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Abstract

We analyze the problem of allocating irrigation water among het-

erogenous farmers when water supply is stochastic. If farmers are

risk-neutral, a spot market for water is effi cient; while the oft-used

uniform rationing system is ineffi cient, both ex-ante and ex-post. In-

deed, we show that it leads farmers to overexpose to risk, thus making

shortages more severe and more frequent in case of drought. We pro-

pose instead a regulation by priority classes extending Wilson (1989),

and we derive an effi ciency result. We characterize the set of farmers

that would win or loose from such a reform. We also argue that a

system of priority classes may be preferred to a spot market system,

because scarcity is easier to manage ex-ante than ex-post, and because

this system facilitates the supply of insurance to risk-averse agents.
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1 Introduction

Some resources, such as water for irrigation, are subject to severe supply

shocks, and this feature makes it diffi cult to allocate them across competing

uses. While economists often advocate markets as a solution, it is fair to

acknowledge that they also raise practical and theoretical diffi culties, and

that other systems may sometimes perform as well. This article proposes to

consider the institution of a priority class system, when it comes to solving

the diffi cult and important problem of allocating irrigation water across users.

Let us recall that agriculture relies on irrigation to produce 42% of crop

output, and is responsible for 70% of total water withdrawals (FAO, 2012).

An unfortunate consequence is that agricultural water demand contributes

significantly to water scarcity during droughts. In addition, climate change is

expected to aggravate the severity and duration of droughts in many regions

(UN, 2012 and 2015; IPCC, 2014; Swain et al., 2018). These considerations

have led various countries to examine reforms of water allocation systems in

order to make them more robust to uncertain supplies.1

Indeed, irrigation is often managed thanks to coarse regulatory instru-

ments such as rationing. These instruments are economically ineffi cient, as

they do not allocate water supply to the most productive users. Consider for

example the French system. In this country, farmers have to apply for yearly

irrigation licenses, which specify a reference volume that can be extracted at

each location. In the river basins that have adopted volumetric water man-

agement, water is allocated to users proportionally to these licenses (Lefebvre

et al., 2014). Short-term policies for managing water scarcity include tempo-

1The adaptation of agriculture to water scarcity and climate change is listed among

the key objectives of European water and agriculture regulation (e.g., WFD, 2000/60/EC

and EC, 2013).
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ral restrictions of water use (such as night irrigation) which are implemented

by the prefects. Between 2011 and 2014, there were 8950 prefectural deci-

sions to introduce temporary restrictions in 1320 zones. The concentration

of these decisions on certain zones is striking. 50% of zones got less than

5 decisions each, 25% saw more than 10 decisions, and 3% got more than

30. Among the 100 French departments, 4 departments got more than 500

decisions.2 It is apparent that the system does not work well, as some zones

face almost permanent restrictions on water use, even in rainy years (Erdlen-

bruch et al., 2013). Similar remarks apply to many countries. The absence

of a price system is seen by many observers as the main cause of the actual

crisis in global water management (Barbier, 2019).

An alternative would be to create water markets, which should allocate

water effi ciently, even when supply is scarce. It turns out that water markets

are not widely implemented, with a few exceptions such as in Australia (Con-

nor and Kaczan, 2013; Grafton et al., 2015), in the western states of the USA

(Hagerty, 2019), and in Chile (Howitt, 1998; Bjornlund and McKay, 2002).

In reality, multiple market failures, diffi culties associated with implementa-

tion, and sometimes political obstacles, have lead to the adoption of various

other systems, depending on the objectives of water authorities (Davidson et

al., 2019).

In this paper, we propose an alternative system aiming at a better balance

between effi ciency, complexity, and social acceptability. A few priority classes

are created. Ex-ante, typically in fall, farmers register in a class by paying the

corresponding price. Ex-post, in spring or summer, once the water supply is

observed the members of the highest priority class are first served, and then

the members of the second highest priority class, and so on until all available

water is allocated.

Priority classes ensure that high value users have a higher probability

of receiving water, which is good for effi ciency. In fact, in a framework

2Based on own calculations using data from http://propluvia.developpement-

durable.gouv.fr/propluvia/faces/index.jsp.
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with 0/1 demand, Chao and Wilson (1987) and Wilson (1989) show that

such a priority system achieves all the effi ciency gains attributed to spot

markets. This system was implemented in the electric power industry to

manage peak demand and the consumers’reliability needs. In practice, the

diffi culty is often to determine the prices that apply to different levels of

reliability, in different places, and for different periods (Strauss and Oren,

1993; Beenstock and Ephraim, 1997). Industrial users sometimes also want to

choose different reliability levels for different equipments. These requirements

raise technical diffi culties that are specific to the management of a power

distribution network.3 Our contribution is to derive a general effi ciency result

in an extended setup, specifically adapted to water allotment in irrigation.

In particular, since different crops may be more or less vulnerable to the lack

of water, we allow farmers to book different water quantities in each priority

class, and we indicate how to compute the price of a unit of water in each

priority class. This application of priority classes to irrigation management

has not been proposed so far in the literature.

A key argument in our analysis is that the choice of a management sys-

tem for allocating scarce water resources affects the crop mix, as farmers

entitled to more water shift land towards water intensive crops, and crop

yields become more sensitive to droughts (Hornbeck and Keskin, 2014). We

show that when switching from uniform rationing to a market system or to

a priority class system, the farmers that use water less productively reduce

their irrigated area and their water consumption, and conversely more pro-

ductive farmers use more water to irrigate a larger area. The allocation of

water is shown accordingly to become more effi cient.

