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a b s t r a c t

This paper constructs a model for determining the optimal capacities of water projects, including, but not
limited to, diversion dams, flood-control dams, water-transfer projects, and rainwater-harvesting sys-
tems. The model helps us analyze the impacts of institutional, environmental, and technological changes
on the capacity choices of water projects. The analysis identifies the conditions under which water re-
forms, flood damages, and climate change could lead to larger optimal water-project capacities. We also
systematically analyze the relation between water-project capacities and water-conservation technolo-
gies (e.g., drip irrigation) and identify the conditions under which they are complements. The paper
implies that the design of water projects should not be separated from the institutional, environmental,
and technological conditions both upstream and downstream.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Dams, reservoirs, canals, and other water projects play an im-
portant role in our life. Frequently, these projects have been mo-
tivated by political consideration and concerns have been raised
about the efficiency of their design. The cost–benefit analysis
method has since been introduced. However, one major critique of
the method and its symbol, the Principles and Guidelines for as-
sessment of water projects [94], is that they still overemphasize
“hard” engineering solutions, ignoring the problem-solving capa-
cities of “soft” management and institutional solutions in water
management (e.g., [105,97]). Moreover, one of the keys to many
water-policy debates, for example, the debate in response to the
current lasting drought in California (e.g., [40]), is always that
people predict improvements in water management to reduce the
demand for water projects (e.g., [98]). In response to these con-
siderations, this paper develops an analytical framework for the
design of water projects, incorporating rising concerns about cli-
mate change and resource conservation, to investigate the im-
plications of institutional, environmental, and technological
changes on the capacity choices of water projects.

The framework is founded on a stylized model for the capacity
choice of a dam with inflow uncertainty and flood damages being
considered. Generally speaking, the primary purpose of real-world
y of California, Berkeley, CA,

),
water projects is to divert water from the natural environment for
human use. Some projects also have another purpose, which is to
control water inventories over time. The dam in our model cap-
tures the first important purpose in the sense that it simply
transfers water from wet seasons or water-abundant areas to dry
seasons or water-scarce areas, and the dam capacity caps the
amount of the water being gathered, transferred, and released. The
model is then applicable to many categories of water projects,
including, but not limited to, diversion dams, water-transfer pro-
jects, some flood-control dams that empty themselves in each
water year, and some rainwater-harvesting systems in extremely
arid areas where all gathered water in wet seasons is released in
dry seasons. These projects are common and important in water-
resource management for both developed and developing areas
(e.g., [24,5,83,50,90,101]). For water projects that also control
water inventories over time, the implications of our model will
still be valid as long as the inventory-control consideration does
not dominate the water-diversion consideration. For the wide
applicability, we use two terms, “water project” and “dam,” in-
terchangeably in this paper. In the most general sense, we can
interpret the dam in our model as a water system and the dam
capacity as the total artificial capacity of water catchment of the
system.

The simplicity of our approach allows us to derive straightfor-
ward comparative-static results about the impact of water-release
benefits, flood-damage estimates, and the inflow distribution on
the capacity choices of water projects. We further extend the
model to analyze the relation between water-project capacities
and water-conservation technologies, e.g., drip irrigation and
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Fig. 1. A water system with a dam.
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improved conveyance. We show that the relation is nonmonotonic
and depends on the initial capacity. All of the theoretical results can
provide implications for water-infrastructure policies in response to
integrated water reforms, economic growth, food-security concerns,
climate change, and water-conservation technologies.

The analysis in the paper is accompanied by graphical illus-
trations in which we specify our model to Seven Oaks Dam—one of
the largest embankment dams in the United States. The con-
sistency of the operation of the Dam with our model and the
economic significance of the Dam, as shown in Appendix A, helps
us to show the empirical relevance and practical significance of
our theoretical results. We also provide some quantitative im-
plications about policies in this case.

We unfold the paper as follows: the rest of this section clarifies
our contribution to the literature. Section 2 builds the simple
model, and Section 3 analyzes the comparative statics. Section 4
extends the model and derives the results about water-conserva-
tion technologies. Section 5 discusses the implications of all re-
sults. Section 6 concludes.

Contribution to literature: There exists a rich economic literature
on the capacity choices of water projects (e.g.,
[73,72,33,63,86,38,77,44,47]). The tractability of our model allows
us to obtain analytical results about the comparative statics on
capacity choices, which are rare in the literature on water-in-
ventory management (e.g., [11,88,49,85]). Our comparative-static
analysis adds to the literature with explicit results about impacts
of the water-release benefit and flood damages. About the impact
of climate change, different from the focus of literature on changes
in the variation of water endowment (e.g., [38]), our result em-
phasizes shifts between inflow shortage and abundance, which
directly test the catchment or provision capacity of water projects.

The relation between water-project capacities and water-con-
servation technologies, to our knowledge, has not been system-
atically analyzed in the literature. In one respect, we add capacities
of large-scale, public water projects to the list of potential factors
affecting adoption of irrigation and other water-conservation
technologies (e.g., surveys by [17,84,77])1. This result also extends
Caswell and Zilberman's [19] theoretical formulation of the non-
monotonic relation between resource abundance and conservation
technologies, which is well recognized in the literature (e.g., sur-
veys by [37,59]), to water-infrastructure investment. In another re-
spect, our result about the impact of conservation-technology
adoption on the capacity choices of water projects contributes to the
literature on the Jevons [54] paradox in energy economics (e.g.,
surveys by [43,46]) and water economics (e.g., [65,96,27,66]) about
improvement in resource-use efficiency increasing resource con-
sumption by extending the analysis to the demand for water infra-
structures and highlighting the importance of the initial stage in
determining the paradox. Finally, our analysis about the potential
adoption of water-conservation technologies provides an alternative
explanation to Schoengold and Zilberman [77] for oversized water
projects.
2 Hydropower dams rarely release completely and a certain level of water in-
ventories is always kept. Given this consideration, we can interpret the inflows and
releases in the model as the part of inflows and releases net of this certain level of
water inventories.

