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ABSTRACT ARTICLE HISTORY

Climate change-induced extreme events pose an important chal- ~ Received 4 August 2016
lenge for urban water managers. In Santiago (Chile), the total cost ~ Accepted 4 December 2017
of such events can be reduced by an option contract that sets ex KEYWORDS

ante water prices and water volumes to be traded when certain Option contracts; climate
triggering conditions are met. This article discusses two types of change; adaptation; water
option contracts: water leasing to trade water from agriculture to markets; urban water; Chile
urban uses during droughts; and a savings option contract to

reduce urban water consumption during short-term turbidity

events. We find that water option contracts are flexible instru-

ments that improve the distribution of hydrological risks.

Introduction: the impacts of climate change on water supply in urban areas

Water security has always been integral to the resilience of people living in cities. Water
security is defined as the ability of hydrological systems to provide water for different
human consumption needs and ecosystems while being able to manage the risks
associated with water-related extreme events or contamination (for a discussion of
the definitions of water security see Cook & Bakker, 2012). Water security is an
important aspect of domestic water supply as it influences hygiene and therefore public
health. At present, rapid population increase, urbanization, rising incomes, industrial
expansion and growing water demands for the environment are increasing pressure on
local water supplies. Nearly 80% of the world’s population faces high levels of threat to
its water security (Vorosmarty et al., 2010). In response, many cities around the world
have increased investment in water management infrastructure for improved water
production, distribution, recollection and wastewater treatment so as to provide greater
water security. Water infrastructure also helps reduce the risks associated with extreme
events such as floods and droughts.

Cities that are highly water-secure are characterized by a diversified water manage-
ment strategy that includes a variety of water supply sources with associated storage
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facilities and distribution infrastructure that are managed publicly or privately. If
correct incentives are in place for investment and operation, then the combination of
infrastructure and management practices enables a cost-effective response to climate
variability. Although developed and developing countries have made considerable
progress in enhancing water security, climate change poses new threats to water
security in the form of rising temperatures and reduced precipitation, increased water
demand, and changes in the frequency of extreme events that impact total water supply
(Major, Omojola, Dettinger, Hanson, & Sanchez-Rodriguez, 2011).

Several cities have designed a variety of adaptation strategies to the impacts of
climate change on water security such as supply or demand management, improve-
ments to infrastructure, and land-use planning, among others. However, these adapta-
tion strategies face important decision-making difficulties due to the high levels of
uncertainty involved (Adger, Huq, Brown, Conway, & Hulme, 2003). Although most
scenarios project potentially high risks in future, uncertainty arises due to the differ-
ences between predicted impacts simulated using different global climate models
(GCMs) under a variety of emission scenarios (Revi et al., 2014).

Policy makers who are principally concerned with avoiding disasters and ensuring water
security adopt the safety-first principle in making decisions. Such an approach may lead to
over-investment, and may also cause increases in the costs associated with guaranteeing
water supply. In turn, it can lead to increases in tariff and affordability issues for vulnerable,
low-income households. Even if uncertainty related to the estimates of long-term scenarios
were solved (considered impossible by Kiparsky, Milman, & Vicufa, 2012), the present
value of future benefits would probably not justify such large investments.

An alternative solution based on the existence of water markets is water options. Options
have previously been proposed to mitigate the risks posed by drought (Brown & Carriquiry,
2007; Gémez-Ramos & Garrido, 2004; Michelsen & Young, 1993) but also to reduce
transaction costs in water markets (Howitt, 1998; Wheeler, Garrick, Loch, & Bjornlund,
2013). More recently, options have been considered as a tool for tackling water scarcity and
climate change within an integrated water management approach (Cubillo, 2010), for
improving inter-basin transfers (Rey, Garrido, & Calatrava, 2016a), in combination with
other water sources (Rey, Calatrava, & Garrido, 2016b), and used jointly with other
financial instruments (Rey, Garrido, & Calatrava, 2016c).

