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ABSTRACT OF THE DISSERTATION
ESSAYS ON INTERGENERATIONAL AND REGIONAL ASPECTS OF WATER
MANAGEMENT
by
Yu Chen
Florida International University, 2014
Miami, Florida
Professor Mahadev Bhat, Major Professor
This dissertation consists of three essays on different aspects of water
management. The first essay focuses on the sustainability of freshwater use by
introducing the notion that altruistic parents do bequeath economic assets for their
offspring. Constructing a two-period, over-lapping generational model, an optimal ratio
of consumption and pollution for old and young generations in each period is determined.
Optimal levels of water consumption and pollution change according to different
parameters, such as, altruistic degree, natural recharge rate, and population growth. The
second essay concerns water sharing between countries in the case of trans-boundary
river basins. The paper recognizes that side payments fail to forge water-sharing
agreement among the international community and that downstream countries have weak
bargaining power. An interconnected game approach is developed by linking the water
allocation issue with other non-water issues such as trade or border security problems,
creating symmetry between countries in bargaining power. An interconnected game
forces two countries to at least partially cooperate under some circumstances. The third

essay introduces the concept of virtual water (VW) into a traditional international trade

Vi



model in order to estimate water savings for a water scarce country. A two country, two
products and two factors trade model is developed, which includes not only consumers
and producer’s surplus, but also environmental externality of water use. The model
shows that VW trade saves water and increases global and local welfare. This study
should help policy makers to design appropriate subsidy or tax policy to promote water

savings especially in water scarce countries.
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CHAPTER 1
PARENTAL ALTRUISM IN FRESHWATER MANAGEMENT

1.1. Introduction

Population growth, industrial development and attendant pollution put increasing
stress on freshwater. Water becomes a locally scare resource at most places on earth
(Ambec and Sprumont, 2002). Freshwater is a scarce resource and can be non-renewable
if not managed properly. Only around 0.9% of the total water on earth is ground water
and 0.009% is surface water, especially the fossil water. In the world's driest places, fossil
water is becoming as valuable as fossil fuel. These water sources are highly vulnerable to
excessive consumption and pollution by the current generation. For instance, countries in
North Africa receive little rain, and its population is concentrated on the coasts, where
groundwater reserves are becoming increasingly brackish and nearing depletion. The
NASA observations found that humans are using more water than rains can replenish,
and area groundwater levels declined by an average of one foot (30 centimeters) per year
between 2002 and 2008 (www.nasa.org). Palmer (2007) predicts that 190/292, and Milly
et al. (2005) predict that 97/152 of the rivers will face droughts in 2060, and the majority
of the rivers they simulated may face reduction in water flows.

It is fairly common that individuals and societies bequeath economic, cultural
and natural resources to future generations for altruistic reasons. The effort by the current
generation to protect and save fresh water will directly affect its availability for the future
generation. Both the quantity and quality of the water are equally important. Existing
literature on freshwater management mainly concerns water consumption and regulations

for one generation or particular regions (Frisvold and Caswell, 1995). There are a limited



number of studies that consider overlapping intergenerational allocation in water
consumption and pollution. Stephan (1996) separate overlapping generations (OLG) and
infinitely lived agent (ILA) and argues that OLG should be adopted when it comes to the
economics of global warming. John and Pechinino (1994) study overlapping
intergenerational aspects of water consumption and pollution in a single period of time
under certain limited circumstances. By extending the above models, this study attempts
to address some of the key research questions: (i) does the parental altruism matter for the
intergenerational water allocation? (ii) which economic factors (e.g., interest rate, wages,
costs of pollution control, etc.), demographic factors (e.g., population growth rate), and
environmental factors (e.g., water recharge rate, pollution assimilation rate, etc.) are the
strongest predictors of parental altruism behavior? (iii) are there any policy approaches
for improving altruistic behavior especially when under growing water shortage driven

by demographic and natural factors?

The model of parental (current generation's) altruism developed in the study
includes both quantity and quality aspects of freshwater. The study uses an approach
similar to Jouvet, et al (2000), but with different constraints. The present model consists
of an infinite-horizon economy with altruistic individuals living for two periods, a firm
and two goods, one of which is a public good, i.e., water, and the other is a private good
produced by the firm. The production of private good requires not only neoclassic
production inputs (labor and capital), but also water resources. Individuals only work
and earn wages in the first period during which they only consume water and save

income. Then they retire in the second period during which they consume both water and



the private good, leave some amount of water valued by the market water price, and
voluntarily contribute some money to improve water quality. Households obtain utility
from consuming both goods and suffer disutility by pollution in the second period. Since

individuals are retired in the second period, the pollution can be only from the first period.

A representative parent tries to maximize the sum of utility from water
consumption over his or her lifetime and an altruistic value derived from water
bequeathed to his/her offspring, net of disutility from pollution from income-earning
activity. This maximization is subject to income constraint, physical water constraint and
pollution constraint. | characterize the effects of population growth, net recharge rate,
degree of altruism, and the marginal utility from consumption or disutility from pollution
on inter-generational water allocation. Next, individual parent’s intergenerational
decision will be integrated into a social planner’s problem in order to characterize an
inter-generational social equilibrium path for water allocation. | demonstrate the effect of
climate uncertainty on the inter-generational water allocation by conducting a
comparative static analysis of water recharge rate.

The current study provides the following key results: the last unit of pollution
brings less disutility to households when the natural pollutant absorption rate is high. The
more altruistic the parents are, the higher the marginal disutility they suffer from
pollution. The higher the discount rate, the more satisfaction parents will have from the
last unit of water consumption. The more altruistic the parents are or the faster the
population grows, the less water they will consume in the first period. If the net water

recharge rate is high, the marginal utility from consuming water in the first period could



go down. Similar results are found for marginal utility of water consumption in the
second period. Additional findings are that when the water market price increases in the
second period, parents get more satisfaction consuming the last unit of water in the same
period, and net recharge rate has ambiguous effect on the marginal utility for the second
period. The results of the social planner’s problem closely mirror that of the individual’s
problem above. Based on the above results, paper makes policy recommendations for
improving altruistic behavior especially against climate-driven uncertainty in recharge
rates and market-driven private water consumption behavior.

The rest of the paper is organizes as follows. In Section 1.2, | use OLG model
for the Individual’s optimal problem. Social planner’s optimal problem is derived in

Section 1.3, and some policies are suggested. The Last section will conclude.

1.2. Model
The model consists of an infinite-horizon economy with altruistic individuals
living for two periods and a perfect competitive firm. The firm requires not only the

neoclassic production inputs, labor (L) and capital (K), but also water resources (X).

Production function is denoted as Y; = f(K;, Ly, X¢) = L¢f (?,%), and per capita output
t t
1S y¢ = f (k¢ xe), where y, =:—t is the output-labor ratio, k, = ? is the capital-labor
t t

ratio, and x, = L—t is the natural resource-labor ratio. f is twice continuously differentiable,
t

positive, increasing, and strictly concave. | categorize the water use into two major

groups: the use for producers (X) and consumers (C?2). The water consumption of



households is assumed to be the water use for public supply and domestic use. Firms are

to maximize their profit in the competitive market:

maxK‘L’X T[t = Yt - Tth - WtLt (11)
Subject to
Kt X
Yo =Lf (L_t'L_t (1.2)
t t

Where 1, is the interest rate, w, is the wage at which the labor gets paid. Water is used for
free, and therefore, there is no cost for water in the profit function. However, it does not
mean water can be used without any restriction. Water use by firm is constrained in later

individual’s problem. In this market, each factor is paid its marginal product:

e = filke, xe), we = ke, x¢) — kefieCkes X)) — xefie (ke Xe),

af () of ()
where f (k¢, x,) = a_kt'fX(kt’ X¢) = oxe

1.2.1 Individual’s problem

There are N homogeneous individuals in this economy, and they live for two periods with
a constant population growth rate n, N;,; = (1 + n)N,. Each individual supplies one unit
of labor inelastically. In the equilibrium, N, = L;. The population growth n could be
either positive or negative for in most developing countries, population growth is positive
and many developed countries have negative population growth. Whether or not
population growth matters for the altruism is one of the key research concerns. The
individuals not only derive utility from consuming water cZ when they are young and
c?,, when they are old for free. They also gain utility from the private good consumption
while young (in the first period), ci,, and old (the second period) cl,,. Previous studies

