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Abstract: Given its potentialities and characteristics, energy generation, food production, and water
availability have a strong interdependency and correlation. Water is needed to produce energy
and food, while energy is required to produce water and food. This nexus brings several chal-
lenges when scarce water resources must be allocated among competing uses, often in the form
of unexpected tradeoffs. Addressing those challenges requires knowledge about the water–food–
energy nexus and the associated tradeoffs to support water allocation and management decisions.
Those tradeoffs are still not properly understood in the uncertain and stochastic context of wa-
ter availability. When not properly accounted for, the results are conflicts, loss of investments,
environmental impacts, and limited effectiveness of sectoral policies, all of which undermine a coun-
try’s development model relying on water and energy security. This paper addresses the competitive
uses of recent irrigated agriculture expansion and existing hydropower production in a Brazilian
watershed with water conflicts, assessing the economic tradeoffs and water values between energy
and irrigated agricultural production under uncertainty. An explicitly stochastic hydro-economic
model is used to determine water’s economic value and its variation in space and time. Results indi-
cate that the agricultural benefits outweigh the potential energy losses, and the best course of action
should explore an economically compensated reallocation strategy, upon negotiation among users,
rather than imposing water supply cutbacks to the agriculture sector.

Keywords: water resources economics; marginal value of water; economic tradeoffs

1. Introduction

As water systems evolve, accommodating new growing uses with existing ones
becomes a challenge, potentially unfolding to conflicts, especially when systems were
originally designed under predominant water use. In Brazil, recent conflicts between
water users from different sectors have been registered in [1] with hydropower generation
and industrial consumption; in [2] with irrigation, hydropower projects, and other social
demands in the São Francisco River Basin; in [3] with hydropower and urban water supply
sectors in the Billings and Barra Bonita multiple-use reservoirs; in [4] with irrigators in
Campos dos Goytacazes, Rio de Janeiro, Brazil; in [5] with local government, society and
business people in the São Luiz do Tapajós hydropower plant and in [6] between two states
that share the waters of the basin in the Piranhas-Açu River Basin.

These examples highlight an increasingly common problem shared by many re-
gions globally, with water systems struggling to adapt to new conditions [7,8]. New water
uses often broaden the scope of the issues, especially when there is a strong nexus be-
tween water, food production, and energy [9]. Where a nexus exists, tradeoffs from water
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uses emerge [10], meaning that the use of water in one sector impacts the use in another sec-
tor. Food production demands water for irrigation which reduces firm energy yields for
hydropower and flows for thermal plants cooling downstream while securing flows for
long-term hydropower projects, restricting future irrigated agriculture expansion upstream
of the power projects [11].

While higher and more diverse water uses to bring in more disputes and rivalry
for water, it also means more development and economic diversification opportunities,
strengthening the regional economy. In this context, water managers and users should
strive to find solutions to accommodate new water uses towards regional economic devel-
opment while avoiding conflict and environmental impacts from the nexus between energy,
food (in the form of irrigated agricultural production), and water.

In this paper, we argue that an important step in solving these disputes is to identify
and quantify the water–food–energy tradeoffs to fully understand the negotiation space
and provide useful information to support water allocation and management [12].

Several studies point out the importance of the nexus between water, energy, and food
production [8–10,13–22]. Water abstraction, pumping, and irrigation for crops require large
amounts of energy for its implementation [20]. Currently, 70% of global water consumption
is turned to agriculture [23], while the sector consumes 30% of the production chain’s global
energy supply [24]. Simultaneously, 90% of the energy generated globally requires water in
its generation. The energy sector was responsible for a water demand of 583 billion cubic
meters in 2010, representing 15% of global water demand [25]. Daher and Mohtar [26]
highlight the importance of the nexus and offer a framework and set of methodologies
to define its links. As pointed out in [27], water scarcity challenges highlight the concept
of nexus thinking, shifting from a sectoral focus on production maximization to improve
efficiency across different involved sectors.

While the importance of the nexus is recognized, it is still poorly documented in a
format to support conflict resolution and decision-making about water allocation. The latter
demands an evaluation of tradeoffs between the nexus’ components and the water’s
economic value, critical to negotiate water allocation among users and implement policies
such as water pricing, an often difficult task in Brazil [28] and worldwide [29,30]. As water
is allocated with limited knowledge about these tradeoffs, it addresses only the short-term
and immediate uses, failing to recognize the consequences to other present and future ones.

The negotiation process to allocate and manage scarce water when in the conflict
has already been initiated and become severely hampered and potentially biased, as the
tradeoffs created by the water–energy–food nexus make it difficult to predict the impact of
the solution adopted in the various elements of the nexus. On the other hand, in situations
where the conflict has not yet developed, it is impossible to verify whether current sectoral
decisions or policies are putting one element of the nexus in a collision course with another,
which prevents water management resources from being truly integrated.

The use of modeling and systems analysis tools for water resources management, in-
cluding optimization methods as the link between economics and engineering, has allowed
managers to fully explore economic principles to aid decision-making in search of inte-
grated and flexible solutions. Several works in the literature have explored this approach.
In [31], a continental scale Hydro-economic model integrates biophysical, technological,
and economic features to evaluate water–energy–land nexus, including the cost of water
management options. However, the core optimization model is deterministic, with per-
fect foresight, and the tradeoffs are not explicitly evaluated. In [32], the synergies in
the water–food–energy nexus are explored with an integrated hydro-economic optimiza-
tion model. The authors quantified the tradeoffs between hydropower, irrigation, and fish-
eries under different operation and hydrological conditions, with a scenario-based ap-
proach, which is limited in capturing the broad spectrum of hydrological uncertainty.
Finally, a review of the hydro-economic modeling for water-policy assessment [33] high-
lights that while most hydro-economic models assume perfect foresight, water managers
cannot perfectly predict water availability and must deal with risks in decision-making.
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Along with other studies [29,34–46], the literature still present gaps in the study of tradeoffs
in the water–energy–food nexus, especially in representing hydrological uncertainties
and variability. Rising [47] have compared integrated assessment models (IAMs) with
water–energy–food (WEF) models, showing that IAM provides cost–benefit economic
valuation, in opposition to WEF, which takes into consideration hydrological risks while
IAMs do not. However, the author argues that neither model has consistently engaged
with the issue of optimization under uncertainty. Pereira-Cardenal et al. [48] applied an
explicit stochastic approach to optimize water-power systems jointly and found out that
water allocation between high productivity irrigation and hydropower could be improved.
However, the tradeoffs were not explicitly evaluated, and the authors assumed constant
willingness-to-pay for water, which could result in over or underestimation of irrigated
agriculture benefits.