Option contracts have been proposed as flexible mechanisms to deal with hydrologic
extreme events such as droughts, but they have been implemented infrequently because
of their institutional requirements in certain regulatory contexts. An early example of a
proposal of water options between agriculture and urban uses was developed for the
state of Colorado, USA, in 1993 (Michelsen & Young, 1993). Another proposal that
explores the requirements for implementation was developed for California in a context
of existing water markets (Jenkins & Lund, 2000). Other examples include Metro
Manila in the Philippines, where option contracts were proposed in combination with
insurance schemes (Brown & Carriquiry, 2007), and in Australia, where option con-
tracts between agriculture and urban uses were designed to deal with climate change
impacts (Leroux & Crase, 2010). In Spain, Rey et al. (2016a, 2016b) have proposed the
use of options in the Segura basin, whereas Gomez-Ramos and Garrido (2004) and
Cubillo (2010) have evaluated option contracts for urban water supply.
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Using experimental economics, some authors have shed light on the effect of alter-
native water market designs such as options. In the United States, options were tested in
California to manage drought risks, conceptualizing a dry-year option where water is
transferred from existing rights holders to buyers with higher-value uses if drought
conditions exist (Hansen, Kaplan, & Kroll, 2014a). Murphy, Dinar, Howitt, Rassenti,
and Smith (2000) investigated the institutional changes needed for the implementation of
options. In Spain, Garrido (2007a) used experiments to verify whether storage capacity
helps in the implementation of options and other economic instruments for water
management. He also highlighted the inefficiencies due to the implementation of market
restrictions to protect urban uses. Some proposals have also discussed how these options
should be valued (Cui & Schreider, 2009; Hansen et al., 2014a) looking at case studies in
Australia (Leroux, Crase, & Wisener, 2007) and California (Hansen, Howitt, & Williams,
2014b; Tomkins & Weber, 2010).

Taking into consideration the institutional requirements for the adoption of water
option contracts and the fact that their optimal design is context-specific, the objective
of this article is to develop two economic instruments based on water option contracts
as adaptation measures for water supply and sanitation (WSS) operators to ensure
water security under extreme events associated with climate change. Such instruments
are not new and have been adopted by WSS operators elsewhere, as in the Metropolitan
Water District of Southern California for water leases in 2003 (Tomkins & Weber,
2010). We propose these economic instruments for the Maipo basin, which supplies
water to the city of Santiago in Chile. In Santiago, WSS operators have achieved high
levels of service coverage, providing continuous water supply that is only interrupted in
exceptional circumstances such as earthquakes, infrastructure breakdown, and source
supply failure. To design and evaluate a set of specific contractual solutions to offset the
risk of urban water insecurity, a hydrologic and water resource model of the first
section of the Maipo basin was developed. This model was used to assess the potential
impacts of future climate scenarios on water supply to the city of Santiago when water
option contracts are introduced as adaptation alternatives.

The possible increase in the frequency of extreme events due to climate change may
increase the costs of providing water in Chile in future. As proposed in this article, a
risk-based approach using water option contracts enables the design of cost-effective
adaptation measures; the proposed option contracts for temporary use of water rights in
the first section of the Maipo basin are a low-cost alternative that provides insurance
against water shortages. Also, water option contracts can be easily developed in Chile
because the dynamics of water markets are known, and existing contractual relations in
the watersheds help reduce some of the institutional costs. Hence, the implementation
of these risk management instruments in Chile does not require large regulatory
changes, as has been the case in other contexts. Moreover, as Foster (2013), Hansen
(2008) and Wheeler et al. (2013) show, they help reduce the negative impacts of
increased investments in water infrastructure on water affordability. The article is
structured as follows: following this introduction, the next section describes the basis
of the proposed water option contracts. The third section describes the key features of
the water supply system in Santiago and the projected impacts of climate change on this
system. The fourth section describes the implementation of option contracts as



240 (&) S.VICUNA ET AL.

adaptation measures and presents the main results. A final section concludes the article
and presents directions for future research.

Water option contracts for water supply as adaptation measures

This section presents the origins of water option contracts, and their use and advan-
tages, and defines the water option contracts considered in this study. First, we review
financial options and how this concept has been applied to water markets. Thereafter,
we discuss the benefits brought by using water option contracts as insurance instru-
ments and their potential complementarity with infrastructure investments. We con-
clude the section by presenting the water option contracts devised for our case.

A variety of risk-based tools developed in other contexts can be used to adapt to the
negative impacts of climate change such as increasing urban water insecurity. Most of
these tools are based on the principle that if there is heterogeneity between parties, then
there are risk-hedging opportunities. For example, in an insurance contract, where risk
is unevenly distributed across different users, each user contributes towards compensat-
ing for the impact when the event occurs. In climate change risks, too, studies have
shown that the use of insurance to hedge extreme events is likely to increase (Falco,
Adinolfi, Bozzola, & Capitanio, 2014).

Similarly, financial markets provide instruments based on an underlying asset to
offer contracts that allow parties to manage associated risks. For example, futures
contracts specify a purchase and sale agreement at a future time and at an established
price. These contracts can be used to hedge risks associated with future price variations.
In the same context, financial options specify a future transaction date and price but the
contract is exercised at the will of only one of the parties. The price of an option
contract depends on the underlying asset and its price, and is determined by the
demand and supply of the option contracts. The price of the option contract also
reflects potential future payofts (Trigeorgis, 1996).

