
which exceed the river’s supply on a yearly basis.
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Figure 24. Three forecasts of streamflows in the Choapa River compared to water production forecasts for the
water company.

However, when considering monthly time intervals, the story is different. Figure 25 shows the severe
drought scenario versus the demand scenarios from 2040 to 2050, at which point the supply in the river
comes very close to the demand from the highest production pressure scenario, and drinking water
demand exceeds supply in March 2050.
Although these graphs show that in most scenarios, there will be enough water in the river to meet the
City’s production needs, this does not consider other uses of the Choapa River. Competition for use of the
remaining river supply in a severe drought scenario would likely be fierce between the mining sector,
agriculture, the water company, and other right holders. Thus, it is important to consider that in this
system, available water in the river does not necessarily equal available water for the water company.
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Figure 25. A severe drought river supply scenario (solid red line) versus demand scenarios from 2040 to 2050.

6.4

Monte Carlo Simulation

Shifting population dynamics and global climate change can result in uncertainties in water demand and
raw water availability. To characterize these changes and identify the most influential parameters, a
Monte Carlo simulation model was developed.
The three parameters that were considered necessary to drive our analysis were water demand, population
growth and leakage reduction. We used uniform distributions based on the optimistic and pessimistic
values of the population growth and leakage reduction parameters used in this analysis. Water demand
was projected using a normal distribution.
As a first step, a one-way sensitivity analysis was carried out to understand the parameter that was driving
the water demand system under the assumptions. We found that under the considered assumptions,
population growth is the parameter that dominates the levels of water produced (Figure 26) by
contributing to over 80% of the variance.
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Figure 26. One-way sensitivity analysis

The results from the Monte Carlo simulations show that the mean water production in the year 2050 is 3.4
MCM (Figure 27) with a cumulative probability of approximately 60%. The simulated median water
production at the end of the modelling period was 2.4 MCM, and a standard deviation of 2.9 MCM.
Figure 27. Distribution of water demand in year 2050 from the Monte Carlo analysis.
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7
7.1

CHAPTER 7: RECOMMENDATIONS AND ADAPTATION STRATEGIES
Asset Management: Reduce Leakage

Non-revenue water is one of the predominant issues in Salamanca’s water supply system. Water loss in
the distribution system can be a major problem in a city that is located in a semi-arid region and where
water management is primarily supply-driven. Reduction in water losses will contribute significantly to
the availability of water, as well as reduce the cost of water production, and ultimately make the supply
system more sustainable.
We believe the largest component of this unaccounted-for water are physical losses, and not commercial
losses from metering errors or billing anomalies. Physical losses are related to pipe breaks and leaks,
storage overflows, and house connection leaks. According to the American Water Works Association
Research Foundation (2007), there are different types of leaks, such as service line leaks and valve leaks,
but in most cases, the largest portion of lost water comes from the mains. It is important to consider the
material, age, and joining methods of the distribution system components and evaluate water conditions,
including temperature, aggressiveness, and pressure (AWWARF, 2007).
However, in this case we believe that the main factor influencing the high level of leakage is ground
movement. Salamanca experiences earthquakes frequently, consequently ground movement could be
affecting the integrity of the system. Another possible cause for leaks is heavy traffic loading.
The local soil characteristics also affect leak identification because coarse-grained sands and gravels
provide good conditions for water filtration, thus making it difficult to find leaks through ponding.
After analyzing the full distribution of water lines and mains for the Salamanca water system, it was
estimated that approximately 40 km of water pipes exist within the urban center. We propose sub-dividing
the system into District Metered Areas (DMA) to help identify zones with leaks. The DMA approach
consists of temporarily closing valves and installing meters in the subdivisions to help identify leaks or
losses in pressure through sounding surveys or leak localizers.
A low rate of unaccounted-for water is one of the best indicators that a water utility is successful and
sustainable. We recommend that an initial network evaluation is carried out before establishing a
reduction program that focuses on improving the system maintenance, replacement, and rehabilitation.
7.2