3 For simplicity, we do not model each of the elements of the benefit and the
damage in detail, which could be a direction for future research.

4 Note that, in cases of flood-recession agriculture, floods can increase agri-
cultural production (e.g., [64,39]). Our flood-damage function can be considered to
be net of this kind of benefit. Also, as noted by the literature (e.g., surveys by
[82,62,61]), many factors determine flood damages, including, but not limited to,
2. The simple model

Fig. 1 illustrates our simple model for the capacity choices of
water projects. In each period t, water of stochastic amount et
flows into a dam of a capacity, w̄. We assume that, in each period,
the dam cannot hold more inflow than its capacity and that it
releases all of the held water of amount wt into a distribution and
1 A concurrent work by Bhaduri and Manna analyzes the impact of private
water storage with a proportional storing rule on the adoption of efficient irrigation
technology (Bhaduri and Manna, [6]).
allocation system.2 As the economics of the distribution and al-
location system (e.g., [21,20]) is not our main focus, we leave the
functioning of the system out of the model and only denote the
agricultural, industrial, environmental, and ecological benefits
from the water release as B wt t( ). The dam also prevents flood
damage, L e w wmax ,t t( { ¯ } − ¯ ).3 We then summarize the function of
the dam by the following assumption:

Assumption 1 (Water-release determination). The dam capacity
caps the maximum amount of the release: w e wmin ,t t= { ¯ }.

Before the dam is built, its designer recognizes the construc-
tion, maintenance, and environmental-damage costs, C w( ¯ ). The
properties of the benefit, the damage, and the cost functions are
formalized by the following assumption:

Assumption 2 (Function properties). The marginal water-release
benefit is nonnegative and decreasing: B 0t′(·) ≥ and B 0t ″(·) < . The
flood damage is zero when there is no flood, it is nonnegative
when there is a flood, and the marginal flood damage is non-
negative and weakly increasing: L 0 0t ( ) = , L 0t (·) ≥ elsewhere,
L 0t ′(·) ≥ , and L 0t ″(·) ≥ . The marginal construction, maintenance,
and environmental-damage costs are positive and increasing:
C 0′(·) > and C 0″(·) > .

The intuition behind Assumption 2 is as follows: first, the
marginal benefit of water is much higher when it is scarce than
when it is abundant, so the marginal water-release benefit is likely
to be decreasing. Second, spillways of dams help to evacuate ex-
cessive water, so the marginal damage of spills contained within
spillways is negligible. When inflows are beyond the designed
capacity of spillways, floods could top dams, and the marginal
flooding water would cause serious damages. Therefore, the flood
damage should be generally convex and the marginal flood da-
mage should be weakly increasing.4 Third, resources for dam
building and maintenance are always limited and larger dams
make the ecological system more vulnerable to further human
actions. Therefore, it is fair to assume an increasing marginal cost
duration, frequency, and intensity of floods. Consistent with the literature, however,
our simple characterization of flood damages still represents one of the key factors
in the determination—the total volume of flooding water—because, given the size
of flooded areas, flood damages are increasing in flood depth and, given flood
depth, larger flooded areas mean more economic loss.



5 The solution for the first-order condition is the solution to the dam-capacity
problem if and only if the solution is nonnegative. Otherwise, the model might
have a corner solution, which is a capacity of zero. Zero capacities could happen
when the marginal cost of dam capacities is already larger than the marginal
benefit when the capacity is zero. It is also possible that the first-order condition
has no solution. In this case, the marginal cost of dam capacities is always smaller
than the marginal benefit and the solution to the problem is an infinite capacity.
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of dam capacities.
To formalize the dam-capacity problem, we assume:

Assumption 3 (The social planner's problem with a discount fac-
tor). A social planner chooses the dam capacity to maximize the
discounted expected sum of water-release benefits minus flood
damage, net of the construction, maintenance, and environmental
cost of the dam. The discount rate is r 0> . The discount factor is

0, 1
r

1
1

ρ ≡ ∈ ( )
+

.

With Assumptions 1 and 2, Assumption 3 presents the dam-
capacity problem:
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where an infinite planning horizon is assumed for analytical
simplicity, instead of a horizon of 50–100 years, which is more
realistic for dams, as recognized by Reilly [69].

For technical simplicity, we propose two more assumptions:

Assumption 4 (Stationary water-release benefits and flood da-
mage). The water-release benefit is the same across time:
B Bt (·) = (·) for any t. The flood-damage function is the same across
time: L Lt (·) = (·) for any t.

Assumption 5 (Inflows i.i.d.). The stochastic inflow is identically
and independently distributed as e, with the cumulative dis-
tribution function, F (·), and the probability density function, f (·),
where F f′(·) = (·).

The two assumptions suggest that we ignore the trends in
the water-release benefit, flood damage, and inflow, which are
not the focus of this paper. They turn the dam-capacity problem
into
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The first term of the objective function is the discounted ex-
pected sum of water-release benefits, and the second term is the
negative discounted expected sum of flood damage. The two terms
form the benefit of the dam. The third term is the cost of the dam.
By Leibniz's integral rule, the marginal values of the discounted
expected sum of water-release benefits and the negative dis-
counted expected sum of flood damage with respect to dam ca-
pacities are

4
F w B w L e w f e de
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1 0 and
1

1
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−
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respectively. The first-order condition of the problem is then
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The left-hand side of the condition is the marginal benefit of
dam capacities, which depends on the water-release benefit, the
flood-damage function, and the inflow distribution. The right-
hand side is the marginal cost of dam capacities. Assumptions 2,
4 and 5 guarantee that the marginal benefit is decreasing and the
marginal cost is increasing, so the solution of the first-order con-
dition, w̄⁎, helps the objective function reach its maximum but not
minimum.
As the cases with solutions of zero or infinite capacities add

little intuition to our further analysis, we rule them out by the
following assumption.5

Assumption 6 (Finite, interior solutions). The marginal benefit of
dam capacities is larger than the marginal cost when the capacity
is zero and smaller when the capacity is large enough.