Option contracts have also been implemented outside financial markets by offering an
alternative risk-management tool to deal with risks associated with other types of assets
such as water (Howitt, 1998; Michelsen & Young, 1993). Risk-sharing economic instru-
ments such as option contracts have the ability to deal with hydro-climatological risks
(Brown & Carriquiry, 2007). But, more specifically, water option contracts are used to
manage downside risks, i.e. risks related to low-water-security periods (Foster, 2013).
Option markets are a proven drought-management mechanism (Hansen et al., 2014b),
and therefore act as insurance against specific situations where lack of water threatens
significant negative economic impacts. In the context of water rights markets, water
option contracts can be seen as a midpoint between trading water rights and water
volumes (spot market), thus having the potential to reduce conflicts due to permanent
transfers of water between sectors such as farming and water utilities (Gomez-Ramos &
Garrido, 2004).

It has been found that option contracts distribute transaction costs over a longer period,
increase adaptation flexibility, and increase sellers’ willingness to participate in water
transactions (Wheeler et al, 2013). Options also allow greater gains from water right
transactions (Hansen, 2008). Gains from water trade also increase when options can be
traded, are more consistently distributed and shared (Hansen et al., 2014a), and may
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involve greater welfare gains than permanent water transactions (Tomkins & Weber, 2010).
Therefore, the introduction of such option contracts between sectors facilitates risk man-
agement of water shortages under exceptional or extreme events (Cubillo, 2010).

Farmers will not invest in new management tools unless the expected present
value of innovations is greater than the potential cost (Carey & Zilberman, 2002; Rey
et al, 2016¢). Thus, the water price and the contract price must be sufficiently
attractive to be considered by buyers and sellers, and eventually become a real
instrument to manage the risks related to water unavailability. Water market stake-
holders react to scarcity signals by using the most efficient tools available, whereas in
rigid environments, over-exploitation of non-tradable rights predominates (Garrido,
2007b). Option markets offer an alternative to infrastructure investments to face
increased water insecurity. However, they may also complement each other. For
example, the existence of reservoirs may facilitate the implementation of options by
allowing storage of optioned water. Under markets for permanent water rights as
well as temporal leases, agents react to market signals and scarcity levels using
storage facilities more efficiently than in the absence of this economic instrument
(Garrido, 2007a). Moreover, a combination of water options and traditional drought-
management measures may provide the most efficient approach (Gémez-Ramos &
Garrido, 2004).

Experiences in countries with no water markets have shown the need for complex
institutional arrangements to add new water risk management alternatives such as water
options (Wheeler et al., 2013). Despite requirements such as complex institutional arrange-
ments and a greater understanding of the dynamics of water markets (Wheeler et al., 2013),
option contracts for temporary use of water rights have been evaluated as a cost-effective
alternative to provide insurance against water shortages (Michelsen & Young, 1993). Given
the relatively well-known dynamics of water markets, the case of Chile presents an
opportunity to evaluate option contracts as adaptation to water insecurity.

To ensure water security in the Maipo basin in the face of the projected impacts of
climate change, the proposed option contracts should be able to manage the risk of extreme
events, i.e. water deficits or turbidity events, while enhancing resilience to such events so as
to avoid failures that would increase associated costs. In this article, we propose water
option contracts as adaptation instruments against the risk of urban water supply failures
due to long-term reduction in precipitation (drought) and short-term high-turbidity
events. In the first case, the proposed option contract is between the WSS (buyer) and
agricultural users (sellers) so that the water supply operators can continue urban water
supply at a lower cost. For high-turbidity events, the option contract is designed between
the operator (buyer) and urban users (sellers) in the city with the objective of reducing
water consumption to extend the duration of water supply. This latter water-saving option
contract amounts to an interruptible service contract, where the provider has the right to
stop providing water for a given time. Details of the implementation of these two instru-
ments are provided after a description of the case and the modelling tool that tests the
potential applicability of the instruments in the context of Santiago.
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The case: urban water security in the city of Santiago, Chile
Water supply in Santiago: context and model development

The evolution of the water supply system in Chile is relevant to understand the
economic instruments proposed here. In the 1980s, the water and sanitation sector in
Chile was dominated by state-provided water supply. The inclusion of private operators
began towards the end of this decade, in 1988. At present, six regions in Chile have
completely privatized water and sanitation services and eight regions operate through
concessions. In 2014, 95.5% of consumers were served by private companies, reaching
99.8% supply coverage. These concessions or privatized services have the obligation to
maintain proper water supply service within their jurisdictions. To ensure that this
service maintains the urban water consumer’s well-being, a regulatory agency sets water
tariffs, and approves the types of investments that are needed to maintain the quality of
service while considering changes in demand or other conditions. Part of these invest-
ments consider the provision of enough water rights (surface or groundwater) to supply
water under extreme climatic conditions, where an extreme event is defined using
historic hydrological data.