Supply Management: Increase Storage

As of this writing, the water company has two storage tanks that total 1,600 m3 of capacity. At current
average consumption levels, this is equivalent to only about 9 hours of storage. This is a major weakness
of the system. We recommend increasing storage to at least 24 hours, which is a standard used by some
water utilities in the United States (Water Supply Committee of the Great Lakes, 2012). Because daily
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consumption averages around 4,200 m3 for the system, this would equal 2.6 times current storage.
Reaching this capacity could be done by constructing more small water tanks of the variety that are
currently installed in Salamanca. However, one cost-effective option that the water company may
consider exploring is to establish an agreement with the operators of an existing upstream reservoir in the
watershed. This reservoir, called Embalse Corrales, has a capacity of approximately 50 million m3 and
thus provides ample storage in the watershed. Water could be delivered to the City through current canals
or through a constructed intake pipe at the reservoir wall, but would need treatment and quality
verification.
7.3

Demand Management: Reduce Consumption

Building a comprehensive program to reduce per capita water consumption could be one approach to
reduce risk. In 2014, the average monthly unit water demand was around 194 lpcd; however, the
consumption per capita based on production was 308 lpcd. Thus, for this adaptation strategy, a
conservation realistically achievable is considered to be a 3% reduction in consumption over a 10-yr
period. A water conservation rebate program that aims at reducing per capita water consumption has been
used successfully at other utilities around the world. This program could include toilet retrofitting
programs, rebate programs for water efficient appliances, promoting the use of gray-water and waterharvesting, and leak detection audits for customers.
7.4

Additional Water Rights

Based on our water demand forecasts, it is likely that the water company will need to expand supply
within the next 10-15 years. The clearest way to expand supply for Aguas del Valle is to buy a water right
from a current water holder in the upper Choapa River watershed. By 2033, which is the year the
company’s concession ends, we project a cumulative water deficit of approximately 350,000 m3. Meeting
that demand would require a new water right of approximately 11 l/s. Because water rights are fully
allocated in the Choapa River watershed, we recommend that the company identify current water rights
holders from the Chilean government’s database of water right holders and approach them to agree to a
price (DGA, 2017).
7.5

Future Considerations for the Water Company

A key variable for drinking water management is hourly and daily peak demand. We were not given
information about this variable from the water company, and thus are not able to provide fine-detail
estimates about when the company should expect demand to exceed capacity on a daily or hourly basis.
Because we provided forecasts on a monthly and yearly basis, it may be that short-term peaks in demand
will necessitate earlier investment in supply expansion.
Regarding our methodology, a sectoral analysis in which the water company’s clients are divided into
industrial, commercial, and residential would have been a more accurate way to forecast demand (Billings
and Jones, 2008). However, because we were not given access to data on these clients we were not able to
carry out this analysis. The water company should track any significant changes in commercial and
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industrial use, because these changes could result in significant deviations from the forecasts we report
here.
Lastly, we were not able to look at financial considerations of the company due to lack of data. Having
access to the company’s records of revenues and assets would have allowed us to tailor our
recommendations to the specific financial situation of the company and even propose rate changes so as
to meet future infrastructure costs. We recommend the company explore what expanding supply based on
our projections would mean for future investments in infrastructure and revenue requirements.
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APPENDIX
Figure 1: Temperature and precipitation projections from “The Study on Climate Change in Chile in the
21st Century” (Conama, 2006) based on IPCC climate change projections.
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Table 1. A screenshot of the basic data structure in the Excel model for forecasting water demand.

Table 2. Correlation test between temperature and precipitation climatic variables and the monthly

water production and demand. There was a weak correlation between water production and
maximum monthly temperatures and monthly precipitation values.

Water Produced per Month
Population Served
Clients
Temperature
Precipitation

Water Produced
per Month
1
0.9738
0.9738
-0.3444
-0.6795

Population
Served
1
1
-0.2821
-0.6589
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Clients

Temperature

Precipitation

1
-0.2821
-0.6589

1
-0.0518

1
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