Since Assumption 2 provides monotonicity and continuity for
all the functions, Assumption 6 means that there is always a un-
ique, finite, and positive solution of the first-order condition,
which solves the dam-capacity problem.

All of the assumptions and the analysis suggest that the opti-
mal dam capacity, w̄⁎, makes the marginal benefit of dam capa-
cities equal to the marginal cost. Mathematically, w̄⁎ solves Eq (5).
Graphically, w̄⁎ makes the decreasing marginal benefit,

F w B w L e w f e de1
w

1
1

1
1 ∫( − ( ¯ )) ′( ¯ ) + ′( − ¯ ) ( )

ρ ρ− − ¯

∞
, intersect with the

increasing marginal cost, C w′( ¯ ).
3. Comparative-static analysis
Proposition 1 (Impacts of the water-release benefit, flood damage,
and inflow distribution). Under Assumptions 1–6, (1) an increase in
the marginal water-release benefit, (2) an increase in the marginal
flood damage, and (3) a first-order stochastically dominating shift in
the inflow distribution will increase the optimal dam capacity.

The derivation of the results is straightforward with some al-
gebra of integration by parts. The intuition of the proposition de-
serves a little discussion. Recall that an additional unit of dam
capacities captures one more unit of inflows when the dam
reaches the initial full capacity. An increase in the marginal water-
release benefit, therefore, will increase the benefit that would be
generated by the additional unit of captured inflows. An increase
in the marginal flood damage will increase the loss that would be
avoided by the additional decrease of overflows. A first-order
stochastically dominating shift in the inflow distribution will in-
crease the probability that the dam reaches its full capacity and
the loss that would be avoided by the additional decrease of
overflows. All of these impacts will increase the marginal benefit
of dam capacities and lead to larger optimal-capacity choices.

While one might literally expect that if the benefit from water
release is improved, we would demand smaller water supply and
dam capacities. This logic is found in some engineering literature,
where dam designers are minimizing the cost of dams to satisfy
specific engineering and policy constraints (e.g., surveys by Yeh
[100], Simonovic [81]). More precisely, assume that a water system
with an initial catchment capacity generates a total benefit from
water release. When the marginal water-release benefit becomes
higher, the initial catchment capacity will generate a larger total
benefit, so the minimum capacity that is needed to generate the
former total benefit will be smaller than the initial capacity. In
contrast, Proposition 1 shows that, for any given capacity, the
marginal benefit of capacities increases, so the optimal adjustment
on the water system should be increasing the catchment capacity,
given the marginal cost of capacities. This comparison is similar to
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the finding in Chakravorty et al. [21], where the optimal water use
is larger under an optimal distribution system than that under a
suboptimal distribution system.
Fig. 2. The impact of dam capacities on conservation-technology adoption. Assume
that a conservation technology will change the water-release benefit function from
B w1( ) to B w2 ( ) with a cost of c2. It will be adopted if and only if the dam capacity is
moderate.
4. Extension and results about water-conservation
technologies

In this section, we extend the simple model by incorporating
water-conservation technologies. For example, drip irrigation ap-
plies water more precisely to crops than flood irrigation does so
that water is more effectively consumed by plants (e.g., [19]).
Adopting better conveyance technologies and fixing leaks in
channels help to reduce the rate of evaporation and leakage loss in
water release (e.g., [21]). All of these technologies improve the
efficiency of water releases as an input in economic production.
Our characterization of these technologies is formalized by the
following assumption:

Assumption 7 (Conservation-technology characterization). A con-
servation technology would change the water-release benefit from
B w1( ), which is associated with the existing technology, to B w2 ( ).
There exists ŵ so that B w B w2 1′( ) > ′( ) when w w< ^ , B w B w2 1′( ) = ′( )
when w w= ^ , and B w B w2 1′( ) < ′( ) when w w> ^ . The corresponding
fixed costs of the two technologies are c 02 > and c 01 = .

This widely used assumption (e.g., [19,3]) means that con-
servation technologies increase the marginal water-release benefit
when water is scarce and decrease it when water is abundant. In
other words, we assume that conservation technologies rotate
clockwise the marginal water-release benefit (as illustrated in the
top panel of Fig. 2). Assumption 7 is straightforward if we assume
that (1) the water-release benefit equals a benefit function in ef-
fective water, where conservation technologies increase water-use
efficiency—the share of effective water in applied water (the water
release in our model), (2) there are some biological or resource
constraints on the expansion of the water-use sector, e.g., when
the irrigable land is limited, and (3) the decline of the marginal
benefit of effective water does not get much slower as effective
water increases. Caswell and Zilberman [19] argue that the as-
sumption is consistent with the classic three-stage model of pro-
ductivity in production theory and is more plausible in irrigation
water use than are some other specifications of the effective-water
benefit, e.g., the Cobb and Douglas [25] specification.6

Under Assumption 7, we focus on the interaction of water-
conservation technologies with water-project capacities. More
specifically, we investigate three questions: first, under what
conditions about dam capacities would water users adopt a newly
available conservation technology? Second, what is the impact of
the adoption on optimal dam capacities? Third, what will happen
if the dam designer recognizes that the capacity decision can affect
water users' adoption decisions and then affect the benefit of the
dam?

4.1. Impacts of water-project capacities on conservation-technology
adoption

For the first question, we consider the technology-adoption
6 Technically, the assumption is equivalent to having the elasticity of the
marginal effective-water benefit with respect to effective water crossing one as
effective water increases from zero. Also observe that, given any level of water use
or water release, the water-conservation technology will always generate more
benefit than the existing technology as long as the function of the benefit from
effective water is weakly increasing. This observation explains that water users
would rarely switch from efficient water-use technologies back to inefficient ones
because doing so would not be beneficial.
decision of a representative water user, taking the capacity of an
existing dam as given, and analyze how the given capacity will
affect the technology-adoption decision. We assume that the re-
presentative potential adopter is rational.