The system of priority classes not only brings effi ciency gains but also

helps avoid the diffi culties associated to the functioning of spot markets.

One of these diffi culties is that the spot price is highly volatile, for structural

3See Crampes and Lefouili (2019) for the analysis of a recent incident that lead to an

interruption of service for some consumers. Astier (2021) discusses the trade-offs involved

when using price schedules that may be more or less complex. For a recent reference on

priority classes, see Gershkov and Winter (2020).
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reasons: nobody needs irrigation water when there is plenty, and everybody

needs it when there is none. Demand and supply are thus negatively cor-

related, due to climate shocks. Clearly, highly volatile spot markets create

political diffi culties in case of droughts, since a major conflict has to be set-

tled in a period of time when actors experience a major negative shock. By

contrast, the priority system settles these conflicts ex-ante. As we shall see,

it also allows for an easier sharing of risks among farmers than the complete

system of contingent markets theoretically required by a market system.

We proceed as follows. In Section 2 we set up a general model in which

heterogenous farmers choose ex-ante their exposure to risk, i.e., the share

of their land devoted to water-dependent crops. Ex-post, after the climate

shock has realized, the available water supply is allocated among farmers,

according to some institutional system. In Sections 3 and 4, we examine

the properties of two such systems, the spot market system and the uniform

rationing system respectively. We define effi ciency ex-post as the best man-

ner to allocate water among farmers, for given crop choices; while effi ciency

ex-ante includes the definition of optimal crop choices. We show that the

uniform rationing system is ineffi cient not only ex-post, but also ex-ante, by

inducing farmers to select water-dependent crops.

In Section 5, we introduce the system of priority classes, which extends

Wilson (1989) to general demand functions, and we provide conditions under

which the system of priority classes is as effi cient as a market system. These

conditions are more likely to be satisfied in small basins —incidentally, notice

that for such basins a spot market would not be liquid enough. Next, in

Section 6, we show that the switch to an effi cient system benefits both the

less productive and the very productive farmers, for different reasons. The

less effi cient farmers did not irrigate much before the switch as they were

not very productive for irrigated crops. Switching to an effi cient system is

thus not very costly for them. Conversely, very productive farmers increase

their profits by expanding their irrigated area. In Section 7 we consider some

extensions. With risk averse farmers, full effi ciency requires that risks are
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shared effi ciently. Consequently, we investigate the case when an insurance

company offers insurance against the risk of loss due to the unavailability of

water, and does so at actuarially fair rates. Finally, we conclude in Section

8 with a brief discussion and give some directions for future research.

2 Model

A hydrographic basin is populated by a continuum of heterogenous farmers,

indexed by a parameter θ ∈ [θ, θ], with a cumulative distribution function F
over this interval. Each farmer owns a given land area, that can be devoted

to two different crops with different needs for water. An institutional sys-

tem allocates a stochastic supply of water among farmers. The timing is as

follows.

Ex-ante, typically in fall of a given year, each farmer chooses the area x

that he devotes to the water-dependent crop. More generally, because water

supply is risky, x can be seen as the farmer’s choice of risk exposure.

The basin is then affected by a random state of nature s, i.e., a complete

description of technological possibilities. Hence, s may contain information

on, e.g. temperature, or the rainfall on each field. It also determines the total

water quantity Q(s) (from rivers or groundwater) available for irrigation. We

let E denote the expectation operator with respect to the distribution of s,

and we suppose that thanks to past chronicles this distribution is known by

all agents.

Ex-post, typically in spring or summer of the following year, the quantity

Q(s) is allocated among farmers, according to one of the following institu-

tional systems: either a spot market for water, or a uniform rationing rule,

or a system with priority classes. We shall discuss the relative effi ciency of

these three systems, based on their impact on the farmers’payoffs.

Farmers are assumed to be risk-neutral with respect to monetary revenue;

this assumption will be relaxed in Section 7. Farmer θ gets a revenue

B(q, x, s, θ)− t
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when he receives q units of water in state s, his risk exposure level is x,

and he has to pay t. We adopt the following assumption (subscripts denote

partial derivatives):

Assumption 1 Function B is twice differentiable, increasing in q, and strictly
concave in (q, x). Moreover, for each (q, x, s, θ) we have:

qBq + xBx is increasing in q. (1)

The first part of the assumption ensures that the farmer’s demand func-

tion D for water is well-defined as a function of the water price p:

Bq(q, x, s, θ) = p if and only if q = D(p, x, s, θ).

Property (1) is studied at the beginning of the Appendix, where we pro-

vide three different characterizations of it. In particular, we show that it

is equivalent to the following statement: the sum of the elasticity of water

demand with respect to price p, and of the elasticity of demand with respect

to area x, is at least one. This holds, for example, as soon as water demand

is proportional to the irrigated area x.

Finally, we define the homogenous case as the benchmark case in which

all farmers are identical, so that the surplus B and the demand D do not

depend on θ anymore. In this case, when all farmers choose the same value

for x ex-ante, the problem of allocating water ex-post is trivial: each farmer

should get the same quantity Q(s) in state s. However, the ex-ante effects on

the choice of x will be shown to depend on the system under study. The case

of heterogenous farmers is more complex, and will sometimes be discussed

through examples.

