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ABSTRACT

Water is an essential input for agricultural production. Agriculture, in turn, is globalized through the trade
of agricultural commodities. In this paper, we develop a theoretical model that emphasizes four trade-
offs involving water-use decision-making that are important yet not always considered in a consistent
framework. One tradeoff focuses on competition for water among different economic sectors. A second
tradeoff examines the possibility that certain types of agricultural investments can offset water use. A
third tradeoff explores the possibility that the rest of the world can be a source of supply or demand for
a country’s water-using commodities. The fourth tradeoff concerns how variability in water supplies in-
fluences farmer decision-making. We show conditions under which trade liberalization affect water use.
Two policy scenarios to reduce water use are evaluated. First, we derive a target tax that reduces wa-
ter use without offsetting the gains from trade liberalization, although important tradeoffs exist between
economic performance and resource use. Second, we show how subsidization of water-saving technolo-
gies can allow producers to use less water without reducing agricultural production, making such subsi-
dization an indirect means of influencing water use decision-making. Finally, we outline conditions under
which riskiness of water availability affects water use. These theoretical model results generate hypothe-

ses that can be tested empirically in future work.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

We live in an increasingly globalized world [12,21], where trade
in water-intensive commodities, such as agricultural products, rep-
resents an important interaction between people and water re-
sources [1]. The relationship between international trade and wa-
ter resources is an issue of great interest in the literature [11,17]. A
number of empirical studies have made reference to classic inter-
national trade models, but it is not always clear what the theoret-
ical foundations of the models are and whether they are useful for
the case of water [28]. Some studies have argued that economic
models are inadequate for explaining virtual water trade [2], while
others have sought to clarify the role of economics as it relates
to this issue [20]. Many studies focus on the relationship between
trade and virtual water resources [10], without direct consideration
of domestic, physical water resources. A theoretical model that in-
corporates domestic water use in production - in addition to the
consumption and trade of water-intensive commodities - would
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contribute to this growing literature. As such, the main goal of this
paper is the development of a trade model that addresses these
relationships through the explicit inclusion of water resources.

In this paper, we develop a theoretical model designed to em-
phasize several tradeoffs in water use. First, the model captures
competition for water among different sectors. Second, the model
allows for the possibility of factor substitutes for water, in the
form of alternative production technologies. An example is capital-
intensive efficient irrigation technologies and crop varietal im-
provements, a situation where increased use of one resource (in
this case capital) may be able to offset or substitute to some extent
for water use. Third, we allow for production and consumption to
be substituted across locations in space through trade. Fourth, we
explicitly capture farmer risk aversion to variable water supplies,
as compared with traditional profit maximizing behavior.

The main goal of our model is to gain generalizable insights
into the interactions between people and water in a trading
economy. Transferable understanding is often difficult to obtain
when more realistic, but heavily parameterized, models are used
to inform management of site-specific water resources. Hydro-
economics has long been interested in the interactions between
people, water resources, and economics [9], though with a focus
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on finding feasible and optimal solutions to concrete problems,
i.e. a ‘normative’ approach to model development [25]. This differs
from the development of models in the realm of coupled human
and natural systems [18], from which socio-hydrology stems [26],
which tend to focus on understanding what is happening in the
system and why, following a ‘positive’ approach to model devel-
opment [25]. In this way, our model complements existing hydro-
economics models, which are typically parameterized to capture
local dynamics and inform management [7]. Our modeling ap-
proach parallels that of socio-hydrology, yet we help to broaden
socio-hydrology through the incorporation of economics. By mod-
eling domestic water use, agricultural production, and trade, we
also present a theoretical foundation for the virtual water trade
literature. In this way, we aim to contribute to further integration
of hydro-economics, socio-hydrology, and virtual water trade re-
search.

The model is inspired by contemporary contexts - such as the
current drought in California - where water is a scarce resource.
In this setting, in which there is much agricultural production,
competition exists between the agricultural sector and other parts
of the economy for scarce water resources. Additionally, uncer-
tainty about the future supplies of water resources impacts farmer
decision-making. In contexts such as this, it is critical to under-
stand the ramifications of trade in water-intensive goods, as well
as how various policies may impact water use, agricultural produc-
tion, and economic welfare. For this reason, a model that can pro-
vide insight into these issues may be of interest to governments,
planning authorities, and non-governmental organizations dealing
with scarce water resources. However, it is important to recog-
nize that theoretical models are necessarily abstractions of the real
world and are not intended to inform policy makers in a specific
situation, unlike site-specific integrated water resources manage-
ment approaches [14].

While the model is inspired by the real world, there is no
validation because this is a theoretical model that abstracts the
real world with necessarily restrictive assumptions. Our theoreti-
cal model is meant to provide a logically consistent framework for
deriving results from first economic principles, that is, from the
interactions of consumer and producer decision-making. For this
reason, we employ many common assumptions of economic mod-
eling, such as equilibrium prices, rational behavior, and profit max-
imization. These assumptions are pervasive in economic modeling,
but rarely exist in the real world, making empirical validation dif-
ficult. For this reason, it is common for theoretical economic mod-
els to be developed without validation against existing data [6].
However, our model enables us to isolate some of the key parame-
ters that can be empirically estimated in future work. Additionally,
our theoretical model generates hypotheses that can be tested with
data in specific circumstances in future research.