Assumption 8 (Rational adoption of the representative water
user). The representative water user chooses whether to switch
from the existing technology to the conservation technology by
comparing the respective discounted expected sums of water-re-
lease benefits net of the fixed costs.

Assumption 8 implies that the conservation technology will be
adopted if and only if the representative water user could gain
from the adoption. Mathematically, under Assumptions 1, 2, 4, 5,
7 and 8, the representative water user's technology adoption
problem is

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥B e w cEmax min , ,

6i s

s
s
i

s i
1,2

0
0

∑ ρ ( { ¯ }) −
( )∈{ } =

∞

which is equivalent to

⎡
⎣⎢

⎤
⎦⎥B e f e de F w B w cmax

1
1

1 ,
7i

w
i i

i
1,2

∫ρ−
( ) ( ) + ( − ( ¯ )) ( ¯ ) −

( )∈{ } −∞

¯

and the water user will adopt the conservation technology (i 2=⁎ )
if and only if
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Fig. 3. The impact of conservation-technology adoption on the optimal dam capa-
city. Assume that a conservation technology will change the water-release benefit
function from B w1( ) to B w2 ( ). Adopting the technology will rotate the marginal
benefit of dam capacities clockwise, which induces a larger optimal dam capacity if
and only if the optimal dam capacity given the existing technology is small.

7 The question can be generalized into a classic economic question about the
interaction between a regulator and the regulated. For example, Amacher and
Malik [1] analyze the properties of a pollution tax when the regulated firms choose
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The left-hand side of the condition is the discounted comparative
benefit of adopting the conservation technology over not adopting,
or the conservation technology's advantage, and the right-hand
side is the fixed cost of the adoption. For notational simplicity, we
denote the left-hand side as A w( ¯ ), where A represents advantage.
To investigate its shape, we calculate its derivative and have

A w F w B w B w
1

1
1 ,

9
2 1

ρ
′( ¯ ) =

−
( − ( ¯ ))( ′( ¯ ) − ′( ¯ ))

( )

which means

A w A w w w

A w A w w w

A w A w w w

0 and is increasing if ;

0 and reaches its maximum if ;

0 and is decreasing if . 10

′( ¯ ) > ( ¯ ) ¯ < ^

′( ¯ ) = ( ¯ ) ¯ = ^

′( ¯ ) < ( ¯ ) ¯ > ^ ( )

This analysis implies that the conservation technology's advantage
is smaller with large or small dams than with dams of moderate
capacities. This implication proves the following proposition,
which documents the impact of dam capacities on conservation-
technology adoption.

Proposition 2 (Too small or too large dams discourage adopting
conservation technologies). Under Assumptions 1, 2, 4, 5, 7 and 8, if
the dam is too large or too small, then the conservation technology
will not be adopted. Mathematically and more precisely, the following
two statements are true:

) If A w c2( ^ ) > , then the conservation technology will be adopted if
and only if w w ws l< ¯ < , where ws and wl solve A w c2( ¯ ) = .

) If A w c2( ^ ) ≤ , then, given any w̄, the conservation technology will
not be adopted.

Fig. 2 illustrates the first statement in Proposition 2. The top
panel shows that the conservation technology rotates clockwise the
marginal water-release benefit around w w¯ = ^ . The mid panel pre-
sents the marginal advantage of the conservation technology, which
intersects the horizontal axis from above at w w¯ = ^ . The bottom
panel shows the advantage, which flips its monotonicity in w̄ at
w w¯ = ^ . In the panel, a horizontal line of height c2 intersects A w( ¯ )
and identifies the two solutions to A w c2( ¯ ) = , ws and wl. The three
panels give the following observations: when the dam is small, the
conservation technology is marginally more beneficial than the
existing technology but the cumulative benefit is not large enough
to cover the fixed cost of adoption. When the dam is large, then the
conservation technology is marginally less beneficial than the ex-
isting technology so the cumulative benefit is decreasing and the
fixed cost becomes even more difficult to be covered. Only when
the dam is neither too small nor too large will the conservation
technology be sufficiently more beneficial than the existing tech-
nology to cover the fixed cost and it will then be adopted.

From the bottom panel of Fig. 2, it is also clear that A w( ¯ ) will
not reach the horizontal line of height c2 when c2 is sufficiently
large, which is about the second statement in Proposition 2.

4.2. Impacts of conservation technologies on optimal water-project
capacities

For the second question, we consider the capacity-adjustment
decision of a dam designer, taking the technology in water use as
given, and analyze how conservation-technology adoption will af-
fect the capacity-adjustment decision. Since conservation technol-
ogies change the water-release benefit, the following proposition
answers the question by the similar comparative-static analysis in
Proposition 1.

Proposition 3 (Conservation technologies require smaller dams if
and only if the dams are already large). Under Assumptions 1–7, if
the initial optimal dam capacity is small, then adopting the con-
servation technology requires a larger optimal dam capacity. If the
initial optimal dam capacity is large, then adopting the conservation
technology requires a smaller optimal dam capacity. Mathematically
and more precisely, consider the optimal dam capacities with the
existing technology and the conservation technology, w 1¯ ⁎ and w 2¯ ⁎ . If
w w1¯ < ^⁎ , then w w w1 2¯ < ¯ < ^⁎ ⁎ ; if w w1¯ = ^⁎ , then w w w1 2¯ = ¯ = ^⁎ ⁎ ; if
w w1¯ > ^⁎ , then w w w2 1^ < ¯ < ¯⁎ ⁎ .

Fig. 3 illustrates Proposition 3. Since adopting the conservation
technology rotates clockwise the marginal water-release benefit,
its impact on the marginal benefit of dam capacities depends on
whether the marginal benefit intersects the marginal cost on the
left or on the right of ŵ: if the initial dam capacity is small, then
adopting the conservation technology rotates up the marginal
benefit of dam capacities. Following the logic in Proposition 1, the
optimal dam capacity increases. If the initial dam capacity is large,
then a similar, but opposite, logic holds.