3 Effi ciency and the Spot Market

In the absence of wealth effects and of risk-aversion, effi ciency is simply

defined by the maximization of the expected total surplus

E

∫
θ

B(q(θ, s), x(θ), s, θ)dF (θ)
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over the ex-ante decisions x(θ) and ex-post water consumption q(θ, s), subject

to the feasibility constraint in each state s:∫
θ

q(θ, s)dF (θ) ≤ Q(s).

Under strict concavity of B in (q, x), the shadow price of water p∗(.) in

each state s and the solution (x∗, q∗) are uniquely determined by the following

equalities:4

q∗(θ, s) = D(p∗(s), x∗(θ), s, θ)

Q(s) =

∫
q∗(θ, s)dF (θ)

0 = EBx(q
∗(θ, s), x∗(θ), s, θ).

Because there are no externalities, the second welfare theorem holds for

this well-behaved economy. It is thus possible to decentralize this optimum,

by allocating property rights on water in an arbitrary way, and by creating a

spot market that opens ex-post to balance water supply and water demand at

a price p∗(s) in state s. Such a price system ensures the effi ciency of private

choices: each farmer can freely choose both his consumption of water q and

his irrigated area x to maximize his profits

E[B(q, x, s, θ)− p∗(s)q]. (2)

This dynamic effi ciency result is a strong argument in favor of a market

system. Finally, in the homogenous case, effi ciency simply means that all

farmers consume the same water quantity Q(s) in each state s, and choose

the same area x∗, with

EBx(Q(s), x
∗, s) = 0. (3)

4For simplicity, we ignore the states of nature in which Q(s) is so high that the shadow

price of water is zero.
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4 Uniform Rationing

When water turns out to be scarce, one is naturally tempted to allocate it to

the farmers that need it most, i.e., those that have ex-ante chosen a higher

area of irrigated crops. We accordingly define uniform rationing as follows:

Definition: The uniform rationing rule allocates water in proportion to

each observed irrigated area x.

The simplicity of this system may explain why it is so widely used in case

of drought (see Barbier, 2019). The system involves no monetary transfers,

and the irrigated area x is easily observed. We now study the properties of

such a system for allocating water.

Let x(θ) denote the irrigated area chosen by farmer θ, and let X =∫
x(θ)dF (θ) be the corresponding aggregate area. Ex-post, given these choices

and the state s, and according to the above definition, each farmer θ gets a

constant share of the total supply Q(s):

q(θ, s) =
x(θ)

X
Q(s),

so that Q(s) is fully allocated by construction. Ex-ante, farmers anticipate

the value of X, and given this anticipation each of them chooses x to maxi-

mize

EB
( x
X
Q(s), x, s, θ

)
.

Farmers now play a Nash equilibrium, instead of having their choices

coordinated thanks to the water price. Under our concavity assumption,

there exists a unique solution x(θ,X) to the above maximization problem.

Moreover, we show in the beginning of the Appendix that this solution is

decreasing with X, thanks to property (1). As a consequence, the equation∫
x(θ,X)dF (θ) = X (4)
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admits a unique solution XR. Therefore, there exists a unique Nash equilib-

rium of the game, that we index with the subscript R. It is such that

xR(θ) = x(θ,XR) XR =

∫
xR(θ)dF (θ) qR(θ, s) =

xR(θ)

XR
Q(s).

To study this equilibrium outcome, we begin by the homogenous case, in

which all farmers are identical and behave symmetrically. Given XR, each

farmer chooses x to maximize

EB
( x

XR
Q(s), x, s

)
,

and by symmetry the solution must be such that

qR(s) = Q(s) xR = XR.

The necessary and suffi cient first order condition is therefore

E

[
Q(s)

xR
Bq(Q(s), x

R, s) +Bx(Q(s), x
R, s)

]
= 0.

Because B is increasing with q, the first term is positive. Consequently:

E[Bx(Q(s), x
R, s)] ≤ 0.

Moreover, in the homogenous case the optimal irrigated area is charac-

terized by (3). Since B is concave in x, we conclude that xR must lie above

x∗:

Proposition 1 In the homogenous case, the uniform rationing rule effi -

ciently allocates water ex-post (qR(s) = q∗(s) = Q(s)), but it induces farmers

to choose an over-optimal irrigated area (xR ≥ x∗).

Ex-post effi ciency obtains simply because the egalitarian allocation of wa-

ter implemented by uniform rationing is optimal when farmers are identical.

But uniform rationing is not ex-ante effi cient: by allocating water as a func-

tion of ex-post needs, this rule encourages farmers to increase their irrigated
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area x, so as to be entitled to more water rights ex-post. This corresponds

to an excessive exposure to the risk of drought.

In the case when farmers are heterogenous, the proportional allocation of

water specified by uniform rationing is no longer ex-post effi cient, as differ-

ent farmers may have different productivities for water. This effi ciency loss

is thus higher when farmers are more heterogenous. However, this hetero-

geneity is at least partly endogenous, as it depends on the choice of x. To go

further, we now study the question of effi ciency more precisely, by means of

an example.

Example 1: this example is based on the idea that even though land is

heterogenous, each unit of land can be converted into effi ciency units that are

comparable across farmers. So assume that the irrigated land x of farmer θ is

equivalent to a(θ)x effi ciency units of land, where a(θ) is a positive coeffi cient.