Considering the presented knowledge gaps, this paper brings in a contribution to
the evaluation of water–energy–food nexus tradeoffs with a combination of (a) dynamic
accounting of water flows and marginal water use values (varying in space and time) and
(b) reliability analysis through a state-of-the-art explicit stochastic optimization model to
account for hydrologic uncertainties. This addresses previous limitations as the determinis-
tic, perfect foresight in [31], the scenario-based approach in [32], the decision-making risks
in [33], and the constant willingness-to-pay for water in [48].

The methods and results presented here contribute to the water management field
by providing specific tools and information on assessing economic tradeoffs between two
users in a basin with conflict over water use related to occurrence probabilities. It should
be useful to (a) identify the reflexes of allocation decisions in other elements of the nexus;
(b) create conditions for integrated water resources management and their compatibility
with other sectoral policies (for example, irrigated agriculture and expansion of energy
generation), (c) create conditions for economic compensation instruments, which facilitate
the acceptance of a given solution and reduce the possibility of time-consuming conflict,
and (d) relate tradeoff economic information with the probability of occurrence related
to hydrological uncertainty. We chose the São Marcos River Basin, in Brazil, as the study
area, given existing conflicts between hydropower and irrigated agriculture. We aim to
answer three main questions: (a) How much benefit could the energy sector potentially
lose when water is shared economically with the agriculture sector? (b) How much benefit
the agricultural sector brings into the system when water is shared with the energy sector?
We also ask, (c) How likely are those benefit changes, considering hydrologic variability?

The following sections presents (1) an overview of the study area context and prob-
lems (the São Marcos River Basin), the main water uses (irrigated agriculture, hydropower
generation), (2) overall methodology and model runs, (3) model assumptions, with irriga-
tion, hydropower, and inflows, (4) system configuration and hydrology; (5) an explanation
of the model configuration; (6) how the model operates and the outputs it will provide.

2. Materials and Methods
2.1. Study Area Context

A brief description of the study area context is presented to explain the methodology
and modeling analysis rationale. The study area is the São Marcos River Basin in the Paraná
hydrographic region, Brazil (Figure 1).
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Figure 1. São Marcos River Basin.

The São Marcos River Basin occupies 1,214,000 hectares over two Brazilian states
(Minas Gerais and Goias) and a small portion over the Federal District (DF). From this total,
96,874 hectares are irrigated with the center pivot method, standing out as the area with the
highest concentration of pivots in Brazil [49,50]. The pivot’s average size is 87 ha, mostly
new equipment operated by farmers with significant technological development [51].
The predominant crops are beans, maize, and soy, followed by others such as potatoes
and garlic. The irrigation expansion in the region boomed starting in the 90 s, with the
agricultural occupation of Brazilian savannas [52]. According to [53], irrigation with
central pivots concentrates in some municipalities (e.g., Cristalina), which hold the largest
agriculture production in the basin: garlic, coffee, beans, maize, soy, tomatoes, and wheat.
The local economy relies heavily on the production chain resulting from agricultural
production, with the municipality of Cristalina boasting a 36.5% population growth in
2000–2010 (48,463 inhabitants in 2013) and figuring as the Brazilian municipality with the
highest Gross Added Value from agriculture in 2010 [54].

Irrigated agriculture data for the basin identified a total of 1132 central pivots, most of
which located in the Sao Maros River affluents (state domain rivers) and supplied with
small private reservoirs filled with water pumped from the rivers [52].

The watershed has two operational hydropower plants: Batalha and Serra do Facão,
respectively, with 52.5 MW and 212.6 MW installed capacity. Batalha started operating
in 2010, and Serra do Facão in 2014. For a powerplant to operate in Brazil, its project is
issued a special water permit during the licensing phase, several years before entering op-
eration, to secure the necessary water supply to produce the firm energy yield required
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by its concession contract. Both reservoirs are connected to the Brazilian Hydrothermal
Power System, and the energy produced is allocated according to the system’s demand for
loading and cost of energy production.

With the recent and significant increase in the region’s irrigated area, which took place
mostly upstream of the hydropower reservoirs, water conflicts soon emerged. First conflicts
were registered during 2010 by the brazillian National Water Resources Agency (ANA),
involving hydropower operators and irrigators, most of the latter without formal water
permits [52]. This issue was aggravated as the Goias state government fostered an irrigation
development plan financed by the federal government to improve water infrastructure
and support irrigation [52]. In response, the national water agency issued a technical
note (No 104/2010) followed by a regulatory agreement with the states in the watershed
(Resolution n◦ 562/2010) limiting water withdrawals upstream of the Batalha powerplant.
However, as highlighted in [52], the Regulatory Agreement fell short on its effectiveness,
as the states responsible for monitoring and overseeing water withdrawals from the São
Marcos River affluents over their domain did not implement proper control on water uses.
The combination of irrigators withdrawing without permits, as pointed in [52], limita-
tions on water withdrawal overseeing, and increase in irrigation reduced the reliability
in evaluating water availability for new water permits, which tend to overestimate sup-
plies due to incomplete water use databases. All these issues tend to reinforce each other,
resulting in an ongoing conflict in the region.

2.2. Methodology

The overall method is based on a Hydro-economic model developed with a stochastic
dual dynamic programming (SDDP) approach [38]. The hydro-economic model runs under
two different arrangements to determine economic benefits to the sectors in the watershed.
The differences in economic benefits between these arrangements determine the tradeoffs,
which consider hydrologic uncertainty and variability. The stochastic model’s main contri-
bution to the results is to consider hydrological uncertainty, providing tradeoff information
with an occurrence probability related to them.