(e.g., Karp et al., 2012) focus on altruism on pollution abatement, consumption of private



goods, but not consumption of water. Individuals also derive disutility from the pollution
when they are old, P, ;. Generations only earn wages in the first period and consume in
the second period (for the private goods). Following Agnani et al. (2005) we assume that
households suffer disutility by pollution in the second period. Since individuals are
retired in the second period, they produce goods and cause pollution only in the first
period. Additive concave utility function can represent these preferences:

U(ctl,y' Ci1,00 Clg,y' Ctr1,00 Pt+1) = u(c}’y, Cir1,00 Clg,y' Ct2+1,o) + v (Pry1) (1.1)
Where U, = 0,Up < 0, U, < 0, Up,, < 0 and the cross-derivatives, U.p and Up, are zero.
For the individuals, their optimal problem is to not only maximize their own net utility,
but their offspring’s. And g is the utility discount rate, but also denotes the
intergenerational degree of altruism, Be [0,1]. The higher g is, the more the parents value
their offspring’s utility, or the more they care about the children. Formally, the

individual’s problem is to maximize

Ve = U(cly, ctva,00 Clys Cr100 Pear) + BVewr = 2322 BSEU(Cy0 Cov1,00 €y €100 Post)
(1.2)
Subject to
Se = wWe +my — iy, (1.3)
Rep1St = Ciy1o + Zesr + (1 + )My (1.4)
Weer = (1 + @)W, — Necty — Ne_ycio — Pe — X, (1.5)
Piy1= @Y1+ (1 —@)Pe = bZpyy —bzeyy, (1—a)>0 (1.6)
420, i=012,..00 (1.7)
20,20, =012 .0 (1.8)
myy; =0, =012, ..0 (1.9)



Nty = ¢ty + (N — 1)CEy (1.10)
Ne_icto = cio + (Ne—y — 1) (1.11)

In the first period (equation (1.5)), young altruists save s; from the wage they earn
from work w, and monetary heritage from his/her ancestor m;, net the private good
consumption c}. When those altruists grow old in the second period (equation (1.6)), they
spend all their savings from the first period and interest R;,,s; on the private good
consumption cZ,,, pollution abatement z,,,, and monetary bequest m,,,, which is non
negative, to their offspring with a population growth rate n. The water naturally recharges
in each period at a constant net rate w, the source of which can be local natural recharge
or import from offsite. Equations (1.5) and (1.6) can be combined to form R;,;(w; +
My = Cty) = Cly1o + Zey1 + (1 + n)myeyq, which is the bequest constraint. Altruists not
only care about the monetary bequest to their offspring, but also concern natural resource,
water. Therefore, they contribute to water pollution abatement on the one hand; on the
other hand, they physically save water for the next generations. Equation (1.7) represents
the future water physical stock that will be left after current period consumption by young
and old generations, use in production, and loss as a result of pollution and addition
because of the net recharge. Nyc?), = c£, + (N, — 1)¢Zy, and Ny_ycfy = cfo + (Np—q —
1)¢Z, means that the total water consumption consists of an individual’s consumption
and the rest of the population’s consumption, population times the average individual
consumption level.

Pollution is generated from two sources: industry and households. The EPA

(Environmental Protection Agency) had identified point source, of which 80% is



industrial sources and 20% were municipal discharge. The term z,_, is the contribution to
the pollution abatement by an individual, and Z,, , is how much the ones other than this
individual contribute to abate the pollution. Individual’s decision of whether or not to
abate pollution is independent with each other, hence, they contribute z, to the pollution
abatement, considering the others contribute Z,,. Dynamic pollution change is captured
by P = @Yy + (1 — )P, — bZi,; — bz, . Pollution is accumulated by linear
technology production and past pollution netting the pollution abatement from the
individuals® contribution, which is also linear technology. Pollution results from
production of industry at time t and is assumed to be linearly related to production with
parameter ¢: @Y;. A portion of the pollution naturally degrades at constant rate a.

Empirically water price is usually underestimated since marginal user cost is not
included. In my model, however, water price could be efficient since marginal user
cost/water scarcity rent is considered, which is represented by the shadow price. Water
price increases over time, not only because the scarcity rent rises over time, but also
because as population grows each period, larger water project needs to be built, and
higher operation and other fees will be applied.

To ensure that the economy and environment are sustainable, condition
Pes1Wes1 = pe W, is imposed. Scarcity rent should be considered in the water price. That
is, the less the available water, the higher the economic value of water is. The more water
bequest for the future, the slower the water price rises.

Since firms borrow money from household’s savings, market clears at (1 +

n)k.+1 = S;. In the model, monetary bequest, water bequest and pollution are state



variables and all consumptions are control variables. Optimality conditions and results

are developed in Appendix A.

U1
Result 1: — = R,yy > 107 clyyp = RpyqCl
esult1: ~ =Ry 2 L0V Cryq0 = RKeyaCry
L : ,
‘t+1,0

Proposition 1: MRS (Marginal Rate of Substitution) of individual’s consumption
when they are young and old is equal to the interest rate factor. In another word, at the
same level of utility, individual would give up amount of R, units of the private good
consumption when they are old to obtain one unit of consumption when they are young.
Therefore, individuals would prefer to consume the private good when they are old. And
the higher the interest rate, the more individuals would prefer to consume when old.
Especially when the utility function is CRRA (Constant Relative Risk Aversion) and in
the form of natural logarithm, individuals prefer to consume the private good more when

they are old, which is consumption when they are young plus the interest.

BU 2
. ty __ Pt+1 1 — A1
Result 2: ——== = === or Bpi12Cti1,0 = CtyPr+
C%+1O Pt+2

Proposition 2: the discounted Marginal Rate of Substitution of the water
consumption for individuals when they are young and old equals to the ratio of the water
shadow price. The higher the shadow price ratio, the more of water consumption
individuals have to give up for when they are old to obtain same amount of water
consumption when they are young, Ceteris Paribas. The lower of discount rate, or the less
altruistic the individuals are, they would like to give up more future consumption to their

current consumption, Ceteris Paribas. If the utility function is CRRA and in the form of



natural logarithm, the discounted value of water consumption of individuals when they
are old equates the value of water consumption when they are young.

Result3:Uez, = — Up,,, = furss — (1 — a)B?v;ys

Proposition 3: the net marginal benefit (marginal benefit from water
consumption nets the marginal cost of water pollution) is the discounted value of the
difference of shadow prices of pollution between two periods. The higher natural

absorption rate (a) is, the higher net marginal benefit is.

U2
. ‘ty
Result 4: (1 + ‘”)UCEH,O < chy or(1+w) < —Ucm
,0
Proposition 4: MRS of water consumption of one generation between two
periods depends on the natural net recharge rate of water. The higher the net recharge

rate, the more water consumption at old individuals have to give up for the water

consumption at young, keeping the same utility level. When physical water bequest is

U2

operative, (1 + w) = Uﬂ and when physical water bequest is not operative, (1 +
C%+1,o
UCZ
w) < Ui . Therefore, individuals are more likely to consume water when they are old
C%+1,o

than that when they are young, when the water bequest is not operative. On the one hand,
no water bequest from their forefather, they would have to consume less at young age.
On the other hand, they do not have to leave water for their offspring, hence, they could
consume more when they are old.

U1
1+
Result5:U,.: — 22y, <0or—e>- £
Cty B Cto UC% 1+n
Y

10



Proposition 5: MRS of private good consumption between two generations
depends on the altruistic degree and population growth. If the individual is more altruistic
(higher g), then he/she has to give up more of consuming for their offspring in the
exchange of consuming for themselves. Therefore, it is intuitive that individual tends to
leave more private good to the next generation when they are more altruistic. When the
population growth rate increases, future generation will have to consume less on average
if the parents’ altruism degree stays the same level.