Assume also that revenue per effi ciency unit of land b(q′, s) is an increasing

and strictly concave function of the water quantity q′ made available for this

unit, and in addition depends in an arbitrary manner of the state of nature

s. When farmer θ has chosen x, and obtains q units of water overall, he

optimally allocates this quantity of water so that each effi ciency unit gets

q′ = q
a(θ)x

water units, and therefore his revenue in state s is the product of

revenue b(q′, s) by the number of effi ciency units, as follows:

B(q, x, s, θ) = a(θ)xb

(
q

a(θ)x
, s

)
− c(x, θ),

where function c is strictly convex in x, and represents costs associated to

tractors or irrigation devices. Heterogeneity is introduced through two chan-

nels: farmers with a higher type θ are endowed with fields that are marginally

more costly to irrigate (assume cθx ≥ 0), and that are less productive (assume
a(θ) is nonincreasing with θ). This specification yields a simple expression

for water demand:

D(p, x, s, θ) = a(θ)xd(p, s) (5)

where d(p, s) is the demand function for water in state s for each effi ciency
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unit. d is the inverse function of the first derivative b1 of b(q′, s), and is thus

decreasing with the water price p. In words, all farmers choose the same

quantity of water d(p, s) per effi ciency unit of land. It is easily checked that

this example satisfies our assumptions. The following result is proven in the

Appendix:

Proposition 2 Assume Example 1 holds. The effi cient irrigated land area
x∗(θ) is decreasing with θ. Under uniform rationing, the irrigated land area

xR(θ) is also decreasing with θ, and there exist θ1 < θ2 such that:

i) The most effi cient farmers (θ ≤ θ1) choose a suboptimal irrigated area

(xR(θ) ≤ x∗(θ)), and get a suboptimal amount of water per unit of irrigated

land;

ii) Intermediate types (θ1 ≤ θ ≤ θ2) choose an over-optimal irrigated area

(xR(θ) ≥ x∗(θ)), and get a suboptimal amount of water per unit of irrigated

land;

iii) Relatively ineffi cient farmers (θ ≥ θ2) choose an over-optimal irri-

gated area (xR(θ) ≥ x∗(θ)) and get an over-optimal amount of water per unit

of irrigated land.

Hence, uniform rationing exerts a differentiated effect on heterogenous

farmers. The less effi cient ones are given rights on water that they do not

really need, and rationally react by increasing the share of land they irri-

gate. By contrast, this allocation of water is insuffi cient for the most effi cient

farmers, who react by reducing their irrigated area.

Strikingly, this differential treatment induces farmers to make more ho-

mogenous choices, as xR is too high when x∗ is low, and too low when x∗ is

high. To the outside observer, farmers thus look more similar, which justifies

in turn the use of a uniform rationing system, since it is ex-post effi cient when

farmers are identical. The system thus seems to create the conditions for its

own perennity. Moreover, because the farmers’ interests are more closely

aligned, they are able to form a more effective interest group.5 Overall, we

5See Le Breton and Salanié (2003).
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conclude that the uniform rationing system presents specificities that explain

why it is widely used, in spite of being ineffi cient both ex-ante and ex-post.

5 Buying water in advance: priority classes

In this section, we present a third institutional system, that we call priority

classes. Ex-ante, farmers are invited to buy seats in a queue for water; ex-

post, the water supply is allocated sequentially following the queue, until

exhaustion. The idea is that better positions in the queue are costlier, and

this leads farmers to make careful choices ex-ante about their crop mix.

Let us turn to more formal definitions. Ex-ante, a tariffP (.) is announced,

and farmers are offered to buy at price P (C) the Cth unit of water. De jure,

this unit will be delivered ex-post only if it is available, i.e., if s is such that

Q(s) ≥ C. In the Walrasian tradition, no other payments or transactions are

needed; all action thus takes place ex-ante.

We now characterize the tariff P (.) that ensures the equality of supply

and demand. The social value of the Cth unit of water is the expectation of

its social value p∗(s) across states s, provided this unit is delivered. Hence,

the natural tariff is

P (C) = E
[
p∗(s)1C≤Q(s)

]
. (6)

Unsurprisingly, higher priority seats (with a lower C) are sold at a higher

price since the corresponding water units are more likely to be delivered.

When facing this tariff, a farmer buys a portfolio of seats which can be

represented by an increasing function G, such that G(C) is the total quantity

bought below the Cth unit. For this portfolio, he pays in total:∫
C

P (C)dG(C) = E

[
p∗(s)

∫
C≤Q(s)

dG(C)

]
= E [p∗(s)G(Q(s))].

By doing so, he gets a water quantity G(Q(s)) in every state s. His

expected profit is therefore

E [B (G(Q(s)), x, s, θ)− p∗(s)G(Q(s))] (7)
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to be maximized over the function G and x, under the constraint that G is a

non-decreasing function. This program can be compared to the program (2)

defining effi cient decisions. We see that the equality of demand and supply,

and the effi ciency of the final allocation, will obtain if and only if the effi cient

quantity q∗(θ, s) is a nondecreasing function of Q(s):

q∗(θ, s) = G(Q(s)). (8)

This condition itself can be decomposed into two requirements. First, the

effi cient quantities q∗(θ, s) can depend on s only through Q(s). Intuitively,

this is the main limitation of priority classes: by definition of this system,

delivery is contingent on the realization of Q(s) only, and cannot be made

contingent on s itself. We shall see below that this requirement is more

likely to be satisfied when the basin is small, since in this case all agents are

similarly impacted by climate shocks.

Second, q∗(θ, s) has to be nondecreasing with respect to Q(s). Recall

that these quantities add up to Q(s) in each state, and therefore a higher Q

implies that at least some of the quantities have to increase. But a higher

Q also means that the weather is wetter, thus making irrigation water less

needed, and one may conceive that effi cient quantities are lower for some

farmers.

