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ABSTRACT: The conflicting demands for water from irrigating perennial crops, generating
power, and supplying humans and livestock have placed many river basins around the world
under stress. These conflicts are being and will continue to be exacerbated by the impact of
climate change. Here we expound a methodology, based on economic theory, that allows the
estimation of the implicit value of the water for irrigation purposes. In turn, these implicit
values can be employed to determine the amount to be charged for water to promote
sustainable outcomes. The methodology is developed and applied in the context of Brazil’s Sao
Marcos River Basin, where agriculture and hydroelectricity generation activities compete for
the existing water resources. We show that current water charges would have to increase by
over 270 times to reduce the water consumption in the basin to a sustainable level.

Water is essential to life and civilization.
While the supply of basic water to humans and
livestock is vital to their survival, water is also
vital to maintain downstream river health,
which sustains fish and wildlife and protects
ecosystem services!. The twin forces of
economic and population growth have led to a
rising demand for water, especially as input
for food and energy production®3. Moreover,
climate change, through increases in the
instances of severe droughts and their
intensity, will continue to disrupt supply*>.

The combination of increased demand for
water and the impact of climate change on
water supply has placed many of the world’s
river basins under stress. For example, recent
research finds that the 10% most stressed
basins include approximately 19%, 19% and
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35% of global population, thermal electricity
generation and irrigated calorie production,
respectively®. It stands to reason that the
(implicit) value of water varies considerably
across its different uses in each river basin, but
also across different river basins.

Growing different crops in a river basin
requires different quantities of water per unit
produced, and different crops attract
distinctive market prices. Growing the same
crop across distinct river basins will likely
require different water quantities per unit of
output as the mix of other inputs such as
climate conditions and soil types change.

The water value upstream of five hydropower
plants in a given river basin is higher that the
water value upstream of four of the
hydropower plants. The water upstream of



five plants can be used to generate electricity
through five powerplants, while the same
amount of water upstream of four plants can
only be used to generate through the four
plants. The (implicit) value of the water used
to generate electricity across different river
basins will vary according to the economic
value associated with water use in each basin.

Our contribution is to describe a methodology
that allows the estimation of the implicit value
of the water in some of its uses. This
methodology is based on economic theory and
the notion that businesses, such as commercial
farms, choose inputs to maximize profits. The
methodology is developed and applied in the
context of Brazil’s Sao Marcos River Basin,
where agriculture and hydroelectricity
generation activities compete for the existing
water resources.

Understanding and measuring the implicit
water value across different uses and basins is
crucial for determining the most cost-effective
way to promote sustainability.

SMRB water conflict
background

SMRB is a small river basin that is part of the
Paranaiba River Basin (Fig. 1). The Paranaiba
River Basin plays an increasingly important
role in logistics as it connects the Southeast
and Midwest regions of Brazil. The Basin
accounts for a significant amount of
hydroelectricity generation.

Fig. 1 The Sao Marcos River Basin’s Location. The
red line shows the Paranaiba River Basin and the green
area the Sao Marcos River Basin (ref.”).

The Sao Marcos River is a federal river,
located on the state border between Goias and
Minas Gerais. As a federal river, it is managed
by the National Water Agency (NWA). In the
SMRB, there are also some tributaries that are
managed by the states. The presence of state
and federal management bodies in the basin
adds complexity to resource management.
This is especially relevant in the SMRB,
which is characterized by over-use of water
resources by agriculture.

The SMRB is rapidly expanding their
agricultural frontier. The upstream area (Alto
Sao Marcos) has a well-developed
agricultural sector focused on grain and fresh
produce production®. The basin has also strong
agroindustry activities mostly related to the
sugarcane supply chain’. In 2018, the two
municipalities with the highest concentration
of irrigated area in the basin, Cristalina (in the
state of Goias) and Unai (in the state of Minas
Gerais), generated approximately US$ 610
million in grain production (soybeans, beans,
corn), potatoes and high-valued crops such as
garlic and coffee. In the national context, these
two municipalities ranked 11th and 24%,
respectively, in terms of the value of
agricultural production’.