Steady state solutions vary in different scenarios when specific objective
function form is given (see in Appendix A):

1) Contribution to pollution abatement is not operative (z=0, then

CPV(ﬁ+5)1_7‘A€_S+1(#)S_x(3)1%8(e[)’+s6—8(1—,8£—)l))xlnPtmax _ )
imax =&

b > T
a(l +n)2+1T£(1—y—n)(l—ﬁe—/l)lncy

8(1—e-2)

a.  When monetary bequest is operative (f > ~13) B)

Result 6: Bf:: Oir1 =0,

Proposition 6: When the monetary bequest is operative, no matter whether the
contribution to abatement or water bequest applies or not, the opportunity cost of
monetary bequest is high in the future if there is fast population growth, or low altruistic
degree, or low interest rate in the last period. Also, if the future monetary bequest has
higher opportunity cost, altruists prefer to slow down the consumption of the private good
now. The marginal rate of substitution of consumption between future and now depends
positively on the population growth rate and negatively on the altruistic degree and

current interest rate.

11



1

Result 7: k* = 22572 (i)1T£ Rl_fs

Ew 1+n

. _ W _ 8(1-Be-2)
m =1 (s B+6 )
pr = Lpp¢ (1—;,:—/1)8—A (L)é Rf__i( _ 5(1—38—1))7\
T« € w 14+n € B+6
.. o am* _ w  [(8(1-)+82%
Proposition 7: since T 1—5-/1( G137 ) > 0, then when monetary bequest

is operative, the more altruistic the parents are, the more monetary bequest they are

willing to leave to their offspring.
Proposition 8: since aa—'; > 0, then when monetary bequest is applicable, the more

altruistic the parents are, the more capital level will be because individuals will save more
to leave bequest to the next generation.

Water pollution or pollution abatement relies on natural assimilation and private
good production without individual’s contribution.

a.1 when the water bequest is operative (W>0)

Pt+1 _ 'BUCtz.y

Pt+2

Bl +w) =

Ctr10

Proposition 9: Hoteling’s Rule applies (see the proof in the appendix A) when
water bequest is operative. Water price increases over time as the recharge rate drops
(during the drought year/years), or when people are less altruistic. When there is higher
recharge rate, additional water consumption of the young generation brings more addition
utility for them, as they do not have to worry too much about their future water

consumption
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P
Figure 1-1. Shadow price ration over time (modified Hoteling’s Rule)
In figure 1-1, the 45 degree line is obtained when shadow prices are equal over

time, p;, = py4+1. The dashed line captures the shadow price ratio over time as water

becomes scarce, the slope of scarcity rent ratio line (the dash line) is above 45 degree and

sustainability condition enforces 242 which is represented by the arc with arrows below

Pt+1

1
B(1+w)’

the line of In this case, W* = %(Ntcf,* + Ne_ic5™ + P+ X%)

a.2 when the water bequest is non-operative (W=0)
Proposition 10: The sustainability constraint is automatically satisfied. However,
water might become scarce in this case if the natural net recharge is not sufficient enough

to reach the consumption level and pollution level.
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Py
Figure 1-2 Shadow price ratio shift when net recharge rate decreases.
The price momentum line tilts to the right when there is no physical water

bequest. Future price is lower than the one when there is water bequest, ceteris paribus.

§(1—-e-1) —

b.  When monetary bequest is non-operative (8 < c(110) = B)

. . (1+n)eys
m = 0 and k - (1+n)£y5—Rt(1_5_l)+(1+n)gzy

b.1. when the water bequest is operative (W>0)

4

P* — _Ak*gx*/l
a

1
W* == Z(Ntcjz/* + Nt_lcg* + P* +X*)

b.2. when the water bequest is non-operative (W=0)
Necy* + Ne_gcg* + P+ X =0
2)  When contribution to pollution abatement is operative (z>0, then

_Ble_:: + bﬁvt+1[Nt(1 + n) - 1] - IBUL'+1 = O)

a. When monetary bequest is operative (§ > a-e) _ ’;max =pB)

& elncy
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p* — —(1-y-m)
(B2 n [ ]Hl  BOt11-(1-2)B20¢4p
Be3 yincZaxIpa+w)l BN (1+m)-b-1](1+m)

Jinpimax

a.l. when the water bequest IS operative (W>0).

oW™ =

Ne n [ : —Ne n -

max max
yznczrynaxw(1+w)] ez sz, znczmaxw(1+w)] e
—(1-y-n) _N ( w.l—€R,& )1//1
(B2 n [ 1 ]t+1. 59t+1—(1—“)529t+2]lnfﬂnax t\ace(1—c-2)1-¢
B3, lnctmax[ﬁ(ua)) "[bN¢(1+n)-b-1](1+n) T

a.2. when the water bequest is non-operative (W=0). N.c5* + Ny_;¢5* + P* +

X*=0
b.  When monetary bequest is non-operative (8 > (1;8) - glnc’;max =pB).
1 P
% (1+n)(1—-A+8e)w—6Rw(1—¢e-1)
A—
1-e-2
* EW * —_
= aeh andm* =0
b.1. when the water bequest is operative (W>0)
wW* = N, 1
max
lnczmax [,3(1 + )] Incz
U
— N 1 1 t+1
max
1+n) Bcs ,Inciyex [ﬁ(l + a))] Inc
N —(1—-y—mn)
[B2 [ ]Hl BOr1 — (1 —a)B?6;y, |Inpmax
ﬁcoylnczm“x (1 + w) [bDN,(14+n)—b—1](1+n)'" 't

N th—thé‘ 1/
P\Ags(1 — e — D)1-¢
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b.2. when the water bequest is non-operative (W=0)
Necy" + Ne_qcg" +P*+ X" =0
Proposition 11: the real water price should be more than what individuals are
willing to pay to pollute. From (ad) and (a7) (1 + b + abf — bp)Up — U z—alUz = 0.

2
dcitio _ (1+b+abB-bB)Upp >0
dPt+1 uC(Z)C(Z)

The higher the pollution, the higher the water consumption is. If more pollution
is caused by more production, then individuals have more income and saving to make
more contribution to the pollution abatement, so that they can also consume more water
without affecting the sustainability. If more pollution is caused by less abatement, then
individuals prefer to consume less water when they are young and more when they are
old. It is easy to reason that higher self-absorption rate of water, more advanced
technology of abatement, or less altruism makes this effect stronger. The graph in figure
3 tilts outward.

dei  a(l+b+abB —bB)Upp
= >0
dP Uu.1.1

CoCo

When there is more pollution, individuals tend to consume more of the private
good. If more pollution is caused by more production, then individuals have more income
to spend on private good consumption. If more pollution is caused by less abatement,
then individuals have more purchasing power from less spending on the pollution
abatement, so that they prefer to consume more private good. It is the trade-off between
private good and water quality. The effect will be reinforced by higher natural absorption

rate of water. Obviously, if water is more self-cleaned, individuals do not have to spend
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as much money on the pollution abatement, and therefore, they can spend more on the
private good consumption. Also, more advanced technology of abatement, or less

altruism makes the effect stronger. The line in figure 1-3 will tilt outward in the situation.

1
dc,

dP

Figure 1-3 Marginal change of consumption of old to the pollution in period one

Proposition 12: When physical water bequest is not applicable, but other
bequests are, from equation 1.7, consumption from individual and firm are non-zero if
and only if accumulative pollution is negative. In another words, the pollution decreases
from last period, or the pollution abatement is more than the new pollution: uY;,, <
aP; + bZ;.1 + bz, (from equation 1.8). Therefore, individuals tend to use larger
proportion of their savings than before to make enough contribution to the pollution
abatement.

Proposition 13: When monetary bequest is not applicable, but other bequests are,
from equation 1.6, wage is the only source of income that is distributed to private good
consumption and pollution abatement contribution. Marginal disutility of pollution

increases than that when there is no monetary bequest, since the individuals have to work
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harder and earn extra income so that pollution control level is not decreasing. If there is

not more pollution control, individual has to consume less of private goods.