Proposition 3 also contrasts the cost-minimization logic men-
tioned in Section 3. If more effective water always generates a larger
benefit, it will be straightforward that, given any capacity, the dam
with the conservation technology can generate more benefit than
that with the existing technology. If the object is to attain the benefit
of the dam with the existing technology at minimum cost, the best
decision of dam capacity would then be unambiguously smaller than
the initial dam capacity with the existing technology. The social
optimal dam capacity with the conservation technology, however,
would depend on the critical capacity level, ŵ, and is larger than the
initial dam capacity when the initial optimal dam capacity is small.

4.3. Impacts of potential adoption of conservation technologies on
optimal water-project capacities

For the third question about the impact of the potential
adoption on the dam-capacity problem, we consider an even more
interesting situation, where a social planner first decides the dam
capacity. Then, the representative water user decides whether to
adopt the conservation technology, so the social planner is aware
of the potential adoption when the capacity decision is made.7



Fig. 4. The impact of potential conservation-technology adoption on the optimal
dam capacity. Following Fig. 2, potential conservation-technology adoption could
create multiple solutions to the first-order condition of the dam-capacity problem.

a

b

Fig. 5. Multiple intersections of the marginal benefit and the marginal cost of dam
capacities. (a) Case 1: multiple intersections when dams are small. (b) Case 2:
multiple intersections when dams are large. Following Fig. 4, the arbitrary marginal
cost of dam capacities intersects the marginal benefit of dam capacities twice.
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First, we formalize the situation by the following assumption:

Assumption 9 (Potential adoption of conservation technologies).
A w c2( ^ ) > , and the social planner acknowledges the potential
costly adoption of the conservation technology.

Assumption 9 means, first, that there exists a range of capa-
cities that can induce the adoption of the conservation technology
and, second, that the dam designer is a von Stackelberg [95] leader
and the representative water user is the follower. Similar problems
have been seen in Zhao and Zilberman [103]—a case about re-
source restoration. Different from their focus on the option value
and optimal timing of resource development, the von Stackelberg
[95] setting of our analysis, as we shall show now, makes the
potential adoption create a discontinuous marginal benefit of dam
capacities.

Recall that the marginal benefit of dam capacities is
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Therefore, when the dam capacity does or does not lie in the range
that induces the adoption, the marginal benefit of dam capacities
is calculated with different marginal water-release benefits. The
marginal benefit should then experience discontinuity when the
dam capacity moves into or out of the range. Mathematically,
under Assumptions 1–9, the marginal benefit of dam capacities
becomes
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The discontinuity suggests multiple intersections between the
marginal benefit of dam capacities and the marginal cost and,
therefore, multiple solutions to Eq (5)—the first-order condition.
This observation is documented by the following proposition:

Proposition 4 (Multiple solutions with potential adoption of con-
servation technologies). Under Assumptions 1–9, it is possible to
have multiple solutions to Eq. (5)—the first-order condition of the
capacity-determination problem.

Fig. 4 illustrates Proposition 4. In the figure, the marginal
benefit of dam capacities is shown by the solid lines and it is clear
that the marginal benefit experiences discontinuity at the
boundaries of the range that induces adoption, ws and wl. Two
interesting scenarios that induce multiple intersections are with
the second and the fourth marginal cost functions in the figure,
respectively. We address them in the following two cases.

Case 1: Fig. 5(a) illustrates this case. In this case, there are
two intersections, w 2¯ ⁎ and w 1¯ ⁎ , corresponding to adopting the
conservation technology and not adopting it. Moreover,
w w w ws1 2¯ < < ¯ < ^⁎ ⁎ .

The social planner then faces the ultimate choice: a small dam
with neither adoption nor the fixed cost versus a moderate dam
with adoption and the fixed adoption cost. In Fig. 5(a), the key to
the choice is the comparison between areas A1 and A2. To see this
point, note that (1) without adoption, the increase in social welfare
when the capacity moves from ws¯ to w 1¯ ⁎ is equal to the size of area
A1; (2) with adoption, the increase in social welfare when the
capacity moves from ws¯ to w 2¯ ⁎ is equal to the size of area A2; and
(footnote continued)
abatement technologies.
(3) when the capacity is ws¯ , the social welfare with adoption and
the social welfare without adoption are the same.8 Therefore, if A2
8 To see the third point, note that when the capacity is ws¯ , the water-release
benefits, including fixed costs of the technologies, are the same.
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is larger, then the capacity that induces adoption, w 2¯ ⁎ , implies
higher social welfare than does w 1¯ ⁎ .

Case 2: Fig. 5(b) illustrates this case. In this case, there are
two intersections, w 2¯ ⁎ and w 1¯ ⁎ , corresponding to adopting the
conservation technology and not adopting it. Moreover,
w w w wl2 1^ < ¯ < < ¯⁎ ⁎ . Along a similar logic to that in Case 1, if the
size of A2 is larger than that of A1, then the capacity that induces
adoption, w 2¯ ⁎ , should be the optimal capacity, which is smaller
than the capacity without adoption, w 1¯ ⁎ .

Compared with our analysis in the former subsection, the two
cases imply that the impacts of potential adoption on optimal dam
capacities are more complicated than the case in which adoption is
given. This complication asks for serious empirical investigation
about the impact of conservation technologies on the marginal
water-release benefit since it would help to identify the critical
capacity levels, ws and wl, and the relative size of A1 and A2.
5. Implications

All theoretical results can provide implications for capacity
choices of water projects and adjustment of water systems under
changes in the institutional, environmental, technological, and
other conditions. We discuss the implications in this section.