To own enough water rights, private water supply companies have to procure them
through water markets. Water markets have been one of the most distinguishing
features of Chilean water policy since the implementation of the National Water
Code of 1981. One of the key features of the Chilean case was the establishment of
private water rights which are not sector-specific; the only potential for reallocation is
through voluntary market transactions. Water markets have matured in the 36 years
since the implementation of the 1981 Water Code. The frequency of market transac-
tions has increased throughout the nation during the last decade, with increased
frequency in relatively dry years. Recent analysis shows that the trading of water rights
has occurred throughout Chile in 2005-2015. Agriculture accounted for over 60% of all
these purchases and sales. Thus, trading of water rights in agriculture has been quite
common during this period (Donoso, 2013; Hearne & Donoso, 2014).

It is important to recognize that there are some limitations in the operation of water
right markets in Chile. The evidence suggests that water right markets are thin and have
a large price dispersion (Cristi, Melo, & Donoso, 2014). This large price dispersion is
partially explained by the lack of a price-revealing mechanism and asymmetric infor-
mation on water right prices and transactions. This implies that each water right
transaction is the result of a bilateral negotiation between an interested buyer and seller
of water rights, where each agent’s information, market experience and negotiating
capacity are key (Cristi et al., 2014; Donoso, 2013; Donoso, Melo, & Jordan, 2014).

The city of Santiago is in one of the regions where water and sanitation services are
privatized. Santiago is the most populated city in Chile and concentrates most of its
wealth. Located beside the Andes, Santiago is home to nearly 7 million people, and
produces around 40% of Chile’s GDP. The Maipo River, followed by the Mapocho
River and groundwater, are the main sources of water for residential and commercial
consumers, including industry and agriculture, in the Maipo basin. Both the Maipo
and Mapocho Rivers have a hydro-scheme typical of semi-arid mountainous areas —
high rainfall variability during winters and a high concentration of water availability
on the riverbed during spring and summer due to melting snowpack. Almost 90% of
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the population receives water supply from a private WSS company, Aguas Andinas,
which manages the concession and the corresponding water infrastructure. The
remaining 10% is supplied through a municipal company, Servicio Municipal de
Agua Potable y Alcantarillado, which operates mainly in the southern part of the
city. Santiago shares water resources with other major users in the Maipo River basin,
particularly the agricultural sector, which has nearly 140,000 hectares of irrigated
high-value crops (fruits and vegetables) and is the largest water consumer in the area.
Other users in the basin are hydroelectricity, copper production, tourism, and recrea-
tional activities (Figure 1).

As part of a research project called MAPA (Maipo: Plan de Adaptacién), a hydrologic
and water resource model was developed in consultation with a number of stakeholders
in the Maipo basin. The objective behind the development of the model was to create a
tool that could be used to assess the potential impacts of future climate scenarios and
study the effectiveness of adaptation measures designed to confront these impacts. The
model was developed using the Water Evaluation and Planning System (WEAP) platform
(Yates, Sieber, Purkey, & Huber Lee, 2005a; Yates, Sieber, Purkey, Huber Lee, &
Galbraith, 2005b) and corresponds to a refinement of the model used by Meza, Vicuiia,
Jelinek, Bustos, and Bonelli (2014). Here, we present some details of the model construc-
tion in relation to the features and operation of the Aguas Andinas WSS system.

The system is complex because it has different types of raw water sources, including
surface water intakes that supply the treatment plants, and groundwater is also pumped
in different areas of the city. The production and demand areas for surface water
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Figure 1. Maipo River basin and water users.
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resources belong to three hydrographic systems, the Maipo River, the Mapocho River
and the Quebrada Ramon system, which supply more than 150 sectors of water demand
through a complex distribution system with different operational rules.

The average amount of water produced by the system using surface water was 574
Mm’/y in 2005-2012. There was also groundwater pumping in certain demand sectors,
corresponding to a volume of 56 Mm®/y. The raw water is treated in 12 different
treatment plants, three of them in the Maipo system, eight in the Mapocho system, and
one in the Quebrada Ramon system.