The approach undertaken in this paper does not involve pre-
diction of bilateral trade patterns among multiple countries; rather
it applies to a small, open economy, in which water is scarce. By
‘small’ we imply that we are concerned with a region that is not so
important to international trade that it can significantly influence
the prices it pays for inputs and the prices received for outputs;
it takes these prices as given. By ‘open’ we imply that the econ-
omy is influenced by supply and demand as reflected in prices re-
ceived for outputs in the rest of the world. Our approach builds
from the traditional two-factor and two-good economic approach
associated with Heckscher [8] and Ohlin [19], further refined and
extended in Samuelson [22] and Jones [15]. In contrast to these
general economics approaches, we allow for water as an additional
factor of production, do not assume that capital is perfectly mo-
bile between sectors, and allow for variability in water supplies
and hence prices. We go beyond classic studies such as Howitt and
Taylor [13] by considering an economy that is open to international
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Fig. 1. Schematic of model framework.

trade and has more than one sector, both of which use more than
one factor of production. We also relax the traditional profit maxi-
mizing assumption to allow for variation in producer attitudes to-
wards risk.

The paper is organized as follows. We first develop the model
in Section 2. We present two formulations: one that assumes profit
maximization and one that enables farmer decision-making under
uncertainty. Next, we examine scenarios and policy interventions
of interest in Section 3. In Section 3, we ask the following ques-
tions: What happens to water use when there is agricultural trade
liberalization? What are the consequence of policies to tax water
and subsidize water-saving technologies? How does water supply
variability impact water use? We conclude in Section 4.

2. Model framework

We develop a theoretical model that captures the water re-
sources tradeoffs outlined above. This model stems from the clas-
sic 2 x 2 x 2 trade model, in which there are two regions, two
factors, and two goods. The model has explicit treatment of only
one small country, but has three factors, one of which is shared by
the two sectors. We employ a static equilibrium framework. Equi-
librium is reached when prices equilibrate quantity supplied and
demanded across all markets in the economy [3]. Representative
human agents operate in the model framework according to their
objective, which is traditional profit maximization in Section 2.1
and maximization of expected utility under risk in Section 2.2. Un-
der traditional profit maximizing behavior farmers choose among
alternative techniques of production based upon the relative prices
of inputs. Farmers choose the level of input wherein the price that
must be paid for it equals the marginal value product of that in-
put, which is the product of the extra output made possible by one
more unit of input (marginal physical product), and the price of
the output. This model does not explicitly model multiple regions
and make bilateral trade predictions. It is a model of a domestic
open economy, in which production and trade are driven by exter-
nal prices received for goods.

A schematic displaying our model is provided in Fig. 1. We
assume that there is a home country and the rest of the world.
The country produces two goods: good 1 (agriculture) and good 2
(manufacturing), which are also the two sectors/industries in the
economy. There are three factors in the model: factor 1 (agricul-
tural capital), factor 2 (manufacturing capital), and factor 3 (wa-
ter). Agricultural production requires agricultural capital and water,
while manufacturing needs manufacturing capital and water. Wa-
ter is mobile and costlessly re-allocated between the two sectors,
while capital is a specific factor to each sector. Water use links sec-
tors with one another, which is a unique feature of water [23]. In
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our model, the common demand for water is the principal link-
age between the two sectors, since capital is sector-specific. In this
way, the model explains intersectoral competition for water re-
sources.

In our model, we allow producers to substitute between factors.
This is different from the Leontief assumption - in which factors
are assumed to be used in fixed proportions — which is commonly
applied when modeling agricultural water use (e.g. Kahil et al. [16]
and Berrittella et al. [4]). If farmers adopt efficient irrigation tech-
nology, such as drip irrigation, or switch to water-saving crop va-
rietals, this can be thought of as farmers substituting more capital
in order to use less water. These substitutions require a monetary
outlay, represented in our model as agricultural capital. Ultimately,
financial investment enables the same quantity of good to be pro-
duced with less water.

The model works for situations in which there is a market for
water - in which it is a scarce good - such that obtaining an ad-
ditional unit of water in one sector requires the other sector to
reduce its water use. As such, the model is not intended to depict
rainfed agriculture. To keep the analytical framework simple, we
assume perfect competition in input (factor) and output (goods)
markets. It is assumed that goods are produced with constant re-
turns to scale technology, which means that a doubling of inputs
results in a doubling of outputs. Furthermore, the production func-
tion is increasing, concave and linearly homogenous, which im-
plies a diminishing marginal product of water and capital. Marginal
product refers to the change in output resulting from using one
more unit of a particular input, assuming other input quantities
are fixed. We assume that inputs receive their value of marginal
product, although we will show how this changes under stochastic
water supplies.

2.1. Profit maximization

Farmers (or manufacturers) adjust their demand for capital and
water so as to maximize profit, which is determined by revenue
minus the cost of capital and water per unit crop (manufactured
good) produced. Note that capital is specific to each sector, while
water is shared between sectors:

max [Ty = pi fi (n. X31) — wixn — sz 1)
max [Ty = pafo(X22, X32) — WaXop — W3X3; (2)

where IT; is the profit in industry j; p; is the output price in in-
dustry j; fi() is the production function in industry j; x; is the un-
conditional factor demand for factor i in industry j; and w; is the
factor price for inputi (i=1,2,3 and j=1,2).