5.1. Institutional changes

Many major reforms of water institutions could shift up or
down the water demand and the marginal water-release benefit.
Proposition 1 implies that these reforms will have a direct impact
on the optimal adjustment of the total catchment capacity of a
water system. One example is introducing water markets to a
traditional institution of water rights (e.g., [10,41,48,21,31,8]; sur-
veys by [34,74,106,23,87]). As argued by Zilberman and Schoen-
gold [106], water markets incorporate the high willingness to pay
for additional water by efficient individuals, who were formerly
excluded because of junior or no water rights, into the marginal
water-use benefit. The reform will then expand the water-release
demand and, therefore, should lead to larger capacities of water
projects. Particularly, in the numerical illustration of Seven Oaks
Dam, calculation shows that a 5% increase in the marginal water-
release benefit function will at most increase the optimal dam
capacity from the existing, baseline capacity by approximately
0.6%.9

Another much-discussed institutional reform is about water
pricing and removing subsidies from irrigation water use (e.g.,
surveys by [55,89,106]). Removing the subsidies could contract the
irrigation demand for water and, therefore, lead to smaller optimal
water-project capacities. Compared with the discussion above,
interestingly, water-pricing and water-market reforms, both of
which are usually considered to encourage conservation effort and
conservation-technology adoption (e.g., [30]), will have different
implications on the environment: Water-market reforms could
cause more damages through water-project expansions while
water-pricing reforms are more environment friendly in this
sense.

Some other policies affecting the institution, or industrial or-
ganization, of water distribution can also alter the marginal water-
release benefit and, therefore, change capacity choices of water
projects. For example, Chakravorty et al. [20] show that the market
power of the private Water Users Associations in the western
United States could make the water conveyed into the distribution
9 The upper bound of the impact is calculated with a constant marginal cost of
dam capacities being assumed.
system smaller than the social optimal level. Following this idea,
when the water release from a water project caps the maximum
amount of water that is conveyed into the distribution system by
the water-generation market, removing the market power of the
Associations can weakly increase water application and then shift
up the marginal water-release benefit. As another example,
Chakravorty et al. [21] argue and numerically confirm that, in re-
gions with water scarcity, centralizing conveyance investments—
fixing leaks, reducing evaporation, and other maintenance opera-
tions of aqueducts—will shift up the marginal water-release ben-
efit. The reform is important because suboptimal investment in
conveyance often arises, especially when “public maintenance
budgets are generally spread thinly over too many projects.”10 By
Proposition 1, the two examples of institutional reforms could
encourage larger water-supply projects.

5.2. Environmental changes

Since the inflow distribution is largely determined by cli-
mate, Proposition 1 implies a straightforward, but important,
impact of climate change on optimal dam capacities. For many
large-scale water-transfer programs, climate change could have
serious impacts on the abundance of their inflows. For example,
Schwabe and Connor [78] mention that global warming could
reduce the natural storage capacity of the Sierra Nevada snow-
packs. This impact could make precipitation increasingly fall as
rain that will flow into Antelope Lake, Frenchman Lake, Lake
Davis, and Lake Oroville at the foot of the Sierra Nevada and,
eventually, into the California State Water Project, which
transfers water from Northern to Southern California. By Pro-
position 1, the impact could suggest a larger optimal water-
transfer capacity. Particularly for Seven Oaks Dam, the United
States Bureau of Reclamation [92] predicts that in the 2020s the
December–March inflow will increase by 10% but decrease in
the 2050s by 3% and in 2070s by 6%. In the numerical illustra-
tion, in the 2020s scenario, a 10% rightward shift in the inflow
distribution will at most increase the baseline dam capacity by
1.9% while the 2050s and the 2070s scenarios would be the
opposite: a 3% leftward shift in the inflow distribution will at
most decrease the baseline dam capacity by 0.6%, and a 6%
leftward shift will at most cause a decrease of 1.2%.

Other environmental changes, such as climate warming, could
also profoundly change the evaporation or infiltration loss when
water is stored fromwet seasons for dry seasons (e.g., [104]). Since
a decrease in the loss rate can be considered to be an increase in
the proportion of the captured (and released) water that is effec-
tively used, its impact will be similar to that of water-conservation
technologies on the marginal water-release benefit. Conversely, by
Proposition 3, the evaporation increase caused by climate warming
will increase the total catchment capacity of a water system if and
only if the existing capacity is large.11

5.3. Technological changes

Adopting water-conservation technologies and improving effi-
ciency in water use have been considered as an integrated element
in water-resource management and economic development (e.g.,
surveys by [36,67]). Propositions 2–4 generally imply that the re-
lation between water-conservation technologies and water-project
capacities crucially depends on the initial capacity: when the in-
itial capacity is small, expanding the capacity will encourage water
users to adopt a newly available conservation technology and the
10 More examples of the problem can be found in Repetto [71].
11 We thank one of the anonymous reviewers for suggesting the discussion.



13 Readers might want to focus more on the height of the dam rather than the
capacity of the reservoir created by the dam. It would be helpful for our inter-
pretation if readers note that the reservoir or dam capacity is closely correlated
with the height of the dam. It is still true that reallocating water from irrigation to
the environmental and energy sectors will affect the other aspects of the design of
dams besides their capacities, though we focus only on capacity choices in this
paper while holding other important issues in dam design constant (e.g.,
[53,7,52,51]).
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adoption will also demand an additional dam to be built or ex-
isting capacities to be renovated. When the initial capacity is large,
the opposite will hold.

More specifically, Proposition 2 suggests that governments can
encourage the adoption of water-conservation technologies by
building larger dams or closing some water projects in addition
to other policy options or potential factors in literature (e.g.,
[28,19,18,29,32,79,42,57,16,58,4,76]). To find the correct policy,
governments should have good knowledge about the reason why
people do not adopt the technology: Is water so abundant that
there is no need to conserve or so scarce that there is little ag-
gregate gain from conservation? This is an empirical question that
should be answered seriously. In the numerical illustration of Se-
ven Oaks Dam, an increase of the dam capacity will discourage
adoption of efficient irrigation technologies, because the baseline
dam capacity, 7624 acre-feet, is larger than the critical level of dam
capacities, 4306 acre-feet.