Water is distributed from these treatment plants to hundreds of small storage tanks
in the city and finally to over 1,500,000 consumers, including households, industries,
municipalities, and businesses. A simplified diagram of the connections between raw
water supplies, water treatment plants and final consumers is presented in Figure 2.
This representation was elaborated using the WEAP model and information supplied
by Aguas Andinas. The WEAP modelling platform allows us to develop a supply-
demand water balance for the city using weekly time steps.

Our focus is on a portion of the system that is fed by the Maipo River (the Maipo
system) and that is responsible for more than 85% of the total water production in the
city. The main features of the Maipo system are presented in detail in insets in Figure 2.
The Maipo system supplies water for 16 of the 23 city-wide distribution sectors via two
raw water treatment plants (RWTP1 and RWTP2) from three main sources of water:
the Laguna Negra aqueduct, the El Yeso reservoir, and the water rights that Aguas
Andinas holds in the Maipo River. There are rules of operation, especially in terms of
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RWTP4 @
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RWTP 6 @
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Ground .
water
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Figure 2. Schematic diagram of the Aguas Andinas water supply/treatment/distribution system in
Santiago.
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reservoir operation, in this system that define the quantity of water that can be extracted
to fulfil the needs of water production from both treatment plants.

The first source of water used in the Maipo system corresponds to water rights/
shares owned by Aguas Andinas. The first section of the Maipo River has a total of 8133
water rights. Each water right holder can extract the relative flow passing in the Maipo
River corresponding to their proportional amount of water rights, up to a maximum
volumetric flow rate. Aguas Andinas owns almost a quarter (1917) of these water rights.
Agriculture users own the remaining rights.

A second source of water corresponds to an aqueduct coming from a natural lake
(Laguna Negra), fed by the lake’s overflows and filtrations. Finally, when surface water
from the Maipo River and the Laguna Negra reservoir are insufficient, Aguas Andinas
uses water stored in El Yeso reservoir. Water can be stored in this reservoir whenever
water flows in the Maipo exceed the demand from all users (urban and agriculture). In
addition to these water supply needs, discharges from the reservoir can be used to
increase the available storage before the snowmelt season.

The following text and figures present some system details from a hydrologic and
operational perspective. The calibration of the hydrologic parameters (snow dynamics,
soil) was carried out by adjusting some of snow dynamic and soil parameters (hydraulic
conductivity, storage capacity) of the hydrological model incorporated in WEAP. The
1985-2009 period was selected as the calibration period due to the availability of good-
quality measurements for most of the rainfall and fluviometric stations in the basin.
Figure 3 shows the result of the model calibration for the same period at one measure-
ment point, just above the main water discharge to supply water to the treatment
facility: Maipo in Manzano. As can be seen, the model correctly represents both the
inter-annual distribution and the seasonality of flow at weekly intervals for the period
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considered, with a Nash-Sutcliff coefficient of 0.80. In addition to hydrological calibra-
tion, the model can represent the different sources of water that supply the production
needs of RWTP1 (Figure 4). Finally, as Figure 5 shows, reservoir behaviour, which
compares the observed and simulated operations of the El Yeso reservoir, is also well
characterized by the model.
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Climate change impacts on potable water supply in Santiago

Although the potable water system of Santiago has been designed to maintain high
levels of service (considering both continuity and quality), it is subject to significant
threats from climate variability, climate change and population growth. Studies indicate
that climate change could reduce the annual flows in the Maipo River by 10-40% (Meza
et al., 2014). They anticipate periods of minimum water flow of between one and four
weeks, depending on the scenario under consideration. These projected impacts are
related to the predicted increases in temperature and reductions in rainfall that are
already observed in the region (Vicuna, Alvarez, Melo, Dale, & Meza, 2014). For the
Maipo basin, the study by Meza et al. (2014) shows that future changes in climatic
conditions range between —20% to 0 and —40% to —10% change in precipitation for an
early (2010-2040) and late (2070-2100) time period, respectively, and between 0.5-1 °C
and 1.5-3.5 °C increase in temperature for the two time periods, considering uncer-
tainty in models and emission scenarios. The hydrologic signature of these climatic
scenarios show a change in water availability similar in magnitude to the change in
precipitation, but also the increase in temperature translates into an earlier hydrograph
timing on the order of 5 to 30 days, depending on the time period and emission
scenario.