The first arrangement—energy arrangement—represents exclusive hydropower use
in the basin to evaluate this sector’s maximum potential benefits. This arrangement
reflects the system’s original context when the hydropower sector had its inflows already
secured through water permits and before the conflict with irrigated agriculture took place.
Under this arrangement, the hydro-economic model allocates water to maximize the
economic benefits from hydropower generation. Water is allocated following mass balance
constraints, system topology, and water availability. There are no specific restrictions on
user behavior, such as turbine minimum flow at hydropower plants (HPP’s) or minimum
agricultural production, only availability and balance restrictions.

The second arrangement—economic arrangement—represents the existing hydropower
in the energy arrangement, with current irrigated agriculture water demands added. Un-
der this arrangement, the hydro-economic model allocates water to maximize the system’s
overall economic benefit (sum of the economic benefits of electricity production and agri-
cultural production). This arrangement reflects the context of both sectors sharing limited
resources. Under this arrangement, the hydro-economic model maximizes the combined
economic benefits (agriculture + energy), allocating water to each sector each month.

The results from both simulations include water flows and their marginal values,
which vary in space and time according to hydrologic uncertainties. We then compare both
arrangements to investigate the tradeoffs and economic benefits in the system, consider-
ing hydrologic variability. The latter aspect is important as hydrology variation may bring
economic losses, which should not be mistaken by water allocated to other competing sec-
tors. Those results focus on wetter hydrologic conditions (10% of exceedance probability)
and drier conditions (90% of exceedance).

It is noteworthy that the purpose of this analysis is not to assess to whom the wa-
ter should be allocated, nor to provide objective answers as to how water should be
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apportioned among these users, but rather to evaluate tradeoffs related to the different
arrangements, which should be useful to support negotiations for conflict resolution and
water allocation in the watershed. Water use priorities in Brazil are due to several legal,
economic, social, and environmental factors, and the answer is not given by observing only
one of these factors.

2.2.1. Model Data and Assumptions

The necessary data include irrigated agricultural use and power generation in the basin,
financial and operational information of these uses, and hydrological characterization of
the basin.

The model runs for a five-year period, where the first and last years are excluded to
minimize the effects of boundary conditions in the results. The five-year run is necessary
to obtain a steady-state solution to the optimization model, especially regarding reservoir
operation. In the first year, it is affected by the influence of initial conditions and the
system’s memory, and in the last year by the zero future water value. Hence, the most
reliable results are obtained considering just the middle years.

In [55], a methodology is presented to estimate irrigated crops in a given area, consid-
ering the specific cycles and the agricultural calendar of the crops, and the available area,
forming a spatial-temporal mosaic distribution of cropping. This mosaic gives planted area
information for each crop each month, since the distribution is dynamic, to maximize the
use of this area and economic benefits arising from agriculture. We adopted this method-
ology to estimate used space, assuming the irrigators would minimize the idle area and
follow the region’s economic and cultural factors, keeping the crops of greater relevance.
Monthly irrigation demands were then calculated from the estimated crop areas [55].

Reservoir and hydropower plant data were obtained from the geographic information
system of the electric sector (SIGEL) of the brazillian National Electric Power Agency
(ANEEL) [56]. ANEEL provides data regarding hydroelectric plants throughout the Brazil-
ian territory. Technical and operational information on the reservoirs was obtained from
the Brazilian electric potential information system (SIPOT) [57,58].

Inflows to hydropower reservoirs were obtained from the naturalized affluent flows
series made available by the brazillian National Electric System Operator (ONS) [59].
Since ONS data are only available in reservoirs, flow time series were regionalized to be
made available in other locations by area ponderation.

The model considers only two water uses: hydropower production and irrigated agri-
culture.

2.2.2. Hydro-Economic Model Formulation

The hydro-economic model employs a stochastic dual dynamic programming (SDDP)
algorithm described in [60], and the specific implementation of SDDP used in this study is
described in greater detail [38,61]. The algorithm runs on Matlab and uses the Gurobi solver.

The model will represent the two arrangements previously described (energy arrange-
ment and economic arrangement) that will be compared to identify differences in economic
benefits from water allocation and thus the tradeoffs. From these allocation results, it will
be possible to tell where when, for what uses, and the probability of the water value,
which will answer how one sector impacts the other, how much economic benefit it brings
to the system, and its distribution among users, space, and time.

The model represents the elements of interest in the area, which include agricultural
water demands, seasonality, and associated economic benefits, as well as other aspects of
the water system, such as water flows, distribution, storage, naturalized flows, water de-
mands, and associated economic benefits, storage infrastructure, evaporation and losses
in irrigation systems and powerplants. A node and arc topology defining the São Marcos
water system appears in Figure 2, with irrigated agriculture represented as irrigation de-
mand nodes. Input data include irrigated area, maximum water demands for irrigation,
reservoir information, and power plant energy generation information.
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Figure 2. São Marcos Basin model topology.

The model solves an optimization problem of water allocation, where the objective
is to maximize the economic return of water use for irrigated agriculture and hydroelec-
tric generation. However, the model’s goal is not to find an “optimal solution” for water
allocation in the basin but rather assess upper bound benefits and then evaluate tradeoffs
between the two sectors by comparing the two arrangements. In the actual system opera-
tion, identifying an “optimal” or even feasible water allocation would require a negotiation
process among users and consider other aspects such as current allocation, access equity,
and ecosystem demand, which are beyond this work’s scope. However, understanding the
economic tradeoffs allows the designing of compensation instruments and can be useful as
a starting point for negotiation.

Decision variables include reservoir releases, turbine flows for hydroelectric gen-
eration, and flows allocated to irrigated agriculture. The model is subject to physical
constraints (storage capacity, turbine capacity, among others) and mass balance in each of
the twelve nodes.

The model generates synthetic flows series from the observed series, allocating the
available flows for the uses to generate the highest value, respecting the system’s mass
balance restrictions. It extracts the marginal values of water varying in time and space
and the total benefits generated in the system due to the objective function to maximize.
Hydropower reservoirs operation is maximized by deciding turbine and released flows
each month, thus affecting reservoir storage. When the model runs, it maximizes the
total hydropower revenue by optimizing the operation of reservoirs and turbine flow and
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multiplying the average power produced by an energy price that reflects the marginal cost
of producing one extra MWh in the Brazilian integrated power system, from [62].

