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The Chilean Water Code, in place since 1981, allows free trading of water rights. Still, when moving from one 

extraction point to another, the water agency's approval, which entails public consultation, is required. This 

consultation is mainly to avoid third-party effects that may result from changes in the river or channel flows. 

Besides these effects and environmental considerations, no other restrictions, like food security concerns, are 

considered in the approval of water rights trades that require changing their extraction point. Trade of 

consumptive water rights occurs primarily within and between agents (e.g., individuals or firms) of three 

economic sectors that own most water rights in the country: agriculture (82%), mining (3%), and water utilities 

(7%) (Dirección General de Aguas, 2016). Although the market exhibits imperfections (e.g., high transaction 

costs and externalities) and controversies (e.g., initial allocation, social disputes, and environmental issues), it 

is designed to provide incentives to reallocate water toward more valuable uses (Hearne, 2018). Of the total 

consumptive water rights in the upper part of the Maipo basin, about 25% are currently owned by the water 

utility (Vicuña et al., 2018b). 
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year, depending on the melting, temperature, rain, and turbidity, among other factors. They are also affected by 

interannual variations and climate change, as will be explained later. The third source of water available to the 

water utility is that accumulated in the El Yeso reservoir. This supply is used once the entire portion of the river 

that corresponds to the water utility is used, working as a backup of the system. 

Available climate change scenarios in the Maipo basin project a reduction in precipitation and increased 

temperatures (Chadwick et al., 2018). These projections were elaborated considering three future possible 

emission pathways (RCP 4.5, 6.0, and 8.5) and general circulation models (GCMs) used in the exercise of Phase 

5 of the Coupled Model Intercomparison Project (CMIP5) (Taylor et al., 2012). Using these projections, Vicuña 

et al. (2018b) developed 15 hydrologic time series weekly from 2020 to 2050 for each of the basin inflow 

representing the range of expected climate uncertainty given greenhouse gas (GHG) emission scenarios and the 

GCM model's formulation. These hydrologic conditions show decreasing flow rates, especially in spring and 

summer, and an increase around late fall. This is the type of hydrologic response of a Mediterranean-snowmelt-

dominated basin, such as the Maipo basin (McPhee, 2018). These hydrologic scenarios could imply the need to 

implement adaptation strategies, as has been studied before (Bonelli et al., 2014). 

 

3 Methods 

In Figure 2 we present a flowchart of processes involved in the methodology proposed in this work. A central 

emphasis is given to the simulation of the functioning of the upper Maipo water supply system for the city of 

Santiago, including the operation of the infrastructure and water rights system, which affect the amount of water 

available under different climate and hydrologic scenarios, which are input to the model. The water supply 

model included a configuration of adaptation strategies that could be implemented as an extension of the current 

system in terms of both the infrastructure and how the water supply system can help adapt to climate change 

impacts projected for the basin. Finally, the MOEA searches for a portfolio of robust (not inferior) decisions in 

terms of a set of performance metrics. All these steps are explained in detail in this chapter. 
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giving enough hedge to the system operation. The cost of activating the option contracts is seen as a gradual 

increase in the accumulated cost, representing the price to be paid at the beginning of each season when it is 

triggered. Unlike option contracts and purchases of shares, the reservoir's cost is not paid when the measure is 

operational but 5 years before. Finally, we present a portfolio implemented to the lowest flow scenario, which 

exhibits a reliability of 0.73 and almost an entire year with continued failure. The portfolio, in this case, 

considers three large purchases of shares in the first three development plans (2020, 2025, and 2030), increasing 

its percentage property of the river by around 6%. These purchases are translated into a small increase every 5 

years in the accumulated cost curve for the first three periods. For the same scenario, both the summer and 

winter option contracts are triggered, mostly in the first plan and to a lesser extent in the second and third. This 

is because this scenario suffers from a drought between 2020 and 2025, which can be identified as a storage 

that reaches the minimum in the reservoir and a level of failure of the order of 5 Mm³. If no temporary transfers 

or purchases of shares occurred, the system would be in a more critical failure, endangering the city's water 

supply. Then, by 2035 in this portfolio, a reservoir of 434 Mm³ is built. It is interesting to note that, despite an 

accumulated capacity three times the initial capacity, the system goes into a failure of 8 Mm³ in 2046 because 

of a continued drought in the three previous 3 years, where the reservoirs are not able to accumulate water. 
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Fig. 4 System variables and objectives over time for an example of the implemented adaptation portfolios. (a) 
Water utility shares represent the current number of shares owned by the water utility, considering the initial 
ones plus the new purchases. (b) Active contracts (in terms of shares) after being activated by the reservoir 
threshold trigger. (c) Accumulated deficit of water volume the system is incapable of providing from the 
beginning of the simulation. (d) Accumulated cost sums the option contracts cost every time it has been 
triggered, the purchase costs for every development plan, and the one-time reservoir cost if it is ever built. (e) 
The weekly total system volume storage, where the storage capacity increases because of the construction of 
the new reservoir 
 
The MOEA simulates the 15 climate scenarios separately, comparing millions of feasible solutions and 

obtaining an efficient frontier of noninferior solutions for each scenario according to the six objectives explained 

in Section 3.3. Therefore, the MOEA automatically compares the tradeoffs between objectives, saving the 

solutions that cannot be further improved in one objective without simultaneously limiting another's 
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performance. Figure 5 shows an example of four portfolios, representing four feasible noninferior solutions, 

showing the tradeoffs existing in the different objectives considered. 

 

 
Fig. 5 Parallel axis graph with four portfolios of feasible solutions. Optimization direction upwards. Each one 
demonstrates a different performance for each objective. In this example, portfolio 2 represents the feasible 
solution of not implementing any adaptation measure, a noninferior solution due to the optimality of the total 
cost objective 
 

4.2 Results from the multi-objective optimisation 

The Pywr simulation model is used within the search process for each one of the 15 scenarios, 600,000 function 

evaluations are made to identify the frontier of approximately dominant solutions as explained in Section 3.3. 

For each climate scenario, we obtained the average performance for the different optimization objectives for all 

resulting dominant portfolios. Figure 6 shows the 15 scenarios and their average performance results for only 


