Using the WEAP model described earlier, we studied the potential impacts of climate
change on the ability of the Maipo system to sustain its current operation performance.
The approach to develop future climate scenarios is explained in Chadwick, Gironas,
Vicuna, Meza and McPhee (in review), details of which are beyond the scope of this
article. The key elements of that approach include consideration of a number of emission
scenarios (scenarios RCP 4.5, 6.0 and 8.5) and GCMs considered in the CMIP5 inter-
comparison exercise. The latter degree of uncertainty is represented by percentiles of
potential changes in key climate variables (temperature and precipitation). Each scenario
is then represented by the corresponding emission scenario and the percentile change in
precipitation and temperature among the distribution of GCM outputs.

Figure 6presents the synthesis of the impacts associated with these scenarios. An
impact in this case is defined as any week when the sum of all the potential water
supplies, explained earlier, is unable to meet the current operational expectations of the
water treatment plants that are fed by the Maipo River. The variable presented in
Figure 6 corresponds to the sum of weekly unsupplied flows for each climate change
scenario for the period 2010-2050. One of these scenarios is RCP45 Pp50_T50, which
corresponds to radiative forcing (GHG emission) of 4.5 W/m?* and selection of the
median (50th percentile) of future projections of precipitation and temperature. This is
one of the scenarios that do not alter the current operations of the Maipo system and
hence shows no failures in 2010-2050. However, if we consider a scenario with higher
emissions (radiative forcing of 6 W/m?) but with similar likelihood among climate
model projections, i.e. RCP 60 Pp50_T50, then there are failures in the system, as there
is at least one week when supplies from the Maipo system are unable to meet the needs
of production of the treatment plants that serve a large portion of the population in the
city. In summary, 11 of the 15 scenarios (73%) have these failure conditions. The worst
of these scenarios has an accumulated weekly unsatisfied supply of over 30 m*/s.
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Figure 6. Water supply deficit by climatic scenario.

Note. Climate scenarios are given acronyms of the form RCP Scenario Precipitation Exceedence
Percentile_Temperature Exceedence Percentile. For example, scenario RCP60 Pp25_T75 corresponds to the
25th percentile of precipitation projections and the 75th percentile of temperature projections among all
GCM outputs run with the Representative Concentration Pathway with a radiative forcing of 6.0 W/m?.

Changes in the frequency of extreme weather events could also affect water supply
conditions, not because of lack of precipitation but because of increased turbidity
associated with sediments eroded from the mountains. Under these conditions and
depending on the concentration (and duration) of sediments, water supply intakes fail
to extract water from the river. In these cases, the city is supplied from internal
resources (groundwater) and water stored in multiple small accumulation reservoirs
in the company service area. Higher turbidity associated with extreme weather has been
a critical issue in the last five years, triggering investments in infrastructural measures to
augment the amount of treated water that is stored.

The next section studies the application of two proposed water option contracts that
can be used to reduce the economic costs of both types of risks to water supply: long-term
droughts and short-term high-turbidity events. During long-term droughts and turbidity
events special measures taken by water utilities or water authorities, like additional
pumping, emergency infrastructure, and water distribution by trucks, imply higher
costs of water provision. Also, when drinking water provision is interrupted, residential
water users incur additional costs to secure water from other sources, and to find
alternative solutions to water sanitation services.

Implementation of water option contracts for future water supply
reliability for the city of Santiago

The option contracts discussed in this study are intended to be an adaptation measure for
two city-specific impacts of climate change: the risk of water supply failures due to long-
term reduction in precipitation (drought) and due to short-term high-turbidity events. In
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the first case, an option contract is proposed between Aguas Andinas and the agricultural
users of the Maipo River basin so that they can comply with urban supply at the lower
cost. In the second case, the contract is between Aguas Andinas and urban users, with the
objective of reducing water consumption to extend the duration of water supply.

Water lease option contract

In the case of drought-related shortages for the city of Santiago, an option contract of
water leasing is proposed between agricultural and urban uses. The option contract for
water between agriculture in the Maipo River basin and the city of Santiago is designed
to work as temporary leases of water during one season. To test the option contract
within the studied climate change scenarios, we propose two different conditions that
trigger the execution of the contract by the WSS. The two cases correspond to two levels
of water storage in the Yeso reservoir: 55 and 110 million m’ (corresponding to around
25% and 50% of the total reservoir capacity). These two triggers are tested with five
different pre-established amounts of water to be purchased by the water company once
the trigger is met. These correspond to 100, 400, 700, 1000 and 2000 shares that are
transferred from farmers to Aguas Andinas. As Aguas Andinas currently holds around
2000 shares, the final amount after the transfer of shares will result in the doubling of
the shares held by the company. The combination of all these different contract designs
is tested for the 15 climate change scenarios, giving us a complete picture of the relative
convenience of option contracts as an adaptation measure. Once the trigger is met,
water is transferred from agriculture to the water company, with the right to use the
water if needed, until the end of the season.