1.2.2 Social equilibrium

Extra pollution will cause externality or social cost, so intervention is needed.
Individual consumers or producers may not take the external costs of production into
account. However, a social planner may be interested in internalizing the external costs
of pollution which is represented by the damage function, D.,;(P,;), J=0, 1, 2.
Following Hershaft et al. (1976), the damage function has an “S” shape (Figure 1-4). At
the beginning the marginal damage is increasing as more pollution, and at the end the
marginal damage becomes stable and reaches zero.

In order to simplify the problem, I, here use a concave function as it shows at the

InP;—InpPM"

max
InpPg

middle section and the last section of the curve. Formally, D(P;) = k . Where

Kk can be greater, less than or even equal to 1, since for such pollutant as nuclear waste,
Kk = 1; for some minor pollution, k < 1. The damage function represents the relationship
between damage and pollution from same period.

For the social planner, the problem is maximize the present value of utility net of

the external cost of pollution:

Ve =max  X{5 B U(Ctl,y' C%+1,o' Ct.?,y: Ct2+1,0'Pt+1) — D(Pey1)] (1.14)
Subject to

Wipr = (1 + @)W, — Necfyy — Ne_qcfo — P — X (1.15)
Piyq = uNf (ki) + (1 — a)Py — BNz q (1.16)
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1
flke) = (14 n)keyy + by + T2 + bz (1.17)

Zey1 2 0, Wiy 20

Damage

Amount of water-borne pollution

Figure 1-4 Environmental damage curve

Social planner considers the same altruistic degree, 8, and the same utility
function, U, as individuals do. Solution for the social planner’s problem is shown in the

Appendix B. From equation (b1 and a2), we obtain

u 1 1
Cty _ Ci+10 _ (14M)0t41
=20 =
U1 éc Bot+2
Ct+1,0 Ly

Note that MRS of private good consumption between two periods is different

from that of the individual’s problem, as seen in equation (al, a2). However, note that

u 2 2
‘ty _ Ct+10 _ qit+1
=-===
u.2 oty Bdt+2
t+1,0

That is, MRS of water consumption between two periods is the same as that of

the individual’s problem; both are equal to the shadow price ratio with discount factor.
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When water bequest is non-negative, then f2q,,,(1 + @) = Bqepq => 2= 1
qr+1 p(1+w)

which is the same as that in the individual’s problem. Modified Hoteling’s Rule still holds.

dctiao _ N(gpp—Dpp) >0

APey1 Ucz.2

Water consumption when individuals are old is positively related to pollution
created during their working period. That is, if individuals cause more pollution when
young, they would have paid a larger amount toward pollution abatement, and thus, will
have left themselves with more than proportionate amount of water for consumption

when they are old.

dctiq0 _ bN(gpp — Dpp) <0

dP;iq —Uclcl

More pollution makes individuals consume less of private good? when they are
old, since they have to contribute more of their savings to the pollution abatement so that

they can keep the water consumption level and sustainability.

dcl}+2,o _ bN(gpp — Dpp)

= >0
dPeyq (1- “)chcg

However, more pollution will make the private good consumption more
affordable for their offspring, since the more pollution means the more production and in
turn, more income. With higher income, the current generation will have the ability to
provide for more monetary bequest for its offspring, which results into higher

consumption of private goods by the latter.
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1.3. Policy and management implications

As we saw in the previous sections, individuals’ behavior is different from
social planner’s decision. When pollution increases, private good consumption decreases
in social planner’s problem but increases in the individual’s problem. An increase in
interest rate might fix this discrepancy. To make sure the water consumption level does
not decrease, government may subsidize water pollution abatement. Since the firm
causes most pollution, government may impose a lump-sum tax/fine on firms as well.
The final effect of taxes and subsidies on pollution would be the same.

Policies can be designed to promote the three types of bequests as introduced
before: monetary bequest, physical water bequest and water quality bequest (the
individuals’ contributions to water pollution abatement), without hurting the social
welfare. One of the major concerns is the physical water bequest, which is governed by
the two coupled, dynamic constraints of available water and pollution, W;,, =
1+ o)W, - Ntctz,y — Ne_1¢to — Pe — X, and Py = pNf(ker) + (1 — )P, —
bNz,,,. Any changes on the right hand side of the first constraint affects how much
water is left for the next generation. However, the current physical water level is not
controllable, and the other four terms are. There are three instruments that could be
applied by the government. First, raising interest rate can influence the behavior of

altruists. With higher interest rate applied to the individuals’ following budget constraint,
My = R?+1(Wt +m, — Ctl,y’) - Cg+1,ol — Zpyq

Individuals tend to consume fewer amounts of private goods when they are young. They

will save more money towards the second period, i.e., when they are old. More monetary
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contribution to pollution abatement also will occur because of more savings from the first
period. Those savings could be used as more monetary bequest or water quality bequest.

First, if the extra savings from raising the interest rate is only used to monetary

!

bequest, then zj,; =z, , and miyy —meyq = R (W +mp — b)) — cliao —
RE, (we +my — i) + cty10, Where R, and RE,; are highly and low interest rates,
respectively. The increment of interest rate should guarantee that the decrease of social
welfare from reducing the consumption of good 1 when individuals are young at least
equals the increase of social welfare from the rise of the consumption of good 1 when
individuals are old. The change in the interest rate would not have any influence on the
current generation’s behavior of water consumption; nevertheless, it would affect their
offspring since the next generation will face higher budget constraint.

Secondly, if the extra savings from raising the interest rate is only used for
monetary bequest, then m{,; =myy; , and z{y; —zq = Ry (W +me — ) —
cti1o — RE (W +my—cl,) +clro . The incremental contribution to pollution
abatement results in more physical water bequest. And social welfare increases as less
environmental damage occurs.

The other policy is to extend subsidies to individuals encouraging them to
contribute more to the pollution abatement. By denoting subsidy as sub, the budget
constraint becomes
Myyy + sub = R (We +me = ¢fy) = cliro = Zesd
and sub = z;4q — Ziq

At the same time, the firm’s profit becomes: (pen=penalty)
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. =Y, — 1Ky —wiL; — pen

Lump sum punishment, i.e., tax to the firm’s pollution, is exogenous and like
the Ricardian Equilibrium, optimal consumption levels of both goods in two periods and
pollution level will stay the same. Moreover, the tax imposed to the firm could be used to
subsidize the individual’s consumption of private good or water, so that there will be no
financial burden to the government for managing such water issue. Therefore, this policy
would result in more pollution abatement from individuals and less pollution from the
industry so that it guarantees the availability of physical water for the next generation.

Another way to change individual’s behavior of water consumption is to set a
higher real water price, which is more than what individuals are willing to pay for
pollution. In this case, water price should be set at the shadow price of physical water
bequest in social planner’s problem, g, which is the marginal utility of water consumption.
Therefore, the individual’s and firm’s water consumption could be reduced. Even though
the total water consumption might not decrease as the population grows over time, yet
this way could keep the total amount of water bequest not drop for less industrial

consumption.

1.4. Conclusion

Freshwater as a special good that is demanded by households, firms and farms. It
IS a source of satisfaction to households, a factor of production for firms and farms, and a
sink that absorbs all kinds of waste from human beings. Economic literature is replete
with studies that recognize that individuals do express altruism for saving wealth and

income for future generations. Very few studies have looked at altruism in the context of
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environmental resources and sustainability. | introduce parental altruism and
sustainability in water management. If we care about our next generation, we would
carefully choose the consumption level and control the pollution level of freshwater, and
leave certain amount to them. The paper follows Jouvat, et al. (2000), and introduces
parental altruism via three forms of bequest for managing the water resource. By solving
individual’s and social planner’s problems, the study shows that the two problems are
partially consistent with each other.

The study analyzes how individuals treat the trade offs of three types of bequest:
monetary bequest, physical water bequest and water quality bequest (the contribution to
abating water pollution). | find that altruistic degree, population growth rate, water
natural assimilation rate affect those results. Based on the analysis on individual’s
problem and social planner’s problem, it is evident that government instruments can be
applied to promote economically and environmentally sustainable altruism. For instance,
an increase in the interest rate, subsidies to water pollution abatement, or a lump-sum
tax/fine to the firm could influence individuals’ altruistic behavior. Those policy
instruments are exogenous and will not reduce social welfare.