We now argue that these requirements hold in a variety of settings. First,

consider the homogenous case, in which optimal quantities are identical

across farmers: q∗(θ, s) = Q(s). Then condition (8) is clearly satisfied, and

we get:

Proposition 3 In the homogenous case, the priority system is effi cient, pro-
vided prices are set as in (6).

Let us now extend this result to the case of heterogeneous farmers. Recall

that we want each effi cient demand to depend on s only through Q(s). One

manner to obtain this property is to use the resource constraint that must

hold in each state s:∫
D(p∗(s), x∗(θ), s, θ)dF (θ) = Q(s).
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To do so, assume the existence of real-valued functions d and a such that

D(p, x, s, θ) = d(a(p, s), x, θ), (9)

with a decreasing in p, and d increasing with a. This assumption expresses

that changes in the state of nature can be summarized in a single number a,

which essentially captures the change in water supply. Notice that it holds

in Example 1, as indicated by (5).

Then the resource constraint tells us that a(p∗(s), s) depends on s only

through Q(s), and is therefore equal to some function δ(Q(s)), such that for

all Q the resource constraint holds:∫
d(δ(Q), x∗(θ), θ)dF (θ) = Q.

Therefore, δ is increasing with Q, and q∗(θ, s) = d(δ(Q(s)), x∗(θ), θ) de-

pends on s only through Q(s), and indeed increases with Q. Therefore (8)

holds. We have shown:

Proposition 4 The priority system is effi cient if condition (9) holds.

A second avenue is to assume directly that the demand for water D

depends on s only through Q(s), so that there exists a function d such that:

D(p, x, s, θ) = d(p, x,Q(s), θ). (10)

This corresponds once more to the idea that the basin is small, and that

Q(s) is a suffi cient statistic for s. Since in each state s the spot price for

water p∗(s) is determined by equalizing the sum of demands to the supply

Q(s), then it must be that this price also depends on s only through Q(s).

Moreover, since q∗(θ, s) equals the demand d at the spot price p∗(s), then

this quantity also can depend on s only through Q(s), and therefore one can

find a function G such that (8) holds.

But this is not suffi cient to conclude, because we need to make sure that

this function is increasing. In its last part, the Appendix derives a condition
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under which this holds true.

To summarize, in each case the key assumption is that the state of nature

impacts every farmer in a similar way: either because farmers are identical,

or because s matters only through a known function that does not depend

on the farmer (as in (9)), or because s matters only through Q(s) (as in

(10)). The priority class system thus better fits small-scale basins, for which

climate shocks can be assumed to exert uniform effects on all farmers. In

this case, it is plausible that effi cient quantities only depend on total supply,

as in (8).

The second requirement (that effi cient quantities be increasing with water

supply) sometimes requires additional assumptions on the profit functions.

On the other hand, it can be ignored if farmers are allowed to both buy or sell

in advance the Cth unit (provided it has bought a C ′ unit, with C ′ < C). Al-

ternatively, the farmer could sell this unneeded unit ex-post, on a spot market

that would open for settling such last-minute exchanges, or through direct

bargaining with neighbors. Allowing for direct exchanges ex-post among

farmers definitely promotes effi ciency; the point in implementing a system of

priority class is that such a system hopefully makes these exchanges much

less needed.

6 Winners and Losers

The ex-ante and ex-post ineffi ciencies of uniform rationing support a reform

towards a more effi cient system. Still, even though aggregate wealth would

be higher after such a reform, it is not so easy to redistribute these gains so

that everybody is better off. In this section, we try to minimize informational

requirements, and we accordingly assume that as one switches from uniform

rationing to an effi cient system, the money raised is redistributed to farmers

in a lump-sum manner. The question we ask is whether we can characterize

who are the winners and the losers from such a reform.
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Recall that under uniform rationing, the expected payoff of farmer θ

writes:

BR(θ) ≡ EB(qR(θ, s), xR(θ), s, θ).

Under a market system with redistribution, we define similarly

B∗(θ) ≡ E[B(q∗(θ, s), x∗(θ), s, θ)− p∗(s)q∗(θ, s)] + E[p∗(s)Q(s)].

The last term corresponds to the lump-sum redistribution of revenues

from water taxation. At this stage, notice that if we consider a priority class

system instead, then each farmer’s profit is still B∗(θ). Indeed, when prices
of seats are set as in (6), then each farmer ends up with the payoff in (7), and

the money raised is exactly E[p∗Q]. The analysis below therefore applies to

both cases.

To compare these two profit levels, first notice that we have

E[B(qR, xR, s, θ)− p∗qR] ≤ E[B(q∗, x∗, s, θ)− p∗q∗],

because by definition (q∗, x∗)maximizes the expression in the right-hand side.

We use the above definitions to get:

BR ≤ B∗ + E[p∗qR − p∗Q].

In addition, under uniform rationing we have

qR(θ, s) =
xR(θ)

XR
Q(s),

so that we obtain:

BR(θ) +
(
1− xR(θ)

XR

)
E[p∗(s)Q(s)] ≤ B∗(θ).

This yields the following result.