Water for irrigated agriculture is allocated to each of 36 blocks representing six crops
in six agricultural nodes. Water used in irrigated agriculture generates benefits based
on production costs, productivity, and crop market price. If the demand is not fully met,
productivity is reduced proportionally to the water deficit in the month of scarcity.

Agricultural production is based on crop water consumption values and a yield
reduction factor (ky), which reduces production relative to water availability. From this pro-
duction, the model generates economic benefits based on crop yields, fixed costs (R$/ha),
production coefficient (ton/ha), and market value of the crop (R$/ton). Irrigation efficiency
is considered 80% [55]. Of the remaining 20%, there is a 30% return efficiency to the
downstream node [63], and 6% returns to the system.

As shown in Figure 2, nodes 1, 2, 10, and 12 represent irrigated areas at the head of the
system (as irrigation demand nodes in the model), upstream of Batalha HPP. Node 11 repre-
sents the irrigated areas upstream of Serra do Facão HPP (and downstream of Batalha HPP),
and node 9 represents the irrigated areas in the final stretch of the system, downstream of
both HPPs.

2.2.3. Solving the optimization problem through stochastic dual dynamic
programming (SDDP)
General Description

We solve a multi-reservoir operation problem to find the optimal operational path of
water storage and releases, accomplished by maximizing the sum of the present and future
benefits from the releases for power generation and irrigated agriculture. Future benefits
depend on water storage in the reservoir and future uncertain inflows. Since storage
depends on the present release decisions, decisions are coupled in time. Thus, the model
solves a stochastic multistage problem with temporal coupling and nonlinear benefit
functions. The general formulation of a multistage optimization problem is given by
(1) [61].

Z = Eqt

[
T

∑
t=1

αtbt(St, ut, qt) + αT+1v
(
ST+q, qT

)]
(1)

where

E is the expectation operator;
t is the index of time (month);
T is the last time period (month);
α is a discount factor for the value of economic benefit over time;
bt is the benefit function at stage t (R$);
St is a vector of storage at time t (hm3);
ut is the allocation vector (decision variables: turbine, flow) (hm3);
qt is the affluent flows vector (hm3);
v is a terminal value function that estimates the value of de FT+1(ST+1) at time period
T (R$);

Equation (1) is the objective function that maximizes total economic benefit and Z the
total expected benefit in t = 1, 2, 3, . . . , T

Subject to constraints (2), (3) and (4):

ut+1 ≤ ut+1 ≤ ut+1 (2)

St+1 ≤ St+1 ≤ St+1 (3)

St+1 = St − Cut + qt − et (4)

where C is a connectivity matrix linking different elements in the network, and the other
variables were presented above.
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The stochastic dynamic programming (SDP) version of the above optimization prob-
lem is defined by Bellman’s Equation (5).

Ft(St, qt−1) = maxut

{
Eqt |qt−1

[bt(St, ut, qt) + αt+1Ft+1(St+1, qt)]
}

(5)

where max is a maximization operator. The remaining variables were presented above.
However, the SDP solution for this problem requires discretization of the entire state

space (all values of S and q), making the computational cost of the problem excessively
large for a larger number of state variables. Several techniques are proposed in the litera-
ture to overcome this limitation. We adopted the stochastic dual dynamic programming
approach (SDDP), which can create a locally approximated future benefit function by
employing successive extrapolations constructed from the dual variables of the stochastic
optimization problem [42]. Several of the optimization methods employed by the national
system operator (ONS) in Brazil make use of SDDP algorithms.

The SDDP algorithm also uses an analytical representation of hydrological uncertainty
that limits the computational effort required to solve the optimization problem by prevent-
ing discretization of the hydrological state variable. A set of synthetic flow series is used
to simulate the system and check the approximation of future benefit functions. A more
detailed description is presented in [38].

The economic benefits from hydropower generation are a function of the energy
generated and the price of energy in the month the flow is turbined. The values are
calculated considering the marginal value of energy in the Brazilian hydrothermal system.

In a given period, additional water has different values from the previous ones as
they are allocated to different crops, which yields a marginal value curve similar to that
observed in Figure 3.

Figure 3. Marginal value in a given month in a given irrigation node.

Irrigation data from the Brazilian Institute of Geography and Statistics (IBGE) regard-
ing agriculture patterns in each municipality of the watershed allowed the identification of
the most common crops and their location. From this, typical central pivot irrigated crops
that are more representative of the area were selected. Given the historical characteristics
of the region’s crops, soybean, maize, garlic, beans, coffee, and potato were selected as the
most representative crops for the region. Each crop is modeled with a constant productivity
function (kg/m3); however, as the crop mix varies between different crops and across
the regions, the marginal water benefit (and thus the marginal willingness-to-pay for water)
varies across the irrigation regions, depending on the location and period of the year.

Model Output

For the São Marcos system, the model has 15 output variables, 12 nodes, and 60 months,
which would generate 345,600 results. Some of the variables are discretized into more or
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less than 12 nodes (such as variable i, discretized in 36 blocks, or variable ib, which refers
to the whole system).

Each model run is done for a 60 month horizon, using 30 sequences of inflows gen-
erated internally by a multisite periodic autoregressive (MPAR) model. Thus, for each
output variable at each point of the system, the model produces 30 time series of 60 months
duration resulting in 30 probabilistically possible series, one for each possible sequence
of inflows qt. These results are organized into exceedance probability curves, relating the
values to a probability of occurrence. This allows analysis of the probabilities and uncer-
tainties regarding the value of economic benefits and tradeoffs. We analyzed results from
the exceedance probability curves generated in wetter (10% of exceedance probability) and
drier conditions (90% of exceedance).

The Lagrange multiplier (λ) associated with the mass balance equation represents the
marginal value of water, which corresponds to the increment in the model’s objective func-
tion resulting from an additional unit of water at a given point and time. This increment is
an estimate of the economic value that an additional unit of water would add to the system,
at that point, at that time. This variable also represents the marginal opportunity cost
of water, indicating the economic benefit that could be produced if an additional unit of
water were reallocated from another point in the system to the point in question. In the
representation of the system, a point is represented by a node, which can be a reservoir or
a demand node.

The four result sets are summarized in Table 1.

Table 1. Results presented in different hydrologic scenarios and arrengements.