My model is applicable to other scarce natural and environmental resources like
mines, and helpful for the policy maker to reinforce the environment sustainability.
Further work on empirical testing of the model can be done by using some local data in
order to design accurate policies specific to individual situations. Also, the model can be
further improved by imposing the strong sustainability conditions that the amount of
physical capital of natural resources will not decrease over time. Such a model would

call for more stringent management and policy choices in the current period.
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APPENDIX A

Langrage equation is set up as the following based on from equation 1.4 to equation 1.13

[ee]
— g s—t 1 1 2 2
L= :8 U(Cs,y' Cs+1,o' Cs,y' Cs+1,0' Ps+1)

vy e

n z B psyr {(1 + 0)Ws — [cfy + (Ny — 1)EZy)] — [cfo + (Ne—y

s=t

Bs t+1 s+1

s+1(Ws + mg — Cs y) s+1 0~ Zs+1 ]

1)Ct0] _Xs}

Bs—t+1v +1
s = _
+ Z T [_Ps+1 + (PYS+1 + (1 - O()Ps + Zt+1] - z ﬁs tesms

s=t

[ee]

- Z .Bs_tpsvvs - Z :Bs_tvszs
s=t

s=t

. N
limy B priq [(1 + W)W — Ntctz,y - _tczg,o — P - Xt] =0

1+n
im0 V412000 =0
im0 B 011 [Ress Wy + M) — Cfyq — Ze4q] = 0
p is considered as the water scarcity rent, which is the real value/price of water. Langrage
is set up for there is a sustainability, such condition as below is applied.
Pe+1Wir1 2 peWy
Which represent the definition of sustainability.

(The control variables of c;..q, c£y, ¢fy1.y Cf+1,00 Pet1)-

FOCs:
oL BR
a—cg_ = UCL},y 1_::11 9t+1 —_ O (al)
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oL = U i9t+1 = 0 (3.2)

g . =
act,, Ci+1,0  1+n

oL

@ = chy — Bpts1 =0 (a3)
#fl,o = chﬂ_o —B%prs2 =0 (a4)
aiil = Up,,, = B?Pre2 = Burss + (1 = )f?vp4, = 0 (ab)
T = Bpera (14 @) = p. < 0 (F0if W>0) (26)
af; = —bUj,,, — & fj; L — Bupyq < 0 (=0 if z>0) (@7)
o=, — 0, <0 (=0if m>0) (28)

Combining equations al and a2 : chy =R 41U 1

Ct+1,0

Ucz
Combining equations a3 and a4: Ui = Per1
2410 Bpt+2
Combining equations a5 and a4:
UCt2+1,o —Up,,, = Bty — (1 — ) B?V¢s2 (a9)

If pollution abatement contribution is operative, then

2}
—bUp,,, — Bores Bue+1 = 0.

1+n

And equation (a9) combining (al) and (a2) becomes

U
Ug, ,~ (1=D)Up,, +Ugp —(1=BbUp,, +——2) =0

Ct+1,0 Rt+1
Taking total differentials (by the assumption that U is an additive function of v and v, the
cross derivatives are zero):

dCL}+1,y —_ (1 —b)R¢12Upp
dPeyq 1- O()ﬁuc},c},
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dPryq Uczc
dcgyro (L= Db)Upp

>0

dPt+1 _ Uc1c0

= >0
dcty1o, (1 =Db)Upp

Combing equations a6, a3 and a4: (1 + w)U .2

Ct +1,0

Combining equations a8, al and a2: Ug L= “7" U, <0

Denote
U= y(ncty,—Incty™)  yS(nct,y ,—Inciin + n(inct,—ncZy™™)  né(inct,y o~ Incin
Incgre* Inci %" Incgjrex Incn%r
InP;—InPMm
(1 -y - T]) Impmax (alo)
t

Assume that Incf'™* = Incti%" and IncZ™ = IncZh%, f(kerr, Xei1) = AkEr ity
Reyy = Ackfiixtiy (all)

wy = flkp, xp) — kifie — xofe = Akix} — Ackixf — AdkEx] = A(1 — e — Dkéx}

(a12)
Therefore, the optimal levels of capital and water used in industry are as below.
EWt41
= Wtt1 1
kiiq Rers(l—e—7) (al3)
A _1 1—g—2\&71 Re1 £
xt+1 a A ( Wti1 ) ( & ) (a14)

Simplifying equation al

14 BRi11 9 1% y(1+n)
= => Cp, =
t+1 ty BAekETixt 1 0ppqincy™ ™"

It is the demand function of good 1 for the individual when they young.

Simplifying equation a2
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149 _ B 9 —~ cl* Y& (1+n) >0 _ yé(1+n)
Ct+1olnC311max 14ntH o 59t+1m€1max e 3Ct1+1omc31fmax

l. when contribution is not operative (z=0, then —bfp;r2 — (1 + b)vy; +

b(1 — a)Buey, — et 0):

1+n
from (1.6) and combing market clearing condition s; = (1 + n)k;,q

_ c 1 1 y8(1+n)
Myyq = AekgpaX{iq — Trn F0psi el (ald)
y

_ v
m, = Askix{ o™ (a16)

Plugging into equation 1.5 and update one period forward,

_ e ) e A 143 _ y(1+n)
1+ n)kiy; = A1 — e = Dkix{ + Ackix! BOney™  BATErIahs b ine) ™
(al17)
When monetary bequest is operative, then a8 becomes:
Askf
BAskErixt, 0,01 = 0, (a18)

1+n

Multiplying 6, on the both sides of equation al5,

yé y(1+n)6,

1max 1max
Blncy ﬁASkt+1xt+19t+1lnC

(14 n)ke 16, = 0,A(1 — DkEx} —

Define 8,4kéx} = &, (al9)
Then
4 6
Be§rir = (1 — ) — e (L5
nc; B

At the steady state: &, = &;

y(1+3)
(1-Be-Mincy,

(1 ﬁg - /’DE = 1max (1 +_) >§ -

1Max
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Plugging into equations a18 and al19

B&g
m = 9,: y and 6t+1 =

§

£ A
ARt 11Xt4q

Plugging into equation al4,

12 w %)
m* = Akéx} <e - max) = £ —
¢PInc; 1l—e—-41 y(1+%)
lnclmax
(1-—Be— A)lnc},maxﬁ Y

w ( _6(1—5’5—/1))

T1-e-a\° B+0
As long as € — % > 0, monetary bequest m* is applicable. Therefore,
d(1—-e—-21) _
b>—ass -F
. . s w 6(1-Pe—1)
Therefore, when g > ﬁ monetary bequest is operative, which is Y (s - )
§(1—Be—A)
(1 + n)ktﬂ = Ak,fx{l (8 - ﬁT)
y(1+n)

+A(1 — & — Dkix} —

11 1max
BAgk i1 Xty10¢41lncy

= AkExt (1 A —pe—A) A) _ A +n)(A - Be — Dkeyy

p+6 Pe + €6

~ (B + 9) LA (BA+8e=D\ ., eB
kt+1_(1+n)(1+55—/1)‘4ktx?< B+6 >_Aktx?(1+n)

In the equilibrium, k; ., = k;

k* = (ﬂx?)f : Blien) () Lok (S )ﬁ R

1+n
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And P* = %Ak*sx*x from equation 1.8

€

P*:9A£_£<1—£—A)S_}‘( I )ﬁRls_;<€_5(1—ﬁs—/1)>}‘

a w 1+n g+
1 )
o _ peg  pe y(1+ [_g)
140 (L4n) (1 - Be — Dlnct™
From a7:
v — _bUPt+1 _ 9t+1
t+1 B 1 +n
o
e r(1+)
(1 +n)?2 (- Be — Dinci™
N b(1—y—mn)
€
_ € A
% _ 1—8—/1£)L( ,8 )1_5< _5(1_,88_1)) max
e () (o) (e B+ InF;
>0
Therefore, simplifying the equation above,
e—A