If the triggering volume is increased from 55 to 110 Mm?, then maximum and
average unmet supplies are reduced compared to the original triggering volume. Unlike
the previous case, it is also possible to avoid failures for all potential climate change
scenarios. Interestingly, the design that allows this performance needs to consider that
1000 shares are transferred every time the contract is triggered. The total number of
shares transferred is slightly above 870,000, but it occurs over 870 weeks (42% of the
total number of weeks). So, having a higher trigger volume means the option is used
more often but potentially results in lower costs and higher benefits.

Option contracts must set water prices and a premium. To assess the options
presented here, a comparison of the expected benefits to farmers with and without
the option contract is necessary. Similarly, the cost of procuring the contract should not
be greater than the opportunity cost of water. From the perspective of the water
company, the costs of the option contract must be lower than the costs of a possible
climate change extreme event. Thus, the real viability of this instrument will depend on
the existence of an ex ante water price and premium that improve welfare for both
parties. Gomez-Ramos and Garrido (2004) developed a methodology based on a
dynamic stochastic discrete time model to find the premium required to compensate
the farmer. This assessment falls beyond the scope of the work presented here. To
evaluate the viability of the option, Gémez-Ramos and Garrido simulate the option
contract showing that for the city of Seville this instrument is more cost-effective. In our
case, future work should model sellers” willingness to supply such contracts. At present,
the only evidence of the viability of such option contracts is their existence between
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Figure 7. Results of the application of different option lease contracts for water supply reliability.
Panel (a) presents the maximum and average supply shortfall taking into consideration all climate
scenarios, and percentage of scenarios with shortfall associated with different numbers of shares
included in the option contract, with a trigger of 110 Mm?® of water stored in the Yeso reservoir.
Panel (b) presents the maximum and average number of shares that are transferred from agriculture
to Aguas Andinas over the whole period of simulation. Panels (c) and (d) present the same results as
in the above cases but considering contracts with a trigger of 55 Mm?.

farmers and a water utility in the Maipo River, although the exact terms of these
contracts are not public.

Figure 7 shows the results of the application of the different design configurations
(trigger and number of shares). As seen in panel (a), the implementation of a contract with
100 shares and a trigger of 55 Mm® does not reduce the number of scenarios with failure
(73%), and has little impact on the amount of failures (maximum failure of 27 vs 31 m?/s).
As the number of shares is increased, the scenarios with failures and the amount of failures
are reduced. However, even under the most extreme contract conditions, where 2000
shares are transferred each time, the trigger is met, and two scenarios still fail before the
end of the season, but with much smaller maximum unmet flows (0.5 vs 31 m?/s).
However, there is a cost associated with the execution of the contract, as shown in panel
(b), which presents the maximum and average total number of shares that are transferred
in all events when the contract is triggered in 2010-2050. In the case where the contract is
designed to transfer 2000 shares each week under the worst climate change scenario, the
number of shares that are transferred is nearly 1,200,000, and the contract is in execution
for 600 weeks (30% of the total number of weeks in the simulation period).

Water savings option contract

Option contracts of the water savings type are proposed for short-term climate change
events. The main rationale of the contract is based on the possibility of reducing water
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consumption of large water users to provide extended potable water service, and avoid
water restrictions that impose prohibitive costs.

In the case of a high-turbidity event, the water saving option contract has the same
objective of reducing the costs associated with the occurrence of the event while
avoiding expensive infrastructural investments. In this case, the contract would be
between the water company and large water consumers in the city such as municipa-
lities or industries. Although the analysis in this case is similar to the aforementioned
case, there are key differences. The force majeure event is comparatively short-term and
therefore must be solved with an option contract that triggers a decrease in consump-
tion by certain users, so these users must be within the distribution network of the city.
The restriction would also be shorter in duration.

The instrument involves the participation of large consumers that can contribute
sufficient water to the system, thereby allowing municipalities, city parks, and industries
to participate in these option contracts. For this study, city parks are considered as an
example to demonstrate how the option contract could be a useful adaptation measure.
As landscape irrigation can vary from 40% to 70% of household water use in many
cities (Hilaire et al., 2008), they present an opportunity for the case of Santiago. Similar
cases have been tested in California using dry-year option contracts to reduce lawn
irrigation (Lund, 1999), but they were designed for long-term events such as droughts.