The production function may be any functional form that main-
tains the following assumptions: (i) it is increasing with respect to
either input, (ii) it is concave, meaning that the second derivative
is negative, and (iii) it is homogeneous of degree one in inputs,
meaning that a doubling of the inputs leads to a doubling of out-
puts, that is, there are constant returns to scale in the production
of each good.

We denote y; as the output supply in industry j:

y1 = fi(X11,x31) (3)

V2 = f2(x22. X32) (4)

Under constant returns to scale, Eqs. (1) and (2) can be devel-
oped in terms of one unit of production. So, producers in each in-
dustry choose factors to maximize profit subject to the production
technology required to produce one unit of each good:

Mmax 7T = p; — Widy — W3dz; subject to fi(ay, az) =1 (5)

ayy,031

max 7y = pa — Waz2 — W3d3 subject to fo(a.a2) =1 (6)
where a;; = x;/y; is the conditional factor demand for factor i to
produce one unit of good in industry j; 7r; is the unit profit in in-
dustry j.

The first order conditions can be solved to derive the producer’s
demand for inputs, conditioned on a desire to produce one unit
of output: ay; = ay (Wy, w3), az; = as (Wi, w3), axp = dx (W, w3),
a3y = asy (wo, w3). It is important to emphasize that this is a much
more realistic approach than to assume that such coefficients are
fixed. Assuming that a;; and a;, are fixed would make the anal-
ysis easier to solve later on, but would also simplify things in a
somewhat arbitrary manner.

Due to free entry and other competitive market assumptions,
marginal revenue (price) equals marginal cost in equilibrium:

p1 = Wiay (Wy, w3) + wsasg (W, ws) (7)

P2 = Wl (Wa, W3) 4+ W3dsp (W, W3) (8)

Note that this differs from the Hecksher-Ohlin model (men-
tioned above) in that w; and w, are not identical prices for the
same input (capital).

We do not need to make consumer preferences or demand
curves explicit because of two assumptions. One is that there are
competitive market conditions, meaning that the price for any
good is equal to its marginal cost of production (anyone who tries
to sell for higher than cost will not be able to sell, because some-
one else will enter and sell at cost). Second, the economy of inter-
est is ‘small’ relative to the rest of the world, meaning that it is
not large enough to affect the prices received for goods produced.

Now, totally differentiate the competitive profit condition and
rearrange the equations to obtain the following results (details are
in Appendix A):

d apwy dw as w3 dw
apr _ anw; dw; 4 daWs dWs 9)
D1 P Wy p1 w3
dﬂ _ ayWy dW2 a3y W3 dW3 (10)
D2 p2 w; p2 w3
Denoting £ = %, and 6;; = a"lf:;"', the results can be written as
P1 = 0w + O3wWs (11)
P2 = OW, + O3,W3 (12)

where R is the percentage change of the variable x; 0 is financial
share of input i in good j such that 0 < 6 < 1, 6y +63; =1, and
0+ 63 =1.

The total use of agricultural capital, manufacturing capital, and
water (i.e. factor constraints) are denoted as V7, V5, and V3, respec-
tively. The key set of equations for the factor markets are:

Agcapital: Vi = xy; = a1 (wq, ws)y; implies: y; = ;% (13)
Mcapital: V; = x5 = azp(w;, ws)y, implies: y, = ‘;% (14)
Watergricuture: X31 = a31(W1. W3)¥1 (15)
Water yany facture: X32 = 032 (W2, W3)y2 (16)
Water gt V3 = X31 + X32 = 031Y1 + d32)2 (17)

Egs. (13), (14), and (17) are the so-called ‘factor market clearing’
conditions, and imply that a factor is used in its entirety. The mar-
ket for water connects the two industries. So rather than working
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with all three equations, we can restate Eq. (17) using the implica-
tion of Egs. (13) and (14):
a a
Vs = 2LV + 221 (18)
an az
If we totally differentiate and rearrange the equation we obtain
the following results (details are in Appendix B):

s _anVidv apVadvy  Vian da | Vaanda o
Vi anVs Vi anpVs Vo Vian @ Viap 2

That is:

Vs = AnVi + AsVh + g ((151 - 031) + A3 ((132 - aﬁz) (20)

where the notation of X is the same as in Eqgs. (11) and (12), which
is the percentage change of the variable x; Az = g%“% = A s
the fraction that industry 1 (agriculture) uses of water (input 3);
similarly, A5 = %% = % is the fraction that industry 2 (man-
ufacturing) uses of water (input 3), such that A3; +A3; =1, 0 <
A1 <1l,and 0 < A3 < 1.

Instead of leaving it in terms of the demand for inputs, it is
useful to convert to input return changes. To do this, we make use
of the elasticity of substitution between the two inputs used in

industry 1:

din(xy1/x31) _ din(an/az) (dh — d3)

~din(R/B) — din(wi/ws) (W1 - \/\73) @

o1 =

where F; is the partial derivative of the production function (for
sector 1) with respect to input 1 (F; = afl((;‘;ihx“)) F3 is the partial
derivative of the production function (for sector 1) with respect to
input 3 (F; = 20y,

Similarly, the elasticity of substitution between the two inputs
used in industry 2 is:

(a§2 - 052)

22
() =

Oy =

The elasticity of substitution measures the substitutability be-
tween the two inputs in each industry, which indicates how easy
it is to substitute one for the other. A high value of the elasticity of
substitution implies that small changes in relative input prices lead
to a large shift in input use. In contrast, a small value of the elas-
ticity of substitution implies that changing the relative input prices
does not impact input use much. In the limit, where the elasticity
of substitution is equal to zero, there is no response to a change
in relative input price; this is the case where there is no substitute
for water.