In the most general sense, as our model represents the total
capacity of a water system to catch water from nature for human
use, Proposition 3 highlights that the stage of water-resource
development is important in determining the implication of
water-conservation technologies on water-infrastructure in-
vestment. In places, such as sub-Saharan Africa, where initial
capacities are small (e.g., [56]), adopting efficient irrigation
technologies could increase the demand for water supply and,
therefore, demand more investment in water infrastructure
when extra inflows are available and communities have access
to new projects.12 According to Xu [99], the phenomenon has
already been seen in Xinjiang—a major area of irrigated agri-
culture in China. In places, such as Western Europe and South
Asia, where water resources have been largely exploited by
water infrastructures (e.g., [80,45]), improvements in con-
servation efficiency could lead to smaller catchment capacities.
In the case of Seven Oaks Dam, if water-input efficiency in ir-
rigation is increased from 0.68 by 5% to 0.71, calculation shows
that the baseline dam capacity will at most decrease by 3.8%.
This effect will be negative because the baseline dam capacity is
sufficiently large.

As water-conservation technologies have important implica-
tions on the demand for water infrastructures, ignoring techno-
logical changes in designing water systems will result in sub-
optimal choices of water-project capacities. In Case 2 after Pro-
position 4, the dam designer's ignorance of the future availability
of conservation technologies will divert the capacity choice from
the optimal level to a larger level. This result shows that a dis-
tortion in the marginal benefit, or demand side, of dam capacities
could explain oversized water projects, which adds to Schoengold
and Zilberman [77]'s explanation from the marginal cost, or supply
side, of dam capacities.

5.4. Changes in other conditions

Some other changes in the water system also have implications
on capacity choices of water projects. For example, reallocating
water release among different sectors can affect the marginal
water-release benefit. In the age of rising energy prices, increasing
water provision for hydropower could gain extra water-release
benefits. Hydropower is cleaner than fossil fuels, so the gain could
also occur in the environmental sector. Having more water avail-
able for environmental services may expand variability in the use
of water release to prevent saltwater from intruding, protect en-
dangered species, and therefore improve the quality of water and
12 We thank one of the anonymous reviewers for reminding us of these two
conditions.
the environment. Following this idea, much literature recognizes
that reallocating water use from agriculture to hydropower or
environmental sectors could shift up the marginal water-release
benefit (e.g., [22,68,75,85]). For example, in the case of the Mur-
ray–Darling Basin, Australia's significant agricultural area, Truong
[85] reads, “it is now widely acknowledged that the (marginal)
value of water use for environmental purposes is much higher
than the (marginal) value of water use in irrigation and realloca-
tion of water resources from the irrigation sector to the environ-
mental sector will significantly enhance the efficiency in water
usage [68].” By Proposition 1, the upward shift in the marginal
water-release benefit could lead to larger dams.13

It is also obvious that potential flood damages are partially
determined by economic activities in the areas that would be
flooded. More specifically, if floods can wipe out production in
flooding areas, then, the larger the economy, the larger the
(marginal) economic damage caused by floods. As the economy
grows, the (marginal) flood damage will increase. Proposition 1
then suggests that larger capacities of water projects will be
demanded. This logic is consistent with the idea (e.g., [70,102])
that water-infrastructure investment creates not only economic
prosperity but also huge potential loss from flooding. Therefore,
it finally creates the demand for itself.14 A similar logic about
potential flood damages can apply to the increasing concern
about food security. Floods might seriously interrupt agri-
cultural production by flooding and waterlogging. If the loss is
more of serious concern, especially in the age emphasizing food
security, then larger capacities of water projects could be re-
quired. In the case of Seven Oaks Dam, a 1% increase in the
function of the marginal flood damage will at most increase the
optimal dam capacity from the existing capacity by approxi-
mately 1.32%.
6. Conclusion

Since the years of Jimmy Carter's Presidency (1977–1981),
the attitude toward large-scale water projects in the United
States has been gradually shifted in a negative direction. The
lesson in Reisner's [70] Cadillac Desert about the over-
development of water resources in the American West has been
well known, if not well learned. Reforming water institutions
and adopting more efficient irrigation technologies are usually
perceived as good substitutes for water-infrastructure invest-
ments across the globe. At the same time, the value of water
projects has also been confirmed by ancient, modern, and con-
temporary history, especially when droughts and floods happen,
and water-project expansions are considered to be an important
approach to developing economy and adapting to climate
change. Is the call for water-project expansions consistent with
the demand for efficiency improvements in water-resource
management?

This paper identifies the condition under which water reforms
will optimally lead to water-project expansions. We also analyze
14 As reminded by one of the anonymous reviewers, it is also possible that
richer countries can cope with floods with much better technology at a cheaper
cost than less-developed countries. Therefore, less-developed countries might have
a higher demand for flood control projects given all the other conditions.
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the impact of flood-damage estimates and climate change on the
optimal capacity of water projects. We then systematically analyze
the nonmonotonic relation between water-project capacities and
water-conservation technologies, implying that expanding water
infrastructures and adopting water-conservation technologies are
complements if and only if the existing artificial catchment ca-
pacities are small.

Although illustrated with the huge Seven Oaks Dam, implica-
tions of the paper are not limited to the design of large-scale,
public water projects but also applicable to some small-scale,
private water projects, e.g., the short-distance water-conveyance
systems and the rainwater-harvesting systems in local commu-
nities, as mentioned above. These small-scale, private water pro-
jects are particularly crucial in conservation initiatives and rural
development across developed and developing countries. For ex-
ample, Hull [50] reports that rainwater-harvesting systems are
currently emphasized in coping with the drought in the me-
tropolitan Bay Area, California, and the United Nations Develop-
ment Programme [90] has been supporting the building of mi-
crodams in the countryside of Tanzania.