The specific option contract proposed here provides an example of the potential
benefits of such an instrument. The contract may be triggered at the time of the extreme
event when potable water systems still have available supplies (e.g., storage within the
city) before restrictions are imposed that request zero consumption of water. In the
example studied here, on payment of compensation, city parks and green areas stop
irrigation during the established period, increasing autonomy for Aguas Andinas. The
reduction in total costs is transferred from urban water users to city parks, which are
likely to have a lower willingness to pay for security of water supply for shorter
durations. This contract can lower the social costs of the turbidity event instead of
imposing restrictions. If the reduction in water consumption is sufficiently large, then
the water company can provide continuous potable water supply for an extended
duration when extreme events occur, avoiding water restrictions such as the ones
imposed during the summer of 2013.

To illustrate how water savings from large consumers may help in providing
extended service for the city of Santiago in an extreme event, we used data on irrigation
water consumption by the city’s parks and green areas. This was supplemented by data
provided by Aguas Andinas and satellite imagery analysis to determine the presence of
parks and green spaces. Figure 8 shows the amount of water needed to irrigate the
various parks and green spaces under the different municipalities in Santiago. If a
municipality decides to participate in the option contract and the trigger is met, then
the amount of water saved could extend the length of time the city could maintain
service without extracting additional water from the river. As shown in Figure 9,
stopping irrigation of these green areas provides enough water to extend water service
for Santiago City for short periods (20 minutes per event maximum). However, the
inclusion of other relevant consumers can help achieve longer periods of water supply
autonomy.
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Figure 9. Length of time of extended operation autonomy when municipalities participate in option
contracts to reduce water consumption.

Conclusions and policy recommendations

Climate change is likely to affect urban water supply around the world, including in
Santiago, Chile. Quantification of the impacts of climate change in Santiago is difficult
due to high uncertainty about short-term climate variability and the valuation of its
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economic impacts. However, such uncertainty should not prevent the development of
adaptation measures to reduce potential impacts and make the city less vulnerable.

In such uncertain contexts, expensive measures may prove inefficient if the worst
climate scenarios do not occur; on the other hand, cheaper measures will be adopted
only if they are cost-effective. Thus, the adaptive approach in this study is the first
attempt to avoid new large reservoir infrastructure in Santiago by proposing new
management alternatives based on the characteristics of the existing WSS. In so
doing, we have responded to the need to find an acceptable solution between the
costs of building more complex systems and the costs involved with policies aimed at
market equilibrium and water management (Starkey, Dye, Read, & Read, 2012).

The use of water management alternatives such as option contracts may require
complex institutional arrangements as well as a greater understanding of the dynamics
of water markets (Wheeler et al., 2013). Nonetheless, option contracts for temporary
use of water rights appear to be a low-cost alternative that provides insurance against
water shortages (Michelsen & Young, 1993). Option contracts can be easily developed
and tested as an adaptation measure in Chile since the dynamics of water markets are
known, and existing contractual relations in the watersheds can reduce some of the
institutional costs.

The cost of adaptation measures should reflect the scarcity value of water. The
success of option contracts as an adaptation measure lies in the exchange of water
rights from less vulnerable water consumers to more vulnerable ones during extreme
events. This measure utilizes the mechanism of risk sharing and distributes the costs
among various consumers, which results in a lower total cost for society.

This study has evaluated how option contracts have the potential to reduce the
impacts associated with extreme events without involving complex ex ante decision-
making processes regarding the occurrence of these climate change impacts. Option
contracts have been presented as inexpensive, ex ante economic instruments that enable
optimal distribution of hydrological risks. The implementation of these instruments
does not require large regulatory changes. Moreover, the implementation of option
contracts involves the analysis of management processes that might enable participants
to be interested in future contracts at convenient prices.

The ability to deal with reduced water security in the face of climate change risks can
be viewed as an opportunity to improve water management practices. Considering that
the main water users in any system have distinct and differentiated levels of water
security, more efficient solutions can be found by reallocating water rights among them
with smaller cost increases. If each water user has a different level of willingness to pay for
safe supply, allocation mechanisms can be designed as tools to reallocate water from those
who have a lower willingness to pay to those that require higher levels of water security.

Based on the available data, this study shows how option contracts of both the water
leases type and the water savings type may provide enough water to prevent major damages
due to climate change-related events. The proposal described for the city of Santiago, which
mainly depends on the Maipo River basin and the services of a private concessionaire, leads
us to conclude that option contracts combine the elements of both proactive and reactive
adaptation measures, and can be a viable tool for public-private adaptation.

Future research should deal with some of the limitations of the present work.
Specifically, assessment of the economic benefits and costs for both agents participating
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in the option contract needs to be undertaken. The ability of the water right market
structure and water utility regulatory institutions to accommodate a water option
contract strategy to reduce future climate change uncertainty also remains to be
studied.
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