Recent data shows that in 2017 there were
approximately 111,933 hectares of irrigated
area and 1,369 central pivots in the SMRB!.
Central pivots are the most widely used
irrigation technique in the region®, which
made the basin the second largest central pivot
irrigation scheme in Brazil'!. From this total



irrigated area, 87,486 hectares (78%) and
1,076 central pivots are located in Alto Sao

Marcos (upstream from the Batalha HPP - Fig.
2).

The large areas occupied by these pivots and
the circular characteristics of these structures
have enabled NWA to follow the evolution of
the irrigated area in the region since 2010
through satellite images (Fig. 4a).

The irrigated areas grew at record rates
between 2010 and 2014, with an increase of
about 4,775 hectares per year in Alto Sao
Marcos. This unprecedented growth was
likely related to the worldwide increases in
food prices. Moreover, if the growth rates
observed in the period 2014-2017 are
maintained in the 2017-2020 period, we
estimate that there will be 92,526 hectares of
irrigated area in Alto Sdo Marcos by the end
of 2020 (Error! Reference source not
found.a). We note that irrigated agriculture
has expanded despite the water restrictions
that were imposed due to the presence of
Batalha HPP, which is located downstream

from most of the basin's irrigators. This will be
discussed next.
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Fig. 2| The Sao Marcos River Basin division and
central pivot location

The Batalha HPP is a hydroelectric power
plant located on the Sao Marcos River, on the
border between the municipalities of
Cristalina, in the state of Goias, and Paracatu,
in the state of Minas Gerais. The Batalha HPP
has 52.5 MW of installed capacity and started
operating in 2014. The plant’s electricity
generation was contracted at auction at
approximately US$ 60 per MWh!2, Since it
began operation, the plant has generated
enough energy to supply about 6 million
residential consumers'*!'4. Despite its relative
low power capacity, Batalha HPP's reservoir
regulates the river flow and allows for energy
gains through the cascade of plants along Sao
Marcos, Paranaiba and Parana rivers (Fig. 3).

All  HPPs in the cascade (including the
Batalha HPP) account for a combined
26,442.3 MW of installed capacity, and are
capable of producing 1.52 KWh per m? of
water!?,
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Fig. 3| HPPs located in the Paranaiba River Basin /°.

The conflict over water use in the SMRB has
its origins in the regulatory approval processes
for the construction and operation of Batalha
HPP, which required two key permits: a
permit to access water issued by the NWA and
a permit to generate electricity from the
National Electric Energy Agency (NEEA).
However, as described below, the regulatory
processes are convoluted and lack internal
consistency.

The NWA approved Batalha HPP’s pre-
permit in 2005, allowing access to all the
affluent flow minus a share reserved for
irrigation. In that same year Furnas-Centrais
Elétricas'” won the concession to construct
and operate Batalha HPP conducted by NEEA
and, in 2008, the NWA converted the pre-
permit into a water permit, maintaining the
same conditions established in the pre-permit.

The water permit defined the share allowed for
irrigation purpose as Fig. 4b shows.

By 2010, the monitoring of irrigated areas
conducted by the NWA revealed that the
current consumption upstream from the
Batalha HPP had already approached the limit
that was only to be reached at the end of the
concession period in 2040. Of course, less
water available for Batalha HPP also meant
less water for the downstream HPPs.

To address the upcoming conflict in water use,
the NWA estimated that irrigation had a higher
value use than hydroelectricity generation,
suggesting potential gains from reallocating
water in favor of agriculture'>. The NWA
proceeded to issue the SMRB Water Resource
Framework, = which recommended the
allocation of water for irrigation!8, and led to
the Batalha HPP’s permit downward revision
in 2010'°. The NWA increased the upstream
consumption flow’s limit, as presented in Fig.
4c.

The reduction in Batalha HPP’s water
allocation resulted in a reduction in its
physical guarantee; the expected amount of
electricity supplied by each plant, weighted by
its value to the system?. This reduction,
however, did not breach electricity sector
legislation. According to the permit revision
conducted in 2010, the allowed maximum
reduction of physical guarantee would occur
only in 2040. (Error! Reference source not

found. ¢).