Arrangement Hydrologic Scenario

90% Exceedance Scenario 10% Exceedance Scenario

Economic arrangement 90% exceedance with
economic arrangement

10% exceedance with
economic arrangement

Energy arrangement 90% exceedance with
energy arrangement

10% exceedance with
energy arrangement

Total for both arrangements Curves from 100% a 0% exceedance

3. Results and Discussion
3.1. Energy and Economic Arrangements

The frequency distribution for the average economic benefits under both arrangements
appears in Figure 4 for monthly economic benefits generated (R$1,000,000.00) in the São
Marcos HPP system. The separation between both curves indicates economic tradeoffs to
energy due to reduced inflows, as water is shared with irrigated agriculture. The spread in
the curves indicates natural hydrological variability and probability of occurrence.

Comparing the economic arrangement with the energy arrangement indicates that
the total hydropower benefits are reduced by 5.64% (R$27 million per year) for the 90%
exceedance dry scenario and 4.62% (R$29.6 million per year) for the 10% exceedance
wet scenario. The absolute deficit is higher in the 10% scenario because of the higher
water availability. In relative terms, however, it is lower because since agriculture is
favored in the optimization, it uses a similar amount of water in both scenarios, so the
absolute impact it has on energy generation is similar.
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Figure 4. Exceedance probability curves of average economic benefits from energy generation.

If we consider the losses caused by water availability changes, hydropower loses
R$162.4 million/year due to less available water, which represents 25.31% of the total bene-
fit in 10% of the years. That absolute loss decreases to R$159.8 million/year (representing
26.11% of the total benefit) in the economic arrangement. Table 2 presents the average
annual benefit generated for the two hydropower plants’ optimized operation in the basin.

Table 2. Economic benefit generated in both scenarios and allocation arrangements.

Arrangement Scenario Benefit Generated (R$ Million/Year)

Energy 90% (drier) R$479.29
10% (wetter) R$641.72

Economic
90% (drier) R$452.27

10% (wetter) R$612.09

Variation
(Energy–Economic)

90%
Absolute −R$27.01

% −5.64%

10%
Absolute −R$29.63

% −4.62%

Figure 5 shows water withdrawals to the irrigated uses in the six demand nodes of the
system (hm3), under the economic arrangement, with 90% (a) and 10% (b) exceedance prob-
ability. The largest water withdrawals during the dry years (90% exceedance) take place
in July/August at nodes 12 (Minas Gerais Irrigation), followed by 10 (Consumo Batalha),
which are both upstream of both hydropower reservoirs (Batalha and Serra do Facão). Fur-
ther downstream, between the hydropower plants, irrigation demand node 11 (Consumo
Serra do Facão) is also significant. Another irrigation node far upstream, node 1, has low
withdrawals, likely due to localized scarcity.
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Figure 5. Water withdrawals to irrigated agriculture in the economic arrangement, with 90% (a) and 10% (b) exceedance
probabilities.

However, 10% of the time, during the wetter years, irrigation withdrawals are higher
for several nodes (the highest at node 10), including node 1 (Rio Samambaia) farther up-
stream. The latter, likely due to improved local water availability conditions. Node 1
also has higher water withdrawals in July (rather than June in the dry years), indicating a
possible shift in the crop calendar.

Figure 6 shows the exceedance probability curves for the average annual water with-
drawals at the irrigation nodes and the system. The variation between exceedance proba-
bilities indicates a deficit to meet the total demands caused by hydrological variability (if
100% of the demands were met, the hydrological variability would not impact the with-
drawal flow). Some demands like node 2 (São Marcos Cabeceira, which is not exceptionally
large compared to the others) present a nearly vertical line, indicating that most of the
demand is met almost all the time. The same with node 12.

Table 3 shows the actual evapotranspiration and water demands for irrigation and
the water withdrawals for both scenarios and the six irrigation nodes. Of the total water
demand (549.7 hm3/year), 411.6 hm3/year is met 90% of the time (138.1 hm3/year deficit),
and 448.4 hm3 in 10% of the time (101.2 hm3/year deficit). Node 1 (Rio Samambaia)
responds for most of this result, as its demand is significant (19.3% of the system total de-
mand), and it faces a deficit up to 48.9% in the drier years (90% exceedance probability).
One-third of Rio Samambaia’s demand (33.3%) is still not met even in the wetter 10% years.
This result indicates that even under favorable hydrological conditions, the upstream
nodes concentrate a deficit (water scarcity). This watershed region has smaller drainage
areas with reduced flow rates, and water cannot be allocated here from other points of
the system.
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Figure 6. Exceedance curves of water withdrawals in each system node.

Table 3. Demands, water withdrawals, and deficits for irrigated agriculture in both scenarios in the economic arrangement.

Node
Water Demands (hm3/year)

Water Withdrawals (hm3/year) Deficit (Demands–Withdrawals) (hm3/year)

# Name 90% (Drier) 10% (Wetter) 90% (Drier) 10% (Wetter)

1 Rio Samambaia 106.2 57.3 72.8 48.9 33.3
2 Cabeceira São Marcos 45.4 36.8 37.1 8.7 8.4
12 Irrigação Minas Gerais 149.6 116.5 116.5 33.1 33.1
10 Consumo Batalha 121.6 93.9 107.3 27.7 14.3
11 Consumo Serra do Facão 118.3 97.1 104.7 21.2 13.6
9 Exutório 8.5 10.0 10.0 −1.5 −1.5

Total 549.7 411.6 448.4 138.1 101.2

Overall, the results indicate that irrigated agriculture received water allocation capable
of supplying 75% of its demand 90% of the time and 81% in 10% of the time. This means
an approximate water supply deficit of 19% to irrigated agriculture, even in the wetter
10% years.

The economic benefits generated by irrigated agriculture are presented in Figure 7
shows exceedance curves for the average annual benefits generated by irrigated agriculture
at irrigation nodes.

Figure 7. Exceedance curves for economic benefits generated by irrigation in each node of the system.
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As expected, the hydrological variability reflects on economic benefits, as presented
in Table 4, for the 90% and 10% exceedance scenarios. If all irrigated agriculture demand
is fully supplied (549.7 hm3/year), the maximum economic return is 202 R$ million/year.
Hence, the 19% water supply deficit verified in the previous section represents a 4.5% drop
in economic benefits in the 10% exceedance scenario (R$9.08 million) and a 5.15% drop in
the 90% exceedance scenario (R$16.47 million).