Proposition 5 Suppose one switches from uniform rationing to a market

system, or to a priority class system, with lump-sum redistribution. If under

uniform rationing a farmer’s irrigated area is less or equal to the average

area (xR(θ) ≤ XR), then this farmer benefits from the reform.
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The generality of this result is striking: lump-sum redistribution is suffi -

cient to compensate small-scale farmers for the reform. In fact, those farmers

did not irrigate much, because they were not very productive for irrigated

crops. Switching to an effi cient system is thus not very costly for them,

and the lump-sum redistribution of revenues more than compensates for the

disappearance of the free water rights they held under uniform rationing.

Conversely, one expects that very effi cient farmers also benefit from the re-

form, but for a very different reason: after the reform, since they are very

productive they can increase their profits by drastically expanding their irri-

gated area. This is indeed exactly what is happening in our Example 1, even

in the absence of lump-sum redistribution.

Proposition 6 In Example 1, the most effi cient farmers (θ below θ1, as

defined in Proposition 2) benefit from the reform, even in the absence of

lump-sum redistribution.

Overall, the general picture is as follows. Farmers that did not irrigate

much before the reform should support it because they will receive a suf-

ficient lump-sum compensation. Farmers that expand their irrigated area

after the reform should support it for effi ciency reasons. Consequently, the

opponents to the reform are likely to be found in an intermediate category

which irrigated more than the average before the reform, and which still does

so after the reform, so that their payments for water exceed the lump-sum

redistributive term.

7 Introducing risk-aversion and insurance

So far, we have worked under an assumption of risk-neutrality that is ad-

mittedly very demanding, as farmers face important climate risks ex-post.

This section argues that the provision of insurance can be integrated in the

priority class system in a quite natural way.
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The first important remark is that any insurance system has to be based

on an observable variable, such as the occurrence of a loss. It turns out that

the priority class system requires to write delivery contracts that are contin-

gent on the realization of the total supply Q(s), as announced by some public

authority. This announcement thereby makes this variable contractible. Pri-

vate insurers may consequently use it as a basis for insurance contracts. In

particular, a contract can specify that an indemnity be paid for each unit

of water C that was paid for ex-ante, but that was not delivered ex-post

because supply was insuffi cient.

Let us study such a system formally. Assume that farmers are risk-averse,

and endow each farmer θ with a concave Von Neumann-Morgenstern utility

function. Assume also that each farmer’s profits depend on s only through

Q(s), so that there exists a function b such that

B(q, x, s, θ) = b(q, x,Q(s), θ). (11)

As in the previous section, every farmer can buy ex-ante a portfolio G(.)

of water units, contingent on availability, for a monetary transfer computed

using the tariff P (.) given in (6). In addition, we now allow each farmer to

choose ex-ante a portfolio of indemnities i(.), so that for each C, the farmer

gets i(C) when the Cth water unit is not delivered, or equivalently when

Q(s) < C. We assume that the insurance sector is competitive, so that the

farmer pays ex-ante a fair premium that equals expected indemnities.

Overall, the farmer has to choose ex-ante the water portfolio G(C) and

the indemnities i(C). The indemnities paid in state s are

I(Q(s)) ≡
∫
C>Q(s)

i(C)dG(C)

and interestingly they are a function of Q(s) only. The fair premium is

therefore EI(Q(s)). Overall, the farmer’s payoff in state s is

b(G(Q(s)), x,Q(s), θ)−
∫
P (C)dG(C) + I(Q(s))− EI(Q(s)).
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Thanks to the assumption in (11), this profit depends on s only through

Q(s). This makes it possible for the farmer to get full coverage of his risk, and

in fact this is what the farmer aims at because insurance is fairly priced.The

corresponding condition obtains by setting to zero the derivative with respect

to Q of the profit:

i(Q)dG(Q) = bqdG(Q) + bQ.

Moreover, and as already observed, if prices for seats P (.) are set as in (6)

the farmer selects the effi cient water quantities. This condition thus becomes

i(Q(s)) = p∗(s) +
bQ

dG(Q(s))
.

That is, the farmer faces two insurable risks. The first one is the risk that

a unit of water is not delivered, and in the state s corresponding to this unit

the loss for the farmer is indeed p∗(s). The second one is the risk associated

to climate conditions: a reduction in Q may be bad news, if it is associated

to a less favorable weather, hence the second term in this formula. By asking

for an indemnity for each water unit that fails to be delivered, the farmer

can get full insurance, provided his profits depend on s only through Q(s),

as specified in (11). Otherwise, coverage can only be partial, but it is still

desirable, and the verifiability of Q makes it easier to supply insurance.

8 Discussion and concluding remarks

We have discussed the properties of three different systems for allocating wa-

ter. The most widely used is uniform rationing, but this system is ineffi cient,

both for sharing water ex-post and for inducing farmers to choose the right

mix of crops ex-ante. The spot market system is theoretically effi cient, but it

faces a few issues that complicate its implementation. Indeed, one defining

feature of irrigation water is that nobody needs it when there is plenty, and

vice-versa. In economic terms, supply and demand are strongly negatively

correlated for evident climate reasons. This means that the spot price can
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take extreme values, from zero in periods of abundance to very high values

in periods of drought. When the drought is severe, it is not socially and po-

litically easy to implement such prices.6 Farmers may also anticipate ex-ante

that the commitment to a market system is not credible and will be reneged

ex-post.

For that matter, the priority class system has a big advantage over the

spot market system: possible conflicts about water use are settled ex-ante,

before total supply is known. It also forces farmers to anticipate that they

may lack water, and to adapt their choices of crops accordingly. Finally,

as we have shown, the priority system can be made as effi cient as the spot

market system, under conditions we discuss below.