Even with such reallocation in favor of
irrigators, the demand for water from
irrigators in the medium to long-run will still
outstrip the total amount allocated!®. To solve
this longer-term excess demand crisis, the
Paranaiba River Basin Committee (PRBC) — a
multi-jurisdictional committee with
representatives from water users and the
broader society, who have the ultimate
responsibility for defining water allocations
priorities — intervened. The PRBC decided
that irrigation would have priority use
upstream from the Batalha HPP2!,



In practice, this meant a reallocation of water
for the benefit of agriculture. However,
Batalha HPP’s permit has not been revised yet,
and so the issue is yet to be resolved.

The description above highlights how the
often-conflicting interests of different parties
influence water allocation and economic
outcomes. Ultimately this political economy
leads to unsustainable water allocations. The
key issue then for policymakers is to develop
sustainable water allocation mechanisms that
are cost-effective and can resolve the over-use
problem. One such mechanism is water
pricing, which is discussed in the next section.
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Water charges in the
Paranaiba River Basin

In 2016 the PRBC proposed water charges for
the federal components of the Paranaiba River
Basin. However, users only began to be
charged for the abstraction of water and
effluent discharge in 2018. The amount paid
for the abstraction of water is calculated using
a formula that multiplies the following
elements: (i) the Unitary Public Price (UPP);
(11) a weighting between the measured volume
abstracted and the volume allocated to the user
through a permit; and (ii1) a k coefficient,
which varies according to the quality of the
water abstracted and the user sector.

There are two issues concerning the setting of
UPP. First, prices are set by river basin
committees generally based on an assessment
of the impact these prices will have on water
users' costs?2. That is, affordability is favored
over valuing the resource. Second, the
decision regarding the UPP wvalue is
predominantly political, and not technical?®.
Committees’ membership includes water
users, who have the incentive to keep prices
low.

The PRBC proposed progressive UPP values.
In the first two years, the UPP for water
abstraction would be equal to US$ 0.004 for
m? of abstracted water. This value would
increase yearly after the second year until the
fifth year, reaching US$ 0.0063 for m* of
abstracted  water’3.  Nevertheless,  the
progressivity of UPP values has only changed
slightly over the years, reaching already in
2020 the value of US$0.0061 for m? of
abstracted water*23,

For the agriculture sector, the k coefficient is
equal to 0.10. If the abstraction is done in a
private reservoir or if the reservoir was built
with the irrigator’s own resources, the k
coefficient changes to 0.07. This implies that
the current charge paid by irrigators can be as
little as US$ 0.0004 for the m*® of water

abstracted. In practice, the application of the k
coefficient 1mplied that while irrigators
represented 90% of the users subject to water
charge in the basin in 2018, they accounted for
only 8% of the amount collected?.

Not only are the price levels inadequate — as
irrigators account for a disproportionally low
fraction of the revenue collected, but the price
structure is also flawed. When water is scarce,
efficiency requires that water is allocated to
the highest-value user. The existing charges,
however, do not distinguish between its
various uses. This means that when water is
scarce, at current prices, some users are
abstracting too much water from an efficiency
perspective, and other users are abstracting too
little.

In other words, by reallocating water from
low-valued users to high-value users, we can
increase the total value of what is produced
using the same total amount of water. As the
Parnaiba River Basin is one of the leading
food producing hubs in the country®, the
potential gains from reallocating water to
high-valued users is high. The next section
shows how to determine a water charge to
promote the efficient use of water.

Estimating the implicit value
of water value

In what follows we estimate the implicit value
of water for irrigated agriculture in the Alto
Sdo Marcos. That is, we estimate the value of
water charges upstream from Batalha HPP that
should be charged. These charges would
reduce water consumption to the level of the
total amount under permits in an efficient way.

To estimate the water value for each irrigator
located in the Alto Sdo Marcos, we adopted
the residual imputation approach?’. This is the
most frequently used approach to estimate the
shadow pricing for irrigation water. The NWA
has also adopted a similar approach to estimate



the water value in the upstream area of
SMRB'.