Table 4. Economic benefit generated by irrigated agriculture in both scenarios for each node in the economic arrangement.

Node Economic Benefit Generated in Irrigated Agriculture
(R$ million/year) Difference of Economic Benefits

# Name 90% (Drier) 10% (Wetter) R$ million/year %

1 Rio Samambaia R$23.36 R$27.06 R$3.70 13,67%
2 São Marcos Cabeceira R$17.14 R$17.18 R$0.04 0,23%

12 Irrigação Minas Gerais R$55.66 R$55.66 R$0.00 0,00%
10 Consumo Batalha R$37.26 R$39.57 R$2.32 5,86%
11 Consumo Serra do Facão R$47.53 R$48.85 R$1.33 2,72%
9 Exutório R$4.60 R$4.60 R$0.00 0,00%

Total R$185.53 R$192.92 R$7.38 3.83%

The differences in economic benefits in Table 4 reflect some of the hydrological vari-
ability, which can reduce the benefits by at least R$7.38 million/year, comparing the
more favorable conditions (10% of exceedance) with less favorable conditions (90% of
exceedance). This difference is equivalent to 3.83% of the whole benefit in the 10% ex-
ceedance scenario, considering the whole system. This difference is not uniform in the
system. Table 4 shows that most of the economic benefits are concentrated upstream of
Batalha HPP, in nodes 1, 2, 12, and 10 (R$6.06 million, or 19.76% of what is generated in
those nodes). The Rio Samambaia (node 1) is subject to a variation of R$3.70 million, equiva-
lent to 13.67% of its benefit in the most favorable years (10% of exceedance probability) and
almost half of the difference in the whole system. Downstream of the reservoirs, nodes 11
and 9, benefits from the regularization effect and have smaller differences. Nodes 2 and 12,
however, are upstream and have a small difference as well. One possible explanation is the
value of production in these regions, associated with local water availability differences.

3.2. Marginal Water Values

This section presents the marginal value of water in the nodes, presented in monthly
and average values (R$/1000 m3). Marginal water values are obtained from the Lagrange
multiplier associated with the water mass balance equation in the hydro-economic opti-
mization model in each node of the system, indicating the potential increase in the objective
function value (economic benefit) if one extra 1000 m3 of water was available at the specific
location and time.

Figure 8a,b and Figure 9a,b present the time-series of marginal values for the two ar-
rangements (energy and economic) and the two scenarios (90% and 10% of exceedance prob-
ability). The marginal value is zero when there is no benefit to be gained from an extra
unit of water (i.e., water constraint in the mass balance equation is slack), and it increases
with water scarcity. Marginal values in node 9 (Exutório) are zero since uses from this
point onward are not modeled. The marginal value peaks reflect the high water demand
during the irrigation season. As expected, the values are overall higher in the dry years
(90% exceedance probability) than in the wet years (10% exceedance probability).
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Figure 8. Marginal value of water in the nodes per month, economic arrangement, with 90% (a) and 10% (b) exceedance prob-
abilities.

Under the economic arrangement, for the 90% exceedance scenario (dry years),
the peaks reached R$0.30/m3 to irrigated agriculture. In contrast, node 1 (Rio Samambaia)
presented the highest values (from June to August) due to its upstream location and small
drainage area. August is also the month when the marginal values peak for all demands.
As the scarcity reduces as we move to downstream regions, so do the marginal water values.
At the upstream nodes (mainly 1 and 10, with one peak at node 11), the marginal values of
water range from R$0.07/m3 to R$0.11/m3. Over the remaining months, there is a reduc-
tion from January, extending to March. These are months when the demand is the lowest
due to the rainy season. For the dry years in the economic arrangement, some periods
presented zero marginal value, indicating demands were met.

In the energy arrangement, the marginal water values are mostly invariable through-
out the year, reflecting the energy values and water access. In the wet years, however,
marginal water values in March and April were close to zero, indicating abundant water
supplies with full reservoirs and turbines running at maximum capacity, achieving the
nominal power of the HPP.
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Figure 9. Marginal value of water in the nodes per month, energy arrangement, with 90% (a) and 10% (b) exceedance prob-
abilities.

Comparing the magnitude of the values between the economic and energy arrange-
ments indicates the increment brought in by irrigated agriculture in the region. For example,
in August during the dry years, the upstream region (nodes 1 through 12) has water at
approximately R$0.105/m3 if hydropower was the exclusive demand in the basin (en-
ergy arrangement), while when agriculture is added, the economic marginal water value
raises threefold, up to R$0.30/m3.

Figure 10 presents the non-exceedance curves for yearly average marginal values for
the economic and energy arrangements. In the non-exceedance curve of average values, it is
possible to observe where water is scarcer (i.e., it has a higher marginal value), in decreasing
order, from upstream to downstream.

The only values presented in non-exceedance probabilities are the marginal values,
which are inversely proportional to the availability of water. This means that the 0.9 non-
exceedance probability (low marginal values) is equivalent to the 0.1 exceedance probability
for the other variables (high water availability).)
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Figure 10. Non-exceedance probability curves of average marginal values in the energy arrangement (a) and economic
arrangement (b).

The curves overlap at some nodes, where the marginal value is the same. In the energy
arrangement, three curves are observed at Batalha, Serra do Facão, and the Exutório nodes,
indicating that water used only for hydropower purposes has the same value anywhere
upstream of Batalha (curve 1/2/3/4/5/6/10/12) or downstream of Batalha and upstream
of Serra do Facão (curve 7/8/11). The overlapping of curves is also observed in the
economic arrangement, however, with more dispersion in the values, as water can be
allocated to different crops with different economic returns.

These values indicate the potential for generating economic benefit from the two water
uses in the basin and the water use rivalry. As seen in Table 5, when irrigated agriculture
is included in the system (economic arrangement), the marginal water values increase
compared to the energy arrangement. This shows that, while hydropower may have signifi-
cantly smaller consumptive use (i.e., mostly evaporation), both uses compete for water due
to the timing of the releases when reservoirs operate to maximize hydropower production.
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Table 5. Average marginal values.