1—8—/1)

w

oy (B + 6)' e~ ( (BYTE(eB + £6 — (1 — e — 1)) PP

b > =
a(l+n)**1—e(1 —y —n)(1 — Be — A)lnc},max

b
Therefore, this is the constraint for pollution abatement contribution being applicable.
When S < B, the motive of monetary bequest is too low to take action.

m* = 0, then from equation 1.5,

(1 +n)kpyy = A(L — & — Dksx} — 4SO E— (a20)

—1,.A
BAgk{i{xty,60p41lnCy

From 1.6
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yé(1+n)

(1 + n)kt+1A8kt+1 xt+1 = BQ plnc 1max - (1 + n)kt+1Rt+1

- yé yé
AkETIxE, | = or 0y = ———ax
t+1t+1 ekt+1ﬁ6t+1lnclmax t= k¢Rt Blnclmax

Therefore, equation a20 becomes

tRe 5kt+1(1 +n)

<1+n)kt+1—(1—e—1>k

1)
In the steady state, k, = k.4, therefore,
i} (1 +n)eysd
G S_/D(1+ )£y6 5) (1+n)eyd —R(1—e—-2)+ (1A +n)e?y

. When contribution is operative (z>0, then %+B(1+b)vt+1=

—bf%priz + b(1 — )%V

From (2), combining s; = (1 + n)k;44

mi = (1+ )k, — A1 — £ — DkExt + ram e (a21)

BAekE T xt+16t+1lnc

y(1+4n)
max
BAeg kt+2 xt+29t+2 lncy

Therefore, mj,; = (1 + N)kpyp — A1 — & — Dkf xt, +

) 1 = (L Ak sk = oo e = (14 m) (14 Wy —
L < 1 y(1+n)
AL = & = Dkt + g g | = (14 m)(1 = DAk axt -
5(1+n) (a+n)
y n ax y L 1max (1 + n)zkt+2 (a.22)

ﬁ9t+1lncjl,m BAekErAxt 500400 cy
I. When monetary bequest is not operative:
Now equation (a21) =0, therefore, with define 6, Akfx{ = &,

_ @+ = Dwey
Zty1 = 1—c—21

1
- 5Rt+1ct,y

And (1 +n)sppq —we + ¢ty =0
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a+n)a-A)w . _ (1+n)(1-A+8e)w—SRw(1—e-1)
Therefore, z* = ———=—+ 4R [(1 +n) R(l ppy ] = P
K = EwW
T R(1—e-2)

ii. When monetary bequest is operative, then a8:
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Plugging in

BESti1 Y&+t
————m, = f¢ —-(1-8é+——z>0
(1 + n)kt+1 t ﬁ ft+1 ( )ft lnC;,max
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When the water bequest is operative, a6:

Bpes1(1+ w) = p;

Therefore, p, = Bci lnctzmax [B(1+m)]

When contribution to abatement is operative: a7 becomes:
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Brege.
DA ke,

B [)’coylnczmax [,3(1 + o)

In steady state, &1 = &eyp = Eeyz = Epya

Equation (4) becomes:
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APPENDIX B

Social Equilibrium

+00 +0oo
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oL

W ,BZQt+2(1 + ) = Bqrs1 + PP =0 (b6)
t+1
oL
Py BbNi1@er1 — BOtr1 + Bbes1 =0 (b7)
t+1
JaL ' li
Krex = BOo¢s1f (key1) — (L +n)or — fwry1 Ny f' (Keyq) = 0 (b8)

Define U(c,P) — D(P) = u(c) + g(P) — D(P)

Solutions are as the following:

U1 1
Equations bl and b2=> ‘ty :Ct+11,o:(1+n)gt
u Scf.y Bot+1

1
Ct+1,0

MRS of private good

consumption between two period is different from that of the individual’s problem.

. c? c? .
Equations b3 and b4 =>—% = "o _ At \RS of water consumption
u Scgy B+

C%+1,o
between two period are the same as that of the individual’s problem, both are equal to the
shadow price ratio with discount factor.

Equation b6=> when water bequest is non-negative, then B2q;.,(1 + w) =

BGir1=> etz ﬁ which is the same as that in the individual’s problem.

dt+1

Equation b7=>w,,; = ﬁgtﬂ when contribution is non-negative.
t+1
Equations b7 and b8=> (B o,41— ZE2)F (keyy) = (14 n)e

Cl
(1+n)e, p-ttlo
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CHAPTER 2
INTERCONNECTED GAME IN WATER SHARING BETWEEN TWO COUNTRIES
UNDER EXTREME WEATHER SCENARIOS

2.1.Introduction

Allocation of water in the case of trans-boundary rivers often involves
contested claims and difficult management choices. According to UN Water’s statistics,
there are 276 trans-boundary river basins in the world: 64 in Africa, 60 in Asia, 68 in
Europe, 46 in North America and 38 in South America (UN World Water Development
Report 4, 2012). Over 90 percent of them are shared by two or more countries, with a
maximum of 18 countries in the case of Danube river basin. As countries share trans-
boundary rivers, especially when at least one party loses her benefit, tensions rise. How
to allocate water efficiently and fairly between countries becomes prominent.

In many cases, the parties may reach sharing agreement but fail to enforce the
same. This paper concerns water allocation when two countries have to share a river or
other common water body with non-enforceable or weak water rights (Abbink, et al,
2005; Adams, et al, 1996). When water rights do not exist, traditional contracts or
agreements are difficult to reinforce since arbitration is complex to implement. For
instance, on April 22, 2010, China announced that it would be building the Zangmu Dam
across the Brahmaputra river (The Economic Times. 2010), but assured India that the
project would not have any significant effect on the downstream flow to India (The
Indian Express, 2010). However, India, being in a geographically weaker position to
bargain, still expects China not to have any incentives to deviate. Some studies on
international resource sharing game have suggested a side payment (e.g., from India to

China) to maintain self-enforceable agreement.
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Many river sharing agreement are in the core (the set of feasible allocations that
cannot be improved upon by a subset/a coalition of the players) and side payment by
downstream country to the upstream country is the major solution to the water sharing
problem in an agreement. One type of water sharing agreement is so-called downstream
incremental introduced by Ambec and Sprumont (2002). It assigns to any country its
marginal contribution to the set of predecessors in the river. Doing so, it maximizes
lexicographically the welfare of the most downstream countries in the river in the set of
core river sharing agreements. It thus favors downstream countries against upstream
countries.

This kind of agreement seems to work quite well under normal situation. However,
a NASA observation found that humans are using more water than rains can replenish,
and area groundwater levels declined by an average of one foot (30 centimeters) per year
between 2002 and 2008 (www.nasa.org). In addition, with global warming, Palmer et al.
(2008) predict that 190 out of 292 rivers will face droughts in 2060, and the majority of
the rivers they simulated may face reduction in water flows. Ambec and Dinar (2009)
proved that with the climate change, specifically dry season, the downstream incremental
scheme does not work properly since the upstream country has incentive to deviate.
Therefore, upstream incremental fixed water sharing agreement (FWSA) is introduced in
their work and it is proven that this scheme is stable under the scenario of dry season.

Past studies such as Ambec and Dinar (2009) address water-sharing agreement
when there is a drought. However, warming climate results in extreme weather events

such as flood as well as drought. In my study, different extreme weather situations is
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applied into both upstream and downstream incremental scheme, and some results

conflict with what Ambec and Dinar have found.