In the residual imputation approach, the unit
water value is the difference between the
revenue and the expenses of the crop
production divided by the water consumption.
The method we propose in this paper differs
from the one used by the NWA in terms of the
methodology used to calculate each user's
revenue and expenses. The study conducted
by the NWA considers the possibility of
producing in dryland during the rainiest
periods and its implications in the calculation
of the water value. In our analysis we consider
that all production depends on irrigation. Our
contribution is in the use of more basin-
specific sources for revenue and cost
estimates. While the NWA study was based on
data from the Preto River Basin, which is
located close to the SMRB, we explored
production cost data from the municipalities of
Cristalina and Unai — two of the municipalities
with the highest concentration of irrigated area
in the basin. Moreover, we used energy tariff
data from the state of Goias, where most of the
basin is inserted, instead of data from the
Federal District, like the NWA used.

We estimate the water value for 21 irrigators
located in the Alto Sdo Marcos who hold
permits. The reason for limiting the analysis to
these irrigators is that data in rivers managed
by state agencies within the Basin is not
available.

We estimate water value per m* considering
the 2019 annual production of irrigators in
three production cycles of the following crops:
corn, beans and/or soybeans. The results will
be discussed later in the paper.

Estimating economic loss in
the SMRB

This section estimates the economic loss that
would result from restricting the expansion of
irrigated agriculture so as not to surpass the

allocation as defined in the permit revision of
2010. If irrigated agriculture continued to
expand without water restrictions, this could
result in higher income produced in the basin,
including more jobs. These foregone benefits
may be larger than the value of the
hydroelectricity that could be generated. Our
analysis compares the implicit water value for
irrigation with that for electricity generation.

We consider the “marginal cost of operation”
(MCO) as the estimate of water value for
electricity generation. The MCO measures the
cost of generating one additional MW by the
next lowest cost power plant if there is no
water to generate electricity from a given
power plant. As Batalha HPP is upstream of
other power plants, the MCO reflects the fact
that if there is no water to generate an
additional MW of electricity from Batalha
HPP, then there is also no water to generate
additional MWs from the cascade of plants.
(Fig. 3).

The methodology we adopt to calculate the
water value for electricity generation differs
substantially from that used by the NWA,
which used the revenues and expenses of
power generating companies located in the
cascade of plants as variables. However, the
hydrothermal-eolic Brazilian energy system is
interconnected, providing energy transfer
between generation subsystems. Thus, the
value of water to the sector includes the
appropriate reduction in operating costs
(MCO) and an increase in energy security to
the whole system from the availability of
water. This value far exceeds the private
benefits to the power plant owner of additional
water which were measured by the NWA.

We compute the economic losses in the basin
by computing the volume of water that would
have to be shifted from agricultural production
to power generation, and the values associated
with the various uses of water.



Results and discussion

Based on the implicit water value for irrigation
(Table 1) we construct the factor demand
curve for water in the Alto Sdo Marcos
(Error! Reference source not found.a). This
curve indicates the demand for water as a
function of its price given current market
conditions such as crop prices and production
costs.  For illustration purposes, we also
present in Fig.5.a the maximum value charged
for the agriculture sector (when k is equal to
0.10) as defined by PRBC. We note that even
the user with the lowest willingness to pay for
water would still be willing to pay more than
the current charge.

We estimate that currently there are 92.526
hectares of irrigated area in Alto Sdo Marcos
(Fig. 4a). This corresponds to 12.03 m?/s of
water consumption, assuming that the average
irrigator consumes 0.13 L/s per hectare?®, and
an annual volume of 379,378,080 m3. Batalha
HPP’s permit predicted that by 2020 this
consumption should be limited to 8.63 m?3/s or
272,155,680 m? per year. Therefore, in order
for water use in the basin to be in line with the
permit, irrigators would have to reduce their
consumption by 28.3%.

From the estimated demand curve, we infer
that to reduce demand by 28.3% on federal
rivers in the Basin, the volume of water would
need to be rationed to 15,446,38 m3. Users that
are not willing to pay the amount that is
associated with this volume on the demand
curve (that is, US$ 0.16/m?) would be
rationed. We note that this price is almost 270
times the amount currently charged for
irrigators in the region (when k=0.10).
According to our analysis, a water charge of
US$ 0.16/m? would lead to water being used

by the most efficient users and consumed at
sustainable levels.