Node
Economic Arrangement Energy Arrangement

10% (Wetter) 90% (Drier) 10% (Wetter) 90% (Drier)

1—Rio Samambaia 125.7 145.1 95.9 105.3
2—São Marcos Cabeceira 98.9 106.4 95.9 105.3

3—Confluência 98.8 106.4 95.9 105.3
4—Mundo Novo 98.8 106.4 95.9 105.3

5—Contribuição Batalha 98.8 106.4 95.9 105.3
6—Batalha 98.8 106.4 95.9 105.3

7—Contribuição Serra do Facão 71.1 76.3 69.8 76.2
8—Serra do Facão 71.1 76.3 69.8 76.2

9—Exutório 0.0 0.0 0.0 0.0
10—Consumo Batalha 102.5 122.0 95.9 105.3

11—Consumo Serra do Facão 76.3 95.7 69.8 76.2
12—Irrigação Minas Gerais 98.8 106.4 95.9 105.3

As higher scarcity and marginal values are observed at upstream nodes, it would
be economically more efficient to concentrate irrigated agricultural uses downstream of
the HPP’s, to use water in irrigation after generating power. However, due to other reasons
(e.g., soil fertility, availability, and social causes), the basins’ headwaters are precisely where
most of the central irrigation pivots are concentrated.

3.3. Total Economic Benefits and Tradeoffs

Hence, far, changes in energy generation and irrigated agriculture were analyzed.
Still, the full tradeoff analysis also involves the gains for the irrigated agriculture sector
and the system as a whole. Figure 11 shows the benefits generated each month for the two
scenarios and allocation arrangements.

Figure 11. Monthly economic benefits in the system.

As agriculture shares water with hydropower, a clear gain in total economic benefits
is perceived from April through October, the dry months where irrigation is concentrated.
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There is no perceivable change in the dispersion of the total benefits throughout the
years. Some tradeoffs are present from December to March, due to more water available
to hydropower, without consumptive irrigation use.

When hydropower is the exclusive water demand (energy arrangement), power pro-
duction and benefits rise after November and peak in April. When irrigated agriculture is
considered (economic arrangement), total benefit peaks later in July, following the agricul-
ture calendar. Overall, the presence of irrigated agriculture in the economic arrangement
outweighs the tradeoffs.

Figure 12 shows the exceedance curves for average annual total benefits generated in
the system.

Figure 12. Exceedance curves for monthly average total benefits in the system.

Table 6 shows the total benefits for the 90% and 10% scenarios and allocation arrange-
ments. The energy sector would produce a benefit of R$479.3 million/year 90% of the time
if it had exclusive access to water to maximize hydropower production and reach up to
R$641.7 million/year 10% of the time in the wet years. As water is shared with the irrigated
agriculture sector, the energy benefits are reduced to R$452.3 million/year, resulting in a
R$27 million/year tradeoff in energy benefits 90% of the time.

Table 6. Total benefits generated in the system in both scenarios and allocation arrangements.

Arrangement Scenario
Generated Benefit (R$ Million)

Irrigated Agriculture Energy Generation Total

Economic
90% (drier) R$185.5 R$452.3 R$637.8

10% (wetter) R$192.9 R$612.1 R$805.0

Energy 90% (drier) - R$479.3 R$479.3
10% (wetter) - R$641.7 R$641.7

Variation
(energy—economic)

90% (drier)
Absolute R$185.5 −R$27.0 R$158.5

% - −5.64% 33.07%

10% (wetter)
Absolute R$192.9 −R$29.6 R$163.3

% - −4.62% 25.44%

However, the irrigated agriculture sector also brings in R$185.5 million/year in eco-
nomic benefits as it receives water allocation. Discounting the energy benefit tradeoff, the
net gain to the water system is R$158.5 million/year (90% of the time), and it could still
reach up to R$163.3 million/year in the 10% wetter years.

Table 7 compares the economic tradeoffs resulting from the different arrangements
and scenarios.
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Table 7. Economic tradeoffs.

Origin of Economic Benefits Generated Benefits at 90% Exceedance
Probability (R$ million/year)

Generated Benefits at 10% Exceedance
Probability (R$ million/year)

Generated by the energy sector without
irrigated agriculture. (B) R$479.3 R$641.7

Generated by the energy sector with
irrigated agriculture. (C) R$452.3 R$612.1

Loss of energy benefits from the presence
of agriculture (D) = (B − C) R$27.0 R$29.6

Generated by irrigated agriculture with the
energy sector (A) R$185.5 R$192.9

Irrigated agricultural benefits discounted the
loss of energy benefits (A − D) R$158.5 R$163.3

Total system benefits
(energy + irrigated agriculture) (C + A) R$637.8 R$805.0

While irrigated agriculture benefits outweigh the potential energy losses, in the 10%
exceedance scenario, the energy loss is slightly higher, at R$29 million/year, as the water
surplus is directed to agricultural uses, which have a higher marginal water value.

The total system economic benefits generated by the two sectors in the basin vary
from R$637 to R$805 million per year (US$208.01 million, considering US$1.00 = R$3.87,
in December 2018), being higher for the energy sector, which under favorable water
conditions (10% scenario) can produce R$612.1 million/year (US$158.17 million), which is
equivalent to 76% of the total economic benefit generation in the basin. Under the same
conditions, agriculture’s economic benefit contributes to a total of R$192.9 million/year
(US$49.84 million), which is equivalent to approximately 14% of the total benefit. Generated
and lost benefits are larger in the 10% exceedance scenario because of the larger amount of
water involved, with the higher flows related to the wetter scenario.