Now, rewrite Eq. (20) by substituting Eqs. (21) and (22):

Vs = AnVi + A3V + A3101 (W — W3) + A3202 (W — W) (23)
In summary, the results are:

P1 = 0w + O3 (24)
P2 = O W, + O3,W3 (25)
Vs = A31Vi — A3V = A3101 (W — W3) + A3202 (W — W) (26)

Note that Eqs. (24)-(26) are the same as Eqs. (11), (12) and (23)
respectively, and are the key equations in the model.

An equivalent way of stating the system is:

O 0 031 W:l
0 02 032 w2
A3107  A302  —A3101 — A307 UL
B
= D2 (27)

‘73 - )"31‘71 - )"32‘72

The conditional demand for input by sector (a3, a3;, a3;, a3,) is
variable:

an = —b63101 (W — ws) (28)
a3 = 0o (Wy — ws) (29)
ay = —0302 (W, — W3) (30)
a3y = 05202 (W — W3) (31)

Notations are the same as in Eqs. (21) and (22).

Using the differentiated market clearing conditions for inputs 1
and 2, i.e. by differentiating Eqs. (13) and (14), we find that the
change in output of the two goods is:

Vi =V —dy (32)

Vo =Vs — a5, (33)

Finally, we can obtain the change in water use of the two sec-
tors by differentiating Eqs. (15) and (16):

X31 =31 — i (34)

X3 =03 — )2 (35)
2.2. Decision-making under uncertainty

The stochastic nature of water supplies is another aspect that
makes water unique as a factor of production. Under situations of
risk and uncertainty in water supplies, decision-makers may act
differently than they do when they are solely concerned with max-
imizing profit. Inter-annual variability in water supplies can be rep-
resented by shifts in the supply curve, resulting in price fluctu-
ations. These price fluctuations are due to variability in the wa-
ter supply, and are what induce behavior on the part of water
users that differs from pure profit maximizers in Section 2.2. Now,
producers maximize their expected utility under variable water
supplies.

Here, we only consider industry 1 since results for industry 2
are analogous. The development parallels that of Howitt and Tay-
lor [13], but, by contrast, is set in a three input, two industry, open
economy. The decision rule can be written:

IT = p1 fi(X11, X31) — WiXy1 — WaX3; (36)

where ws is the random, imputed value of water, assumed to be
normally distributed, N(w3,02), and where ws is the expected
water price and o2 is the variance of the water price.

Further, we assume that firms in industries 1 and 2 have a
utility function in profits, maximize expected utility, and are risk
averse. Accordingly:

max E[u(IT)], v/ (IT) > 0, u”(I1) < 0 (37)

Substituting Eq. (36) into Eq. (37), the decision problem for a rep-
resentative producer is to maximize expected utility by choosing
the input quantity (x;; and x3;1) given the input and output price:

max E[u(pq fi(X11,X31) — W1Xq1 — W3X3p)] (38)
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The two first order conditions of Eq. (38) that correspond to the
two input choices are given by setting the two first order deriva-
tives of Eq. (38) with respect to x;; and x31, to be zero:

E[u'(IT)(p10 f1/0x11 — w1)] =0 (39)

E[u' (IT)(p10 f1/0X31 —w3)] =0 (40)

The second order conditions of Eq. (38), likewise, are obtained
by setting the two second order derivatives to be less than zero:

E[u” (IT)(p13 f1/9x11 — w1)? +u'(TT)p18° f1/0x%,] < 0 (41)

E[u”(IT)(p13 f1/9x31 — w3)? + u' (IT)p19%f1/9x3,] < O (42)

This model framework enables us to derive the level of eco-
nomic output and water use when farmers face stochastic water
supply, which we present in Section 3.4. An intuitive explanation
of these results will be given there.

3. Model results
3.1. Scenario 1: agricultural trade liberalization

Scenario 1 evaluates the impacts of agricultural trade liberaliza-
tion. Suppose the home country enters into a trade agreement in
which a foreign country agrees to lower its barriers on agricultural
imports from the home country. This makes the agricultural good
more affordable to foreign buyers, and they increase their demand
for it. This new demand drives up the local price of the agricultural
good (p7 > 0). We assume a water authority exists that chooses the
price of agricultural water supplies (ws), which is not influenced
by trade liberalization negotiations. For example, it is unlikely that
an irrigation district in California would change the price of wa-
ter charged to users due to trade negotiations; however produc-
ers may have a higher demand for water should the price of their
commodity increase. To represent the fact that the price of water is
set by an external agency and is held constant, the price of agricul-
tural water is an exogenous variable and is held constant (W3 = 0)
in this scenario.

The total use of agricultural capital and manufacturing capi-
tal are also exogenous and held constant in this scenario (V; = 0,
V, = 0), since they will not necessarily be influenced by free trade.
This approach could be varied in future work, but in this case en-
ables us to evaluate the pure effect of trade liberalization on water
resources controlling for investment. It is possible that the region
will invest more capital in response to the new demand follow-
ing trade liberalization, but this would be a policy response under
our model framework, in which V; would need to be adjusted to
introduce this.