By estimating the value of water for energy
production and the water value for irrigation
from 2010 to 2019, we conclude that
agriculture was the highest value use for four
of the ten years. That is, mostly water is more
valuable when used in agriculture (Fig. 5b).
We note that due to a reduction in commodity
prices and an increase in production costs, the
average of the water value for irrigation was
negative in 2018. This highlights the relevance
of market conditions in determining the
efficient use of water.

Importantly, if the volume of water that has
been used above the Batalha HPP permit limit
since 2010 (Fig. Sc) were reallocated to the
electricity sector, the economic loss would
have been approximately US$ 101 million for
the ten-year period. This corresponds to 17%
of the value of the annual production of the
two largest municipalities in the SMBR. That
is, the award of the permit to Batalha HPP
came with significant societal costs, which
were only avoided by the use of water in an
unsustainable way.

In the absence of mechanisms to compensate
the power plant for its voluntary
relinquishment of the permit, a water charge
of US$ 0.16/m* would ensure that the future
water use by irrigators would be constrained
to the overall limits, and limited to their most
(constrained) efficient use. That is, such price
represents the least cost way, in terms of
efficiency, for rationing water to irrigators so
as to achieve a sustainable level of water
consumption.
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Conclusion

Existing conflicts over water use in river
basins around the world are likely to be
exacerbated due to climate change. The Sao
Marcos Case study highlights the inherent
difficulties in operating complex regulatory
arrangements aimed at achieving sustainable
water consumption levels. Such arrangements
are prone to capture by water users,
administrative errors, and  political
interference. Market instruments, including
prices, albeit not perfect, have a better shot at
promoting sustainability.

Methods

The residual imputation approach for
estimating the implicit water value starts with
the maximization of an irrigator’s profit*’:

max IP (X, e, Xy Xoy) — By Xy

(xl,---,xn:xw)
n
- Z P; - xi} (1)
i=1

Where P represents the price of the crop; f is
the production function; P; is the price of the
production factor i; x; represents the quantity
of production factor i (e.g., labor, land, etc.);
P,, is the price of water; and x,, is the amount
of water.

Assuming that crops and all production
factors markets are perfectly competitive,
prices may be treated as constants. Thus, by
applying the first order condition for each
production factor, we obtain:

_p.
R=P 5~ (2)
_p.Y
P=Pg (3

That is, the competitive price of water or any
other production factor is equal to its marginal
productivity.

If the production function f is homogeneous
in the first degree (i.e., f(tx)=tf(x)), we can
apply Euler’s theorem (compute the first
derivative with respect to t and evaluate it at
t=1). So, the production function can be
written as:

fxg, o, 0, x)
B of
=Xy 6 Z _6 4

Multiplying (4) by P and substituting it with
(2) and (3), we may obtain:

P, = Pef(xy, e, X xy) — 20q P x; 5)

Xy

To estimate the first element of equation 5,
representing the irrigator's gross revenue, we
use the information in the irrigators' permits
about their annual production, including the
number of productive cycles in each year. In
general, we observe the alternation between
the planting of legumes (for example, bean)
and the planting of grass (for example, corn)
in the region. In some instances, we had to
adapt the information presented in the permit
and assume the sequencing of the productive
cycles. This was necessary in cases where the
permit indicated the production of only one
crop and at the same time the use of irrigation
throughout the year. In these cases, it was
assumed that the irrigator had 3 production
cycles with soybean, bean, and corn rotation.

Based on the production cycles, we calculated
the income of these irrigators by considering
the productivity and price for each crop.
Average productivity for the region is
estimated at 10,250 kg per hectare for corn;
3,000 kg per hectare for beans and 3,300 kg
per hectare for soybeans!'>. The average prices
of these products in the state of Goias in 2019
were US$ 0.83 for bean, US$ 0.13 for corn
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and US$ 0.31 for soybean®. We chose the
state of Goias as the representative of the
basin because approximately 72% of the
basin's area is within the limits of that state
(Error! Reference source not found.). The
irrigator’s revenue was then calculated by
multiplying these variables by the irrigated
area indicated in each permit.