In addition, the question of risk and insurance is in practice a very impor-

tant one. Such considerations do not invalidate the market solution, but they

call for opening new markets ex-ante. These contingent markets should allow

for buying water that would be delivered only under some contingencies. The

advantages to the farmers is that these markets allow for a better planning of

their water needs, as well as a better sharing of risks with insurers. Another

advantage of having such a system of markets is that more transactions are

decided ex-ante, instead of being bargained ex-post. Nevertheless, one has

to underline that creating even a few more markets is not an easy task if one

wants to preserve the liquidity of exchanges.

By comparison, the priority system concentrates on the creation of a few

well-chosen contingent assets, but these assets do not need to be exchanged

on dedicated markets. Instead, what we have in mind is that a coarse set of

prices could be set ex-ante by a regulatory authority. Basically, the authority

would define a few priority classes, say A, B, and C. Each farmer would pay

ex-ante a high price pA for a unit of water in class A, a medium price pB for

a unit of water in class B, and a low price pC for a unit of water in class C.

6Dinar and Mody (2003) survey factors that prevent water markets from becoming

more widespread. In addition, in many countries farmers are used to paying very low

prices (Bazzani et al, 2002, Hamdy, 2002).
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Ex-post, the available water supply would be measured and made available

by the authority. Units in class A would be delivered first, followed by class

B and then C. Finally, if supply falls short of fully supplying the marginal

priority class, then a uniform rationing system could be applied.7 The point

here is that the task of setting prices ex-ante is not too diffi cult: the regulator

could, for example, aim at a balanced division of total demand across the

three classes.

Moreover, the regulatory authority would make it clear when each priority

class is served or not, thereby creating a contractible variable to be used by

private insurers. Insurance subscription should be encouraged ex-ante, so as

to avoid inheriting contentious situations ex-post. Once more, the key is to

having farmers make suitable decisions ex-ante, knowing that in the future

water might be scarce.

Our analysis has also shown that the effi ciency result for a priority sys-

tem relies on a symmetry assumption: climate shocks must affect farmers

similarly. This is linked to the nature of the system: by organizing a simple

queue, the system assumes that the needs of two different farmers are ranked

in a stable way, whatever the final state of nature. We gave assumptions

under which this property holds, the simplest one being that the basin is

small enough.

We acknowledge that a smaller basin also means a smaller number of

farmers, and therefore that market power may play an interesting role, both

for the ex-post spot market and for the ex-ante mechanism for allocating seats

in the queue for water. In both cases, one could allocate private endowments

cleverly as in Hahn (1984), so as to neutralize market power. The comparison

between the market system and the priority class system then hinges on

whether a spot market or a market for seats is more vulnerable to the exercise

of market power, which is an open and interesting question that we leave for

7Such a coarse system is also envisioned in Wilson (1989, Proposition 3, page 22). In

particular, it is shown in that paper that the effi ciency loss varies with the inverse of the

square of the number of priority classes.
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future research.

We have focused on a single-period model. The extension to multiple

periods raises the question of complexity: can farmers order water in advance,

taking into account that the irrigation season (typically from two to four

months) is divided into periods of, say, fifteen days each? This diffi culty is

alleviated if one recognizes that crops registered as high or medium priority

should logically be registered as such for the whole season. Hence, for these

crops the farmer would have to estimate the water needs at each period, and

buy the corresponding quantities in the same class, whatever the period.

In a nutshell, compared to a market system the priority class system

mainly works ex-ante, and thus limits renegotiations in case of crisis; has a

simple and robust design; allows for insurance; and preserves effi ciency, by

dedicating the use of irrigation water to the farmers that are most produc-

tive. Nevertheless, although our simple model encapsulates these important

effects, several limitations should be pointed out. An important one is that

individual extraction has to be monitored precisely. In practice, one easily

observes whether a farmer irrigates or not, but getting a precise estimation

of the volumes is not easy. We also acknowledge that the dynamics of irriga-

tion are not modeled, though we are confident that our main results would

extend. Finally, and maybe more importantly, we do not take into account

irrigation water networks. These networks significantly increase the capacity

to cope with climate shocks, but their funding and development is costly,

and a study of cost allocation should be a part of future analysis.

Data Availability Statement

The data that support the findings of this study are openly available in

Propluvia at

http://propluvia.developpement-durable.gouv.fr/propluvia/faces/index.jsp

or directly from the authors.
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Appendix

Proof of the claim in section 2: consider the problem

max
x

EB(kxQ, x) (12)

where we omit the variables s and θ for clarity. The cross-derivative in (k, x)

is

QBq + xQ(kQBqq +Bqx)

and by setting q = kxQ, we obtain:

Q(Bq(q, x) + qBqq(q, x) + xBxq(q, x))

which is positive under (1). This shows that the function B(kx, x) is su-

permodular in (k, x), and this implies that the solution to problem (12) is

increasing with k. Therefore, (4) has a unique solution in X, as announced

in the text.

Note also that from the identity Bq(D) = p we readily obtain BqqDp = 1

and BqqDx + Bqx = 0, so that the condition Bq + qBqq + xBxq ≥ 0 reduces
to pDp +D − xDx ≤ 0, or equivalently 1 ≤ εp + εx. This is the property on

elasticities announced in the text.

Finally, notice that if B is homogenous of degree h > 0, i.e., B(αq, αx) =

αhB(q, x), then thanks to the Euler’s homogenous function theorem we get

qBq + xBx = (q, x) · ∇B(q, x) = hB(q, x).