In particular, the exogenous variables here are:

P1>0,p5=0V, =V, =3 =0
while the endogenous variables are:
Wi, Wa, V3

Under the imposed values, we can apply the control equations
in our model (i.e. Eqs. (24)-(35) to obtain values for all other vari-
ables in terms of percentage changes. These results are summa-
rized in Table 1.

Total water use under agricultural trade liberalization is given
by:

s A -
v=21%5 20 (43)
On
The unit water use in agriculture is given by:
az =01p1 >0 (44)

So, according to Eq. (43) the percentage increase in water use (V3)
is positively correlated with the fraction of water use in agriculture
(0 < A3; < 1), the elasticity of substitution between the two inputs
(01 > 0), and the percentage increase in the price of agriculture
(p1 > 0). The percentage increase in water use is negatively corre-
lated with the financial share of agricultural capital (0 < 817 < 1).
Under trade liberalization, V5 > 0 (refer to Table 1), indicating that
domestic water use increases. Note that x3; > 0 and x3, = 0 (refer
to Table 1), indicating that the entire increase comes from agricul-
ture. Parameters in the production function determine the extent

Table 1
Percentage change in the model parameters for Scenarios 1, 2, and 3.
Variables Scenario 1 Scenario 2 Scenario 3
Resource use Agcapital v 0 0 >0
Mcapital v, 0 0 0
Water[o[al ‘73 Aé‘f‘ Al 0 0
Wawragn’culture X31 nglﬁl {é%(ﬁl - W3) >0
Watermanufﬂcmre ng 0 _%WE <0 <0
Output price Agriculture D1 p1>0 p1>0 0
Manufacturing D2 0 0 0
Input price Agcapital W B> py - oo > py <0
Mcapital W, 0 -f2wi< 0 <0
Water ws; 0 H%zﬁﬁl < Py >0
#3191/ 11
Conditional demand  Agcapital o -B2p<0 —BOE-w)<0 >0
Water in agriculture a3 op1> 0 o1(p1 - m?;) >0 <0
Mcapital G, 0 eg%m?; >0 >0
Water in manufacturing a3 0 —02m73 <0 <0
Quantity of supply Agriculture i byo 801 (By - wy) > 0 >0
Manufacturing 12 ~lroyps < 0 0

Notes: Those in gray are the exogenous variables. X = %" is the percentage change of the variable x. 6;; = % is financial
J

share of input i in goods j. Az = &LV = % is fraction that industry 1 (agriculture) uses of water (input 3); similarly,

an V3

Ap=22l = % is fraction that industry 2 (manufacturing) uses of water (input 3). o; is elasticity of substitution

ap Vs
between the two inputs in industry j.m?; =

R S
13209 33191
T+ 3 =

P1 < Py is the target tax on water use.
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to which agricultural water use increases in relation to the price of
agriculture.

Data for Morocco - a water-scarce country - can help us to
narrow down the value of key parameters that determine the
extent to which agricultural water use increases under trade liber-
alization. In Morocco, approximately 87% of total freshwater with-
drawals goes towards agricultural production [29], which provides
a rough estimate of the fraction of water use in agriculture (A3; ~
87%). The cost share of water use in Morocco ranges from 0.2% to
26% of total input costs [27]. That is, the financial share of agcap-
ital in agriculture varies from 74% to 99.8% (74% < 011 < 99.8%).
So, the total water use increase depends largely on the elasticity of
substitution (o).

Conversely, the use of agcapital will increase by proportionately
less than water, illustrated by the results aj; < 0 while a3; > 0 (re-
fer to Table 1). In fact, an increase in water use per unit of agricul-
tural production (a3; > 0) suggests a decrease in agricultural wa-
ter use efficiency. This means that more water resources are used
rather than capital-intensive water-saving technologies, such as so-
phisticated irrigation equipment. This is because the price of capi-
tal in agriculture (wq) increases, without a subsequent increase in
the price of water.

As discussed above, total water use (V5) and unit agricultural
water use (a3;) are strongly influenced by the substitution elastic-
ity (01). o reflects the ability of capital to be substituted for wa-
ter, when water is either unavailable or relatively expensive. Po-
tential values of o4 range from zero to infinity, which results in
a broad range of V. oy equals infinity when water and capital
are perfect substitutes in production: if water is in short supply,
we can fully compensate for it by using more of another input. If
o1 equals zero, then there is no substitute for water. In this case,
free trade has no effect on total water use (V5 = 0). Both of these
boundary values for o1 are unrealistic: it is more likely that some
substitution with water is possible. The Leontief assumption might
underestimate the effect of trade liberalization on total water use.
This is because the Leontief assumption assumes a small elastic-
ity of substitution, such that trade liberalization will result in only
a modest increase in the total water use. This is consistent with
findings in the literature (e.g. Calzadilla et al. [5]). A more real-
istic estimate may be the well-known Cobb-Douglas assumption,
in which o7 = 1. When oy =1 the total water use will increase in
proportion to the price of agriculture.

Trade liberalization that raises the agricultural price - without
subsequent price adjustments in water - has no effect on manu-
facturing; all the parameters in industry 2 remain unchanged. Agri-
cultural output increases in order to meet the new demand of the
foreign country under trade liberalization, which improves the eco-
nomic performance of producers in the home country. However,
these economic gains come at the expense of water resources; wa-
ter resource use increases and agricultural water-use efficiency de-
clines. It should be noted that these results depend on the model
assumptions that we have made; different assumptions could be
made that may lead trade liberalization to impact water use in a
different way. We have attempted to provide a framework for such
future investigations.