Further, only side payment or victim payment in an agreement is not politically
appealing for the victim country (India), which risks a reputation of being a weak
negotiator (Just and Netanyahu, 2004). Using interconnected game introduced by Folmer
1993 to solve such environmental issues become popular. My study will investigate what
types, more precisely, combination of economic or politically strategies that India will
have to exercise in order to force China to share water without side payments. Most
studies in the past [e.g., Hauer and Runge (2007)] consider that the payoffs of each
country when there is no trade for both countries are zero. | argue that this is not the case
since when taking consumer’s surplus and the amount of net export into account. Hauer
and Runge (2007) shed a light on how to calculate the probabilities of mixed strategy
preferences, yet their study misses 4 strategy sets for both countries. In order to
understand different strategy options that India will have in order to avoid side payment
and have access to river water in perpetuity, | introduce two independent games. The first
game is the water sharing game (Bennet, at el, 1998) whereby India chooses whether to
make side payment to China to gain access to water and China will react accordingly.
The second game is a game of iron ore trade. India decides whether to export iron ore to
China due to its high demand, and therefore, former could use this game to threaten latter
to share water. | will then link these two games with the combined strategy sets. China’s
combined strategy set is to Share and Import; India’s combined strategy set is to make

side payment and Export. It is hypothesized that when the two countries could repeatedly
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play mix strategies with certain probability, interconnected game works perfectly. On the
one hand, China would share the river water with India without a side payment in return,
which is desired by the international community; on the other hand, India will not export
the ore to China, an outcome that depends on the relative values of marginal benefit and

marginal cost of import

While Just et al. (2004) developed an interconnected game between two
countries, to the best of my knowledge, no studies have investigated the extreme situation
of wet/flooding season. The theoretical results from this study are expected to shed light
on how the two countries may negotiate an appropriate river sharing agreement,

including flood management agreement in the future.

The rest of the chapter proceeds as follows. In the next section, the model of
interconnected game is presented under two extreme weather scenarios: drought and
flood, and some results are generated from the analysis from section Il. Conclusion will

be drawn in the third section.

2.2. Model
Before applying interconnected game to solve water-sharing issue by linking
with some other non-water issue, it is vital to design reasonable and stable independent

games.

2.2.1 Independent Games

2.2.1.1Water Sharing Game
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I would like to start with the water sharing game by testing the downstream
incremental and upstream incremental agreement by Ambec, et al (2010). Take China
(the upstream country) and India (the downstream country) as an example. The two
countries share the river called Brahmaputra. China plans to dam the river. China assured
India at the 2013 BRICS summit that the proposed dams would be run-of-the-river
hydroelectric projects and that it would neither store water nor adversely affect its
downstream flow to India. India expects China to share the water during drought season
and desires less water or expects China to conduct some flood control during wet/flood
season. So far there is no water sharing agreement for this river between those two
countries, therefore, it is urgent and substantial to construct a mechanism so that no party
will lose water-related benefits.

Suppose that China controls e; units of water and India controls e, units of
water. Water consumption gives each country different benefits. That is, the downstream,
water-scarce country benefits more from a given level of water consumption than the
upstream, water-rich country. Different uses of water also give different benefits: water
intensive industry, like agriculture, derives more benefit than less water intensive industry
like food processing. Denote b;(x;) the benefit function from consuming x; amount of
water, where i = 1 stands for the upstream country and i = 2 the downstream country. In
my case, country 1 is China and country 2 is India. x*, which makes b(x*) = 0, is the
satiated level, meaning before this level, more water gives country more benefit and
exceeding this level, benefits decreases by more water, such as flood. b'(x) >
0 when x < x*and b'(x) < 0 when x > x*; b"'(x) < 0. Therefore, countries, especially

from downstream expect upstream countries to control water release in the latter case. In

46



Ambec et al. (2010), the fair allocation of water resources among trans-boudary countries
is the mean flow. However, it is fair to consider average per capita water consumption
level into the water resource reallocation. China and India has merely the same
population, and therefore, for analytical simplicity, | kept their populations the same. The
fair allocation, therefore, is to equalize the benefits of two countries, that is when
by (X,) = b,(x,), wheree; —%; =X, —e; and X; < x1, X%, < x5.

I. Downstream Incremental River Sharing Agreement (DIRSA) :

Agreement is to let China transfer the amount of water e; — X; and India receive

X, — e,
vl =v(1) = by (x;) = by (%) + tf
tf = vl — by (%,)
td =t

v is the welfare for each country, which is represented by the benefit function
b(x) . Superscripts stand for the index of water sharing agreement scheme
(d=downstream, u=upstream). t is the payment transfer in exchange of more water
control. Negative value means the payment for the water to the other country, and

positive value, on the contrary, means receiving payment from the other country.

ii. Upstream Incremental River Sharing Agreement (UIRSA):
vi' = v(1,2) —v(2) = by(£1) + b(X;) — by(xy)

tit = vy — by (%) = by (X1) — by (x3)

ty =t
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2.2.1.2 Dry season

Assume that in the dry season, China only controls e, units of water: e; < e;,
but under the agreement, China still has to transfer e; — X; units to India. Then the
welfare of China with DIRSA during dry season, denoted as vf'd, becomes:

Vf'd = by(e1 — (e — £)) + t{ = by(eg — (e; — 1)) + by (x;) — by (&)

If vf’d < b,(%,), then China has an incentive to deviate from the agreement
during the dry season.

And with UIRSA, China’s welfare, vi*?, is:

vy = bi(ef — (e = 2) + 1 = bi(e] — (e — 21)) + by (1) — by(x)
= by(e; — (X2 — €2)) + b (X2) — by(x2)

Ambec and Dinar (2010) proved that the downstream incremental River Share
Agreement is not sustainable in more severe drought, but the constrained (when water
consumption and controlled water are less than the satiated level) upstream incremental
RSA is. Therefore, China has no motivation to deviate from the agreement under such
circumstances. However, their River Sharing Agreement is presumed that India makes
monetary transfer (victim payment) to China in exchange of water share from upstream.
Also, the water sharing game with side payment demonstrated belowdoes not guarantee
this (share, pay) interaction.

In this game, China has the action set (share, not share), which is denoted as
a; 3 (S,NS). India’s action a, is chosen from the action set (pay, not pay), denoted as
a, € (P,NP). The normal water sharing game (with externality) is demonstrated in

Figure 2-1.
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India
Pay Not Pay
China Share v by (Ry) — ¥ by(e; — (e; — %1)), by (%)
Not Share | by(e;) +ti*, by(e;) — t¥ b,(eq), by(e;)

Figure 2-1 Game 1: Water Sharing Game With Side Payment

In each cell, the first payoff is China’s welfare and the second is India’s. | use
the welfare from the constrained upstream incremental scheme as the payoffs of (share,
pay). When India chooses to make a payment for sharing, China chooses not to share the
river and India Pays the amount of t¥ to China, which makes China’s welfare v}*¢ =
b,(e; — (e, — X;)) + t{*, and India’s welfare b, (x,) — t¥. Clearly, for China, ‘Not Share’
is the dominant strategy and for India, the strategy ‘Not Pay’ dominates ‘Pay’. Hence, the
Nash equilibrium in this river sharing game is when China does not share and India does
not pay. To simplify analysis, subtract the first payoff in each cell by b,(e;), and the
second payoff by b,(e,). Therefore, the new water sharing pay-off matrix becomes as
follows:

Obviously this non-cooperative result is not what the countries prefer, and for
this prisoner’s dilemma game between two countries, players do not usually choose
“single-shot” interaction. Bennet et al. (1998) proved that infinite repeated game with
certain discount factor could result (share, pay). The area under solid lines in Figure 2
shows the feasible results for the infinite repeated game. The possible payoffs are the

intersection of two axes and the frontier point in the first quadrant: (0, b,(x,) —t¥ +
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T W = (el (e~ e 0), (0 = by (e, by () -
t3).
Simplified Game 1 | India
Pay Not Pay
China | Share vf'd — by(ed), b,(e; — (e; — X;) — by(ey),
by (%;) — t3 — by(ey) by (X2) = ba(e2)
Not Share | t}*, —t¥ 0,0

Figure 2-2 Simplified water sharing game

It has been proved, however, by Maler (1990) that victim payment in an
agreement is not preferable for the victim country (India in this case) because it makes
the victim country have a weak negotiation power. Therefore, | choose the interconnected
game, which was introduced by (Folmer 1993) to solve this transboundary river sharing
problem. Just and Netanyahu (2004) summarized that interconnected game are preferable
if when (1) each player has an advantage over the other player in at least one issue, (2)
the asymmetry of advantages is sufficiently comparable in magnitude, and (3)

interconnection expands the set of feasible strategies.
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Figure 2-3 Possible frontier of repeated game on water sharing