The total system average unitary economic benefit (i.e., total benefit divided by the
amount of water applied in production (water withdrawals for irrigated agriculture and
turbine flows for hydropower), in R$/m3 average) peak at R$0.43/m3 (US$0.111/m3)
to R$0.451/m3 (US$0.0117/m3) in the 10% and 90% exceedance scenarios, respectively,
for irrigated agriculture. For hydropower generation, the values range from R$0.038/m3

(US$0.0098/m3) to R$0.039/m3 (US$0.0101/m3) for the Batalha HPP, and R$0.093/m3

(US$0.024/m3) to R$0.096/m3 (US$0.025/m3) for the Serra do Facão HPP, which result in
total unit benefits, considering the cascade of reservoirs, from R$0.127/m3 (US$0.033/m3)
to R$0.135/m3 (US$0.035/m3). This relates to the value obtained in a previous study [64]
of R$0.13/m3 for the average unit value of water in the cascade of hydroelectric power
plants from Batalha to Itaipu hydroelectric power plant. For irrigated agriculture, the val-
ues obtained by ANA [64] were around an average profit of R$0.35/m3 (US$0.09/m3).
Values obtained by [54] show that the region produces an average revenue of R$14,699/ha
(US$3798.19/ha) in irrigated agriculture, compared to an average profit of R$1915/ha
(US$494.83/ha) to R$1991/ha (US$514.4/ha), depending on the hydrological scenario,
obtained in our results.

Energy generation also brings other benefits not quantified here, for example, the con-
tribution to decreasing energy price throughout the integrated national electric system, en-
ergy security, and additional downstream hydropower plants energy generation, which de-
pends on São Marcos River HPP operating decisions (going as far as Itaipu, on the
Paraná River). On the other hand, the irrigated agriculture sector also has other benefits
resulting from income and employment multiplier effects throughout its production chain.
Takasago et al. [65] points out a total income multiplier of R$612,199 (US$158,191) per
change in final demand of one million reais and a total employment multiplier of 60.36 jobs
per change in final demand of one million reais.

A similar study comparing agriculture and energy sectors with an SDDP model [48]
reached a different conclusion, suggesting allocating to the energy sector in some river
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basins due to higher marginal water value on the sector. This demonstrates that tradeoff
information between water uses is not always evident, and specific assessment is necessary
to acquire that kind of information.

The magnitude of the marginal water values can be compared to the values of water
charges (economic water management instruments) to Brazil’s agricultural sector. Typ-
ically, water charges implemented in Brazilian river basins either exempt or guarantee
differentiated payments to the agricultural sector, with values that hardly exceed one cent
per cubic meter, on the justification that it is a sector with low added value generation and
that higher water charges would make the activity unfeasible. Our results indicate it is not
always the case, given that the marginal values of water reached values up to R$0.30/m3

(US$0.078/m3) in specific months and around R$0.10/m3 (US$0.026/m3) most of the time.
This indicated that values around R$0.10/m3 would not be necessarily prohibitive for the
sector’s operation, considering the characteristics presented here.

Finally, direct comparisons between benefits generated per unit of water (R$/m3)
between these two sectors must be made with reservations. The demand for agriculture
makes a consumptive use of water, making it unavailable quantitatively or qualitatively for
other users. The impact on availability caused by power generation is often due to water
storage, water releases (although there are evaporation losses, they are small compared
to flows captured for agriculture) and are considered positive when provides a down-
stream flow regularization service. If the same agricultural water demand were located
downstream of hydropower uses, the benefit generation could be similar (considering
other factors such as soil fertility and topography invariable), without reduced tradeoffs to
hydropower. A similar conclusion was reached in [32], where irrigated crop revenue could
be raised by 49%, and reducing crop losses during droughts by 30% if reservoirs supplied
irrigation through flow regularization.

4. Conclusions

The following specific conclusions are possible, addressing the three key points of
investigation proposed in the beginning:

How much benefit could the energy sector potentially lose when water is shared
economically with the agriculture sector? Losses can reach up to 4.6% in hydropower
benefits (R$29.6 or US$7.65 million/year), but 90% of the time, losses are around 5.6%
(R$27.0 or US$6.98 million/year).

How much benefit does the agricultural sector bring into the system when water
is shared with the energy sector? System benefit can increase up to 29% (R$185.5 or
US$47.93 million/year) 90% of the time.

How likely are these benefit changes, considering hydrologic variability and compe-
tition for water? Total system benefits can vary approximately 26.1% between dry and
wet years. Hydrologic variability also responds for a 3.8% change in irrigated agriculture
benefits and 25.3% in hydropower benefits due to lack of water availability in drier years.
When hydropower and irrigated agriculture share water allocation, the variation in hy-
dropower benefits increases to 26.1%. Hence, agriculture brings an additional 0.8% relative
variation in the hydropower benefits, which is an added risk.

In general, we also conclude the following main points, which are relevant for the
discussion and negotiation on water allocation and conflict resolution:

1. While the water–food–energy nexus brings in tradeoffs from water allocation in
the watershed, the overall result can be positive, as is the case in the modeled sys-
tem. The energy generation is often perceived as a much higher value, but irrigated
agriculture can reach significant values as well;

2. The location and water allocation to the demands affect the tradeoffs. In the system
modeled, water has been overallocated upstream of the powerplants, which makes
the problem more difficult to address;

3. As the agricultural benefits outweigh the potential energy losses in the modeled sys-
tem, the best course of action is to find an economically compensated reallocation strat-
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egy, upon negotiation among users, rather than imposing water supply cutbacks to
the agriculture sector. The tradeoff values presented here are useful information to
negotiate those strategies among irrigators and power companies;

4. Hydrologic variability is responsible for some benefit losses, especially upstream in
the system where water is scarcer;

5. There is already a great deal of hydropower revenue variation even without irriga-
tion demands, and sharing water with irrigation further increases this risk.

6. The variation in irrigated agriculture economic benefits is comparatively smaller by
one order of magnitude than the variation in hydropower benefits. As irrigation
receives water first and its water demand is relatively smaller, it is less affected by
hydrologic variability;

7. The economic value of water varies over time and space, which indicates users’
availability to pay or to be compensated for water considering its scarcity in differ-
ent months, hydrological scenarios, and places. This is a starting point for a negotiated
allocation process capable of signaling to current and future users the spatial location
and the demand pattern that can be accommodated in the basin, depending on the
economic value of the water;

8. The variability in the water’s economic values reflects the hydrological variability
in the basin itself (combined with water use and storage operations). It can be used
to better understand the risks associated with decisions taken from the negotiated
allocation. This aspect is still little explored by the management of water resources
in Brazil, but it contributes to give more transparency in the information process to
the parties involved in the negotiation process. Knowing the likelihood of making a
given amount of water available for reallocation, as well as how much it would cost
in compensation, allows for better planning by those involved.
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