All of the theoretical results in this paper assume away the
impact of any institutional, environmental, or technological
change on the optimal control of water inventories in water
projects. This approach will not miss much as long as the change
does not affect adjacent future years extremely differently and,
therefore, does not radically change the optimal control. Further
effort on modeling water-inventory management in capacity
choices of water projects would still be helpful. Future research
could also focus on the heterogeneity of water users in the re-
lation between water-project capacities and conservation tech-
nologies. It would also be interesting to model the choice be-
tween building a large dam and constructing a dam system with
several smaller dams. A more careful investigation on the role of
specific reforms could help too. For example, transitions to
water markets will unleash the water demand while removing
subsidies from water and energy consumption could suppress
the water demand. Different reforms will then provide different
policy implications for water-infrastructure investments. After
all, the design of water projects should not be separated from
the institutional, environmental, and technological conditions
both upstream and downstream.
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Appendix A. Specification of the illustrations about Seven
Oaks Dam

As reported by the United States Army Corps of Engineers
[91], Seven Oaks Dam is “located 1-mile upstream of the mouth
to the Upper Santa Ana Canyon” in Southern California, con-
trolling “177 square miles of watershed.” It has been providing
flood control for mainly Orange, Riverside, and San Bernardino
Counties since 2000. The Corps [91] also reports that, in op-
eration, the Dam puts the inflows during each flood season from
November to February or March under control with scheduled,
limited releases, benefiting the local community, and empties
itself by the end of each September. According to the American
Society of Civil Engineers [2], the Dam helps to avoid flood da-
mages of more than $15 billion and “has resulted in the annual
savings of millions of dollars in flood insurance premiums paid
by property owners.”

The data of the inflows to the Dam for the water years (from
October to September) from 1896–1897 to 2012–2013 are the
daily mean discharges at the United States Geological Survey
[93] Stream Site 11051500 on the Santa Ana River near Mentone,
California, which have been used in the report on Seven
Oaks Dam by the United States Army Corps of Engineers [91].
The logarithms of the annual November–March (flood
season) inflows in acre-feet have a mean of 8.574768 and a
standard deviation of 1.68557. We then specify the annual in-
flows as following Nln 8.574768, 1. 685572( ). Fawcett [35] cites
the Corps of Engineers that the Dam is to control a 100-year
flood event, which corresponds to an inflow of 267,260 acre-
feet.

The California Department of Water Resources [15] reports the
monthly storage data of the Dam from 2005. We interpret the
March storage as the amount of water that the Dam captures for
human use from flood seasons. The mean of the 2005–2015 March
storage is 7624 acre-feet, and we interpret it as the baseline dam
capacity. Medellín-Azuara et al. [60] estimate that the agricultural
water-demand elasticity is approximately 0.13 for the inland
Southern California, which includes San Bernardino and Riverside
Counties and other counties. According to the California Depart-
ment of Water Resources [12], the 2000–2011 average equivalent
unit charge for water supply for the San Bernardino Valley Mu-
nicipal Water District by the California State Water Project is ap-
proximately $481 per acre-foot.

The Department [14] shows that in 2010 67.2% of the irri-
gated land in the Colorado River region (including San Bernar-
dino and Riverside Counties and other counties) uses gravity
irrigation, 11.2% uses sprinkler irrigation, and 20.1% uses low-
volume irrigation. Brouwer et al. [9] suggest that the con-
servation efficiency of gravity or flood irrigation is approxi-
mately 0.6, sprinkler irrigation is approximately 0.75, and low-
volume or drip irrigation is approximately 0.90. An easy, but
crude, method to estimate the general conservation efficiency is
to calculate the average of the conservation efficiencies among
the three irrigation technologies, weighted by the acreage per-
centages. The calculation gives an estimate of 0.68. In figures,
the water-conservation technology will increase the efficiency
to 1.00.

If we assume that the water-release benefit derives a linear water-
release demand that is 7624 acre-feet and has an elasticity of 0.13,
given that the water price is $481 per acre-foot and that conservation
efficiency is 0.68, then B w w w k, 6149 0.525 2 2

2α α α( ) = · − · + and
B w w, 6149 1.051

2α α α( ) = − , where α is conservation efficiency and
k2 is an arbitrary constant.

With the baseline dam capacity, the amount of water that can-
not be captured by the dam during a 100-year flood event is
267,260 –7,624¼259,636 acre-feet. We assume that the flood da-
mage starts to be positive from this point. The County of Orange
Flood Division [26] estimates that “the most severe flood likely to
occur” along the Santa Ana River “would cover more than 110,000
acres to a depth of three feet and would amount to more than %40
billion in economic losses.” If we assume the flood-damage function
is quadratic and the loss is $40 billion when the flood is 330,000
acre-feet more than 259,636 acre-feet, then the flood-damage



Table A1
Specification of the case of Seven Oaks Dam.

Inflow in acre-feet e N i i dln 8.574768, 1. 68557 , . . .t
2∼ ( )

Discount factor ρ¼0.9434
Water-release benefit in $ B w w w k6149 0.525 2 2

2α α( ) = · − · +
Flood damage in $ L x x0.3673 max 259636, 0 2( ) = { − }
Baseline conservation efficiency α¼0.68
Improved conservation efficiency α¼1.00
Baseline dam capacity in acre-feet w 7624¯ =

Based on the information from the California Department of Water Resources [12–
15], Brouwer et al. [9], the United States Army Corps of Engineers [91], Fawcett [35],
Medellín-Azuara et al. [60], the County of Orange Flood Division [26], and the
United States Geological Survey [93]. Constant k2 is arbitrary.
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function is L x x0.3673 max 259636, 0 2( ) = { − } , which induces
L x x0.7346 max 259636, 0′( ) = { − } and L x I0.7346 x 259636″( ) = · > .

In water project evaluations, the annual discount rate re-
commended by the California Department of Water Resources [13]
is 0.06. The corresponding discount factor is 1 0.06 0.94341( + ) =− .

Table A1 summarizes the specification of the case of Seven
Oaks Dam.
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