We then used the average costs of production
in 2019 in the municipalities of Cristalina, in
the state of Goids (for bean and soybean) and
of Unai, in the state of Minas Gerais (for
corn), both located in the SMRB, to estimate
the second element of equation 35,
representing the irrigator's cost. For beans the
costs of production were estimated in
US$ 1,248.25 per hectare, for corn
USS$ 1,122.40 per hectare and for soybean
US$ 812.87 per hectare®”. These costs include
seeds, fertilizers, planting and harvest
expenses.

We consider that on average one irrigated
hectare consumes 531 kWh of energy'>. A
typical irrigator in the region lifts the water to
an average gross manometric height of 188
meters'>, and thus 531 kWh allows irrigator to
transport on average 1,040 m? of water. The
cost of electricity was based on the average
rate charged in the “irrigated rural” category
in 2019 by the largest electricity distributor in
the region, CELG-D. (US$106.53 per
MWh!4, or US$ 56.97 per hectare, or
USS 54.96/1,000 m?).

The implicit water value for irrigation was
calculated from the irrigator net revenue and
the volume of water used annually by them,
according to their permits.

We estimate the value of water for electricity
generation as follows:

Water value(energy) =
R$ ..
MCO (M—Wh) x productivity (

MWh

m3

) (6)

The comparison between water values for
irrigation and energy production in the period

between 2010 and 2019 was made varying the
prices and production costs in irrigation
(Supplementary Table 1) and the average
MCO in those years (Supplementary Table
2). We calculated the value of water in all
years for the same irrigators, assuming that
the same permits would be in effect. Thus, for
example, we assumed that the permits issued
in 2017, were a renewal of existing permits to
existing irrigators.

The economic loss was calculated for each of
the years when the water value for irrigation
exceeded the value for electricity production.
Year by year we multiplied the volume of
water used in excess by agriculture by the
difference between the water value for the
electricity sector and the average water value
for irrigation (Supplementary Table 3). The
total economic loss if permits were enforced
was calculated by adding the economic losses
in each year throughout the analyzed period as
in Equations 7 and 8.

1
WLyear = (Vabst - Vpermit) X (; Z?:l WVirrig - WVelect) (7)

Where:WL,,,,= economic loss in a year;
V.pse = abstracted volume in that year;

Vpermit= allocated volume in that year
(permit);

n= quantity of irrigators who have water
permits issued by the NWA;

WVirig=water value for irrigation in that
year; and

WV, ect= water value for electricity
generation.

WLtotal: Zi=year WLyear ,year = 2010;
2011;2012; 2013; 2016; 2019.
(3)
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Data availability

The data that support the analysis developed
in this study are available within the paper
and its Supplementary Information files.
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Table 1. Variables used for calculating the water value for each irrigator located in Alto Sdo Marcos.

. Annual . . . Gross Production Net Water
. Permit Irrigated | Irrigated | Productive

Irrigator Resolution Volume Cro Area (ha) Cvele Revenue Expenses | Revenue Value

(m?) p y (USS) (USS) (USS) | (US$/m?)

18 1296/2018 | 822,914.40 | P60 | 72 3 1,032,765.09| 613,450.75 |419,314.34| 0.51
soybean

10 1468/2017 | 698,850.00 |corn, bean| 125 3 793,124.10 | 490,774.72 [302,349.38 |  0.43

3 1005/2015 | 585,702.00 | 24 165 2 580,607.51 | 340,784.10 |239,823.41| 0.41
soybean

4 212/2016 |1,881,659.00 | corn, bean | 260 3 1,649,698.13 | 941,448.40 |708,249.72| 0.38

15 691/2018 | 1,948,642.00 | SOT-bean | ¢ 3 2,068,775.96 | 1,463,286.98 | 605,488.98 |  0.31
soybean

12 221012017 | 257,418.00 | OT™bean. | 4 3 215,729.75 | 137,191.44 | 78,538.32 | 0.31
soybean
corn,

1 402/2015 | 240,200.00 | bean, 50 3 242,814.08 | 172,378.61 | 70,435.47 |  0.29
soybean
corn,