3.2. Scenario 2: target tax on water

Total water use increased under trade liberalization in Scenario
1. If viewed as undesirable, one potential policy response to reduce
this increase in water use could be to increase its price. Here, we
explore if a water tax exists that reduces water use without off-
setting the economic gains from trade liberalization. We derive the
level of a tax on water that would counteract the increased water
use under trade liberalization. The tax level targets a certain level
of water use, so we refer to this tax level as a ‘target tax’.

In this scenario, there is agricultural trade liberalization, with
increased foreign demand for the water-intensive agricultural good
(p1 > 0). The water authority adjusts w3 such that water use will
remain at pre-liberalization levels, that is, V3 is held constant;
V5 = 0. The water authority can act such that, in effect, the wa-
ter use charge (ws) is an endogenous variable. Allowing ws to be
endogenous is a way of imputing what its tax might be to return
water use to pre-liberalization levels.

In this scenario, the exogenous variables are:
Pi1>0p=0V=h=V%=0
while the endogenous variables are:

W‘l N WZ, W3

If we apply the control equations in our model (e.g. Eqs. (24)-
(35), we obtain results for all other variables. These are summa-
rized in Table 1. Results for Scenario 2 in Table 1 show the percent
change in parameters compared to a base case with no trade lib-
eralization and no water tax. Differences between the columns for
Scenario 1 and Scenario 2 in Table 1 indicate the direct impact of
the water tax under trade liberalization.

From Table 1, it is clear that agricultural production increases,
but not by as much as it does under Scenario 1. This is due to the
increased price of water under the target tax in Scenario 2. In Sce-
nario 2, the total water use does not change. However, note that
water use increases in agriculture (x3; > 0) are offset by declining
water use in manufacturing (x3; < 0) to keep total water use con-
stant. In manufacturing, capital tends to be substituted for water,
since water is relatively more expensive now (w5 > 0, w, < 0).

These results illustrate that the target tax is proportionately
smaller than increases in agricultural prices under trade liberal-
ization. This framework provides a way to estimate the target tax,
which is given by:

A 1 A A
Wi=—————DP1 <Dy (45)
R E

Note that the target tax, w%, depends on the fraction of water
use, substitution elasticity of inputs, and financial share of capi-
tal between manufacturing and agriculture (%g—f and %* all of
which are positive). Thus, the finding that W3 < p; demonstrates
that a tax - that is proportionately smaller than the percentage in-
crease in the agricultural price (p;) - is large enough to offset the
increase of water use resulting from trade liberalization.

Fig. 2 illustrates the percentage change in model parameters for
various values of the water tax. Fig. 2 highlights the increasing in-
tersectoral competition for water as water becomes more valuable.
Water use in both sectors falls as the price of water increases, yet
at different rates, determined by its elasticity of substitution (o
and o0;) and financial share of capital (8; and 0,;). Total water
use returns to pre-liberalization levels (V3 = 0) at the target tax wx,
by definition. However, these reductions in water use are accom-
panied by further reductions in agricultural output, until the gains
from trade are completely eliminated when w; = py, since y; =0
(refer to Fig. 2d). Additionally, y, < 0 for all tax levels (refer to
Fig. 2e). In other words, for the tax level w5 = p; agricultural out-
put returns to pre-liberalization levels, while manufacturing output
is reduced for any level of the tax, indicating reduced economic
performance. Thus, tradeoffs exist between economic performance
and resource use — which must be carefully considered - in order
to determine implications of the target tax.

3.3. Scenario 3: subsidize investment in agriculture

In this scenario, we explore another potential policy option to
reduce water use. In this case there is additional investment in the
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Fig. 2. Percentage change in the model parameters with the water tax (Ws;). When w5 = 0, then no water tax is present and only trade liberalization holds. The target tax
on water is shown by V\7§. The boundary value for the tax (p;) indicates the value of the tax for which agricultural price increases due to liberalization are eliminated. The
model parameters shown are the percentage change in (a) water use, (b) water demand for unit agricultural output, (c) water demand for unit manufacturing output, (d)
agriculture output, (e) manufacturing output, (f) agricultural capital price, and (g) manufacturing capital price. Water use returns to pre-liberalization levels at the target
tax by definition (V3 = 0). At tax levels greater than W;, water use continues to fall, as does agricultural output, until the gains from trade are completely eliminated when

W3 = Py, since yj =0.

agriculture sector, which might arise from government interven-
tions that are external to the scope of the model. Not all invest-
ment in agricultural capital will reduce water use; we restrict our
attention to those that do, such as water-saving technologies.

Here, the use of capital in agriculture is increased, such that
V; > 0. In this scenario, there is no trade liberalization, so p; =
0, because there is no additional foreign demand for agricultural
goods. So, the exogenous variables in this scenario are:

P1=0p=0V,>0V=V%=0
while the endogenous variables are:
Wi, Wa, W3
Under the imposed values, we apply the control equations in
our model (e.g. Egs. (24)-(35) and obtain results for all other

variables. These are summarized in Table 1. Results for Scenario
3 in Table 1 show the percent change in parameters compared
to a base case with no trade liberalization and no subsidy to
agcapital.