Because B increases with q, this shows property (1) in this case.

Proof of Proposition 2: a) The effi cient decisions are characterized as
follows. We have:

q∗(θ, s) = a(θ)x∗(θ)d(p∗(s), s) (13)

and therefore the resource constraint yields

d(p∗(s), s) =
Q(s)

X∗a
(14)
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where X∗a is the average irrigated area in terms of effi ciency units:

X∗a =

∫
a(θ)x∗(θ)dF (θ).

Therefore each effi cient quantity can be computed as a share of total

available quantity:

q∗(θ, s) =
a(θ)x∗(θ)

X∗a
Q(s). (15)

Moreover, each farmer ends up maximizing on x the profit

a(θ)xE [b(d(p∗(s), s), s)− p∗(s)d(p∗(s), s)]− θc(x),

so that the individual irrigated area is characterized by:

cx(x
∗(θ), θ) = a(θ)Eβ

(
Q(s)

X∗a
, s

)
, (16)

where

β(d, s) = b(d, s)− db1(d, s).

Because β increases with d, this system of equations in fact uniquely char-

acterizes the area x∗(θ) chosen by each farmer θ. Because a(θ)/θ is decreasing

with θ and c is convex, we obtain that x∗(θ) decreases with θ. A fortiori,

q∗(θ, s) also decreases with θ. Overall, effi ciency requires that farmers with

higher types choose a lower risk-exposure, and consume a lower quantity of

water with a lower density per unit of irrigated land, while the water density

per effi ciency unit of irrigated land is the same for all farmers.

b) Under uniform rationing, we have

qR(θ, s) =
xR(θ)

XR
Q(s). (17)

One key difference with (15) is that effi ciency equalizes water quantities

per effi ciency unit of irrigated land, while uniform rationing equalizes water

quantities per unit of irrigated land. Uniform rationing is therefore ineffi cient,
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because it allocates too much water to some unproductive land units and not

enough to more productive units. In addition, the irrigated area is chosen to

maximize

a(θ)xEb

(
Q(s)

a(θ)XR
, s)

)
− c(x, θ)

so that the solution xR(θ) must satisfy the following first-order condition:

cx(x
R(θ), θ) = a(θ)Eb

(
Q(s)

a(θ)XR
, s

)
. (18)

To compare this condition with (16), define the function

ϕ(x, θ) =
cx(x, θ)

a(θ)
.

From our assumptions, ϕ is increasing in θ and in x. (16) then implies

that x∗(θ) is decreasing in θ, as the term Eβ is independent from θ.

Under uniform rationing, the left-hand-side of (18) increases with θ, as

cθx > 0; and the right-hand-side is easily shown to be increasing in a,8, and

therefore decreasing in θ. Because the right-hand-side does not depend on x,

and c is convex in x, we obtain that xR(θ) is also decreasing in θ.

The water quantity per unit of irrigated land is qR(θ,s)
xR(θ)

= 1
XRQ(s), which

is (by the very definition of uniform rationing) independent from θ. Under

effi ciency, the water quantity per unit of irrigated land is

q∗(θ, s)

x∗(θ)
=

a(θ)∫
a(t)x∗(t)dF (t)

Q(s),

which decreases with θ. As announced in the Proposition, the former is less

than the latter if and only if θ ≤ θ2, where θ2 is characterized by:

a(θ2) ≡
∫
a(t)x∗(t)dF (t)

XR
.

Finally, let A∗ = ϕ(x∗(θ), θ); note that from (16), this number is indepen-

dent from θ. Let AR(θ) = ϕ(xR(θ), θ); from (18), AR(θ) is increasing with θ.

8Indeed, the derivative w.r.t. a is the expectation of b(q) − qb1(q), taken at q = qR,

which is positive by concavity of b.
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Because ϕ increases with x, xR(θ) is less than x∗(θ) if and only if AR(θ) is

less than A∗, and thus if and only if θ is less than some level θ1. Finally, at

θ = θ2 we have

AR(θ2) = Eb

(
Q(s)∫

a(t)x∗(t)dF (t)
, s

)
= Eb(d(p∗(s), s), s)

> A
∗
= E[b(d(p∗(s), s)− p∗(s)d(p∗(s), s)],

and therefore one must have θ1 < θ2. This concludes the proof.

A discussion of the case when (10) holds. Under this condition, for
every s one has ∫

d(p∗(s), x∗(θ), Q(s), θ)dF (θ) = Q(s),

so that p∗(s) is a function of Q(s) only: p∗(s) = ρ(Q(s)). By differenti-

ating the resource constraint, we get

ρ′(Q)

∫
dpdF +

∫
dQdF = 1.

Now, when q∗(θ, s) = d(ρ(Q(s)), x∗(θ), Q(s), θ), this quantity increases

with Q(s) if

dpρ
′(Q) + dQ ≥ 0.

Replacing ρ′ by its expression found above, and because dp < 0, this

condition becomes:

dQ
dp
(p∗(s), x∗(θ), Q(s), θ) ≤ ρ′(Q) =

∫
dQdF∫
dpdF

+
1

−
∫
dpdF

. (19)

The first term in the right hand side is an average of the ratios dQ/dp,

with the positive weights (−dp). The second term is positive. This expression
thus states that dQ/dp is not too dependent on (x, θ), for each Q(s). This

holds in particular when this ratio is a constant, but then we are back to the

other restriction (9).
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