6 647/2016 | 932,500.00 | bean, 190 3 922,693.50 | 656,123.70 |266,569.80| 0.29
soybean

8 318/2017 | 395,250.00 |COT-bean | 4 3 383,791.93 | 273,318.51 |110,473.43| 0.28
soybean

11 1492/2017 | 2,067,660.00 | corn, bean | 250 3 1,586,248.20 | 1,018,372.56 | 567,875.64|  0.27

14 304/2018 | 652,344.00 |corn, bean| 77 3 488,564.45 | 314,510.94 |174,053.51| 0.27

2 45212015 | 1,302,841 |combean | g; 3 958,629.99 | 700,036.93 |258,593.06| 0.20
soybean

9 816/2017 | 748,440 | O oy 3 505,053.28 | 372,223.67 |132,829.62| 0.18
soybean
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. Annual . . . Gross Production Net Water
. Permit Irrigated | Irrigated | Productive
Irrigator Resolution Volume Cro Area (ha) Cvele Revenue Expenses | Revenue Value
(m?) p y (USS) (USS) (USS) | (US$/m?)
corn,
16 1044/2018 | 602030.03 | bean, 80 3 388,502.53 | 287,771.81 |100,730.72| 0.17
soybean
7 781/2016 | 1606050 CS‘(’)ry“l;zZi‘}; 213 3 1,034,387.98 | 766,365.31 [268,022.67| 0.17
corn,
21 1996/2018 | 1124200 bean, 146 3 709,017.11 | 526,584.85 | 182,432.26| 0.16
soybean
20 16732018 | 523612 |cormbean, | o 3 323,428.35 | 240,802.42 | 82,625.94 | 0.16
soybean*
17 1156/2017 | 1957890 | cOrbean, | s 3 1,187,360.85 | 885,984.72 |301,376.13| 0.15
soybean*
19 14392018 | 790128 | combean, | o, 3 454,062.33 | 341,087.91 |112,974.41| 0.14
soybean*
corn,
5 263/2016 | 1785000 bean, 185 3 899,383.35 | 687,698.85 |211,684.50| 0.12
soybean
13 65/2018 608540 soc;l::;n 130 3 306,158.41 | 285,033.07 | 21,125.34 |  0.03

*adapted information
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Supplementary Information

Supplementary Table 1. Variables modified for each year to calculate the evolution of the water value for irrigation

(ref 142930)
Crop Production Cost of
Year | Crop prices costs electricity
(US$/kg) (US$/ha) (US$/1,000m>)
soybean 0.15 429.97
2010 | bean 0.45 601.46 18.31
corn 0.07 575.45
soybean 0.17 412.89
2011 bean 0.38 611.30 26.63
corn 0.10 630.78
soybean 0.24 409.24
2012 | bean 0.66 650.21 26.25
corn 0.10 701.84
soybean 0.24 496.83
2013 | bean 0.40 779.12 25.81
corn 0.09 912.81
soybean 0.24 496.83
2014 | bean 0.40 779.12 28.52
corn 0.09 912.81
soybean 0.25 610.00
2015 | bean 0.61 908.47 48.93
corn 0.10 1040.55
soybean 0.30 633.41
2016 | bean 1.10 957.71 43.51
corn 0.16 1059.77
soybean 0.26 668.60
2017 | bean 0.58 934.81 48.45
corn 0.10 1114.77
soybean 0.31 814.80
2018 | bean 0.41 1179.01 69.71
corn 0.12 1152.65
soybean 0.31 812.87
2019 | bean 0.83 1248.25 54.96
corn 0.13 1122.40
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Supplementary Table 2. MCO (US$/MWh) per year

year MCO (US$/MWh)
2010 17.34
2010 6.82
2010 42.13
2010 65.99
2010 210.16
2010 141.06
2010 20.74
2010 92.18
2010 79.17
2010 55.93

Supplementary Table 3. Average water values for irrigation computed for the 21 irrigators from 2010 to 2019.

Average water
Year value for irrigation
(US$/m?)
2010 0.15
2011 0.15
2012 0.32
2013 0.36
2014 0.09
2015 0.15
2016 0.53
2017 0.12
2018 - 0.05
2019 0.25