The finding that W3 > 0 implies that water has become rela-
tively expensive in comparison to agricultural capital. Returns to
specific inputs (e.g. cost of agricultural capital and manufactur-
ing capital) fall to offset the increase in water price, shown by
w; < 0 and W, < O (refer to Table 1). Notably, agricultural produc-
tion increases under this scenario (Note that y; > 0 under Sce-
nario 3 in Table 1). Since agricultural production increases while
water use remains fixed, the unit water use decreases (i.e. water-
use efficiency increases). Since water-saving technologies become
cheaper in this scenario, producers substitute away from water,
which might be the goal of the public intervention.
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An implication of this scenario is that mechanisms exist by
which producers use less water without reducing agricultural pro-
duction. It is thus an indirect means of influencing water use
decision-making. Subsidizing agricultural capital - combined with
other relevant policies - provides a policy mechanism to re-
duce water use without targeting water resources explicitly. One
downside is that would shift government resources away from
other activities, and a complete analysis would need to examine
how the capital investment is paid for. A broader, more detailed
general equilibrium model with an explicit role for government
and public finance would be needed to fully explore this issue.

3.4. Scenario 4: stochastic water supplies

In this scenario, water supplies are stochastic, which is an im-
portant feature of water resources. Variability in water supplies can
result in variability in the price paid for water (w3) as discussed in
Section 2.2. For example, a farmer may have riparian rights for a
river whose flow varies from year to year. The rental value of wa-
ter also will have a distribution in this case. Previous studies have
examined the impact of variable water input prices on the deci-
sion to adopt precision irrigation technology [24], but have not yet
considered trade implications.

Here, we apply the model described in Section 2.2 and obtain
the following results (see details in Appendix C):

P10 f1/0x11 = wy (46)

P10 f1/0X31 > W3 (47)

Eq. (46) is a standard result in a competitive market setting.
This result highlights the fact that the value marginal product of
input 1 is equivalent to the exogenously determined price of in-
put 1, which is the same as the result in equilibrium without a
stochastic water price.

Eq. (47) provides a finding similar to Howitt and Taylor [13],
but is an extension to a trade setting, with more than one sector
and with multiple factors of production. The left hand side (LHS)
of Eq. (47) presents the agricultural output multiplied by the extra
agricultural output that can be derived from one more unit of wa-
ter. The right hand side (RHS) of Eq. (47) presents what must be
paid for that water. In the absence of water risk, the LHS and RHS
would be equal (as in the previous equation). This would mean
that the producer would keep procuring more water up to the
point that the extra revenue from it equals the cost of getting the
water. However, what we show under stochastic supplies and risk
aversion, is that the producer does not obey this rule. Instead, they
have to be guaranteed a return in excess of what they pay for the
water (on average). In essence the producer is giving up potential
revenue, on average.

Thus, Eq. (47) suggests expected utility is maximized when the
value marginal product exceeds the expected factor cost. This is
a very important result. It means that producers will cut back on
water use simply because of uncertainty. The additional revenue
derived from obtaining more water must be strictly greater than
the price of obtaining more water, in order to induce producers to
make this expansion.

The above result is based on the assumption that producers
are risk averse and does not hold if producers are not risk averse.
However, we do not make any assumptions about their level of
risk aversion. The amount that producers cut back on water use
is associated with their level of risk aversion and may also be dis-
torted by existing policies, such as insurance contracts. Producer
levels of risk aversion remains an empirical question that we nec-
essarily leave to future work. What makes this scenario different
from the other scenarios is that water availability is stochastic

and producers are not indifferent to the associated risks. It im-
plies there is a behavioral response to stochastic water supplies
that leads to a reduction in water use. In this way, this approach is
more general than the profit-maximizing assumption used to de-
rive earlier results. Note that when water supplies are not stochas-
tic, the expected utility maximization behavioral approach of
Section 2.2 yields equivalent results to that of profit maximization.
In fact, we could have used the (more complicated) expected util-
ity maximization approach through the paper, with no changes in
results.

4. Conclusions

In this paper, we presented a model that captures the mech-
anistic relationships between water as a domestic factor of pro-
duction, as well as the consumption and trade of water-intensive
commodities. We focus on four tradeoffs that are important in
water-use decision-making. The first tradeoff concerns water al-
location among different sectors. The second tradeoff highlights
substitution possibilities in production, which means that, under
certain circumstances, there may be a substitute for water (or at
least a way to conserve water), such as water-saving technologies
that require capital investments. The third tradeoff highlights that
production and consumption can be substituted across regions,
in which trade lends flexibility and efficiency to the system. The
fourth tradeoff considers how farmers change their behavior to ac-
count for production risk.

We show that inclusion of stochastic water supplies into the
model induces producers to reduce their demand for water, which
is an unclear relationship ex-ante. Other results show the condi-
tions under which agricultural trade liberalization influences water
use, depending on the elasticity of substitution of water. An im-
portant result is that a target tax — which offsets the increase in
water consumption due to trade liberalization - can be proportion-
ately smaller than the increase in agricultural output price. Subsi-
dizing capital in the agricultural sector may lead to the adoption
of advanced technologies, such as drip irrigation and water sav-
ing seed and fertilizer technologies, which increases water-use ef-
ficiency and reduces water consumption in agriculture. This high-
lights the fact that policies that are not directly focused on water
resources may have a significant impact on water use. This may be
helpful in situations in which direct water policies are politically
unpalatable.

The model that we presented in this paper contributes to the
further integration of the hydro-economics, socio-hydrology, and
virtual water trade literatures. The motivation of our model was to
develop generalizable insights into the interactions between peo-
ple and water resources. In this way, our approach parallels that of
socio-hydrology, while broadening socio-hydrology by explicitly in-
corporating economics. Our theoretical model complements exist-
ing hydro-economics models, which are typically parameterized to
capture local dynamics with the goal of improving water resources
management. Additionally, our model provides a theoretical foun-
dation for virtual water trade research.

The strength of our analysis has been to capture the tradeoffs
that exist for water use decision-making between sectors, factors,
trading partners, and with uncertainty. Significantly, our model en-
ables these linkages and mechanisms to be displayed in a sim-
ple and coherent framework, in which all assumptions are clearly
stated. That said, our analysis has left unexamined a number of
issues that may be important in certain circumstances. Future ex-
tensions to the model may consider the implications of infrastruc-
ture and distinct sources of water, such as rainfall, surface irriga-
tion supplies, and groundwater supplies. The integration of theory
with empirical analyses represents a particularly important direc-
tion for future research.
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Appendix A

Egs. (7) and (8) are as the following:

p1 = Widy (Wq, w3) + wadasg (wy, wa) (A1)

P2 = Wl (Wa, W3) 4+ W3dsp (W, W3) (A2)

Now, totally differentiate the competitive profit condition
(Egs. (A1) and (A.2)):

dpy = ayndwy + az;dws + widay + wsdas; = ajndwy + as;dws
(A3)

dpz = Ay dw, + a32dw3 + Wzdazz + W3d(132 = azdeQ + agde3
(A4)

Since wqdayq +wsdas; =0 and wyday; + wsdas, = 0. This re-

sult arises from the so-called ‘envelope theorem’ of economics,

which concerns the differentiability properties of the objective

function - in this case a firm’s optimization problem. Divide both

sides by p; in Eq. (A.3) and p, in Eq. (A.4), and multiply/divide RHS

terms by certain terms:

d anwi dwy  azws dw

apr _ duw 1, GnWs dws (A5)

D1 P W p1 w3

dpy _ apwy dw, | asw; dws
D2 p2 W3 p2 W3
Thus we obtain Egs. (9) and (10).

(A.6)

Appendix B

Eq. (18) is as the following:

a a
Vs = 2Ly 4+ 22y, (B.1)
agn azo

Now totally differentiate Eq. (B.1):

a a a a
dvs = 2Lav; + 22V, + Vid =L + Vod =2 (B2)
an ay) an az

Divide both sides by V3 in Eq. (B.1):

dV3 asy V] dV] asy V2 dV2 V1 ai d%

asp

_ aVadv, Vi Vy a3, 4
a:
Vsan ¢

ax
72 (B.3)
Vsap g2

V5 an VsV
Thus we obtain Eq. (19).

axp Vs Vo

Appendix C

Egs. (39) and (40) are as the following:
E[u'(IT)(p10 f/0x11 —w1)] = 0 (C1)

E[u'(T1)(p10 f/0x31 —w3)] =0 (C2)

The expected value operator passes over all terms in the upper-
most first order condition (Eq. (C.1)) because no term is random.
This condition can be simplified to be:

P10 f/0x11 = wy (C3)

Here, we get Eq. (46).

The first order condition with respect to water is more com-
plicated because the price has a distribution. We first rearrange
Eq. (C.2):

E[u'(TT)p1 0 f/0x31] = E[u' (TD)ws] (C4)

Now subtract E[u’ (TT)ws] from both sides yields in Eq. (C.4) and
simplify:

E[u'(TT) (P19 f/0x31 — w3)] = E[u'(IT) (w3 — w3)] (C5)
The value of profit is as in Eq. (36):

IT = p1fi(X11, X31) — Waxi1 — W3xs (C.6)
If we take the expected value of profit in Eq. (C.6), we get:

E(IT) = p1f(xn, X31) — WiX11 — W3X3 (C7)
Substituting Eq. (C.6) into Eq. (C.7), we get:

IT=E(IT) + (W3 — w3)X3 (C8)

If w3 > w3 then IT > E(IT) and from the properties of the utility
function u/(IT) < u/(E(IT)) (risk aversion) and therefore:

u'(IT) (W3 — ws) < v/ (E(IT)) (W3 — ws) (C9)
If w3 < w3 then IT < E(IT) and then: uv/(IT) > u/(E(TT)). However

we get the same relationship as in Eq. (C.9):

/(T (73 — ws) < u'(E(TD)) (W — ws)

since the sign of ws — ws is changed.

Therefore, Eq. (C.10), which is the same as Eq. (C.9), holds for
all ws and ws. Taking expectations of both sides of Eq. (C.10), we
get:

E[u' (IT) (w3 — w3)] < u'(E(IT))E (W3 — w3)

Since E(w3 —ws) = 0, substituting this into Eq. (C.11), we then
have that:

(C.10)

(C11)

E[u/ (TT) (W3 —w3)] < 0 (C12)
Substituting Eq. (C.5) into Eq. (C.12), we obtain

E[u/(IT)(p10f/0X31 —w3)] > 0 (C13)

which implies Eq. (47) at the optimum:

p10f/0x31 > W (C14)
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