Even though the victim payment in an agreement is not politically appealing, yet
it is still useful for the payoff calculation in a game. So far, both cooperative and non-
cooperative results are not preferable for the international community. In order to achieve
another result, especially (share, not pay), | create an asymmetric and independent game
in which India has comparative strength over China. Therefore, linking two games, a
sustainable equilibrium can be possibly found. That is to say, in this asymmetric game,
India has some kind of credible threat to China to make China choose to share the river in
the River Sharing Game. In the other game, in another word, India has stronger
negotiation leverage compared to China, so that at the end there will be a win-win for
both China and India. Like in Just et al. (2004), the other game can use the boarder issue

game in which the downstream country has more advantage.
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China and India have been having trade and border security issues in recent
times. Even in 2013, there was a military conflict between the two countries at the Indo-
Tibetan boarder. China places ‘harmonious development’ one of the most important place
in its economic development. Therefore, India could agree to support China to keep the
border peaceful in exchange for China to share the river. However, this broad issue game
is not politically or economically preferred. First of all, destroying the border peace might
not be a “creditable threat” to China since India does not gain much benefit from it.
Secondly, it is not a long-term strategy since border issue will be solved eventually.

Currently China is planning to invest 300 billion dollars on India’s infrastructure,
such as railroad, Medicare, and etc., but India is hesitating whether or not to accept this
offer because of political reasons (since it might cause national security issue).
Meanwhile, Japan also have the same intendancy to invest to India, therefore, India could
use this opportunity to ask China to import more products from India, such as iron ore.
That is, India will agree to accept China’s investment on its infrastructure, but China has
to import more iron ore every year. Payoffs of this game are presented as the utility
function U with the superscript denoting the players and subscript denoting the cell
position.

The area under the solid lines in Figure 2-5 represents the possible frontier when

repeating this game infinitely. Therefore, the possible payoffs of this repeated game are

Ui
U

vi-uv3
Ui-u3z

1
(0, UZ + ul), (UL + 522 UZ, 0),(UL, U?), which are the intersection of Y axis, X
]

axis and the frontier point in the first quadrant. Where U} > U} > 0 > U}, and UZ >

U? > 0 > U2, sothat it is still a prisoner’s dilemma game. The Nash Equilibrium
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India
Accept Not accept
investment Investment
China | Import iron Ui, U? U}, Uz
Not importiron | U, U2 0,0

Figure 2-4 Game 2: trade game

is for India to “Not accept investment” and for china to “not import iron”. Meanwhile, to
make this game work interconnected with the water sharing game, assume that for China,
UL >t¥, and Ul > vi*® — by (e}), on the one hand, China will gain more benefit from
the investment to India than not to share the river, on the other hand, the harm to China
caused by sharing the river but not get paid than is less than that from import iron from
India but rejected to invest, i.e. by (e; — (e; — £1)) — by(ey) > U3.

For India, on the one hand, the gain from water shared by China is greater than that from
the iron ore export to china, i.e. U2 < b,(%,) — t¥ and UZ < b,(&,). On the other hand,
the harm to India to accept the investment from china but does not get to export the iron
ore is less than that from making the side payment but does not get shared. i.e. UZ >
—t3 . Therefore, interconnecting those two games, China might be willing to share the
river in order to win the investment opportunity in India. First of all, let us examine the

simple aggregated payoffs of the two games, which are presented below.
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Y India
UU; A

X China

Figure 2-5 Possible frontier of repeated trade game

Therefore, the payoffs that are dominated by others will be ignored and the
ones that are not dominated consist the possible frontier. Figure 2.6 demonstrates this

result, with the frontier points

( u,d b ( ’ Ul U11_U21 UZ b (% u
vy —by(e)) + Ui + yz_yz Ui 2(X;) — t3),
u,d ’ 1 1
u_" —by(eg)-tt y 1, Ui-U; ;52
(tl bz(fz) tz + U1 + U%—U% Ul y 0),
1 772 S\ _ su t¥ @i =bs (e]) 1, Ui-U3 &\ _ su
(Ui, U + by (Rz) — 85 + vf'd—bl(e{—(el—fl)))’ (Ui + vz_uZ Ui, by (%) — t3 +

,d
t3 (v1"“~by(e1))

V?'d—b1(e{—(e1—9?1)) ,

(o1 e))

U;"d—b1(‘3{—(€1—f1))

2_g112
O, by(%,) — t¥ + +uz 4% e
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Table 2-1 Aggregated isolated game (Refer to the points in Figure2-5)

Payoffs of water sharing
game

Payoffs of trade
game

Aggregated payoffs

Other payoffs that dominate
this one

(0, by (%) — 7 + (0, U? + Ui-u ) R u t’z‘(v;"d—bl(e{))
ty ud _ (O, bZ(XZ) - t2 + T (el_(e % ))
v;"d—bl(e{—(el—fl)) 2 1 1 =1 1 1
bi(e1))) +Uf + U1 U1 U1)
0, b,(x,) — t¥ +
Oba() =tit W+ R VR 0) | U1 + R VR ba (i) o +
v%9_p, (el—(e1-%1)) t¥ @i =bs(e])
b (e1))) v b, (e]—(e1~%1))
0, by (%) — t5 + (U{,U?) (UL, U + by(%,) =t +
G ud _ £y (v3"* by (e]))
villl’ —571(6{—(61—56'\1)) v;"d—bl(e{—(el—fl))
bi(e1)))
wd_p (el)—t¥ -U? v¥e_p, (ef)-t¥, 14
(e —#;;))wg, 0) | O.UF+5i UiU ) (ty—#;;))ltg, U? + (V3 + 532 Uz L U2, b, (%,) -
U1 1 u tz (171 bl(el))
ui-uz Ul Ul) O vi"—by (e~ (e1=%1))
u,d_ N_su U U u,d_ N_su
(t:‘il._vl b1(A€1) tl'té‘, 0) (U11 + 4 2 0) (t%_vl by (e1) tl'té‘-i—Ull +
by(%2) by(%2)
-u}
Siuz o)
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» (e 0) (UL, U?) (e _ i ebi(eD-th g U2) (wi"* = by(e]) + U +
1 b2 (%2) 2 1 bz (%2) SR vl-u} 5, u
UZ_p2 Ui, by(X,) — t3)
1 3
" = bi(eD ba(®) — | (0, u2 + BB ) | W1 — ba(eD), ba(R2) — ¢ + UE + | (U1, U +ba(R)) — ¢} +
tY) Ui-U,; UZ-u2 Ul) té‘(vi"d—bde{))
ul-yt 1 vf‘d—bl(e{—(el—fl))
(vu,d — b,(e]), by(%,) — 1 Ui-U} . 5 ud ' 1, Ui-U3 ;2
1 1\€1), U2A2 Uy + UZ_u2 Ui, 0) (171 - bl(el) +U; + UZ_y2 Ui,
) v 2y g 3
by(%;) — t3)
W~ by(e), bo(R) — | (UL, UD) (v = by(eD) + UL by () = 65 + | (U] + =2 07, b, (3,) -
tu UZ 1~ Y3
uy ) fu t¥ (Wi —by(e]))
2 v;"d—bl(e{—(el—a?l))

Table 2-1 (Continued) Aggregated isolated game
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Y India
Aggregated

A frontier

X China

00

Figure 2-6 Possible frontier of aggregated game

Then the interconnected game are represented as the following Table 2-2. Each
country has eight combined strategies and payoffs for each player is calculated as the
ones shown in the matrix cells. The values of the payoffs are aggregated from Game 1
and Game 2. For example, if China chooses to not share the water but import iron from
India, and India makes a side payment in order for China to share the water, and not
accept the investment project, then the payoffs for China and India are respectively
Ul + t¥* and U2 — t*. The same reasoning as the simple aggregated game, the possible
frontier should be the payoffs that are not dominated by any one.

It is proven that (column two, row four) is dominated by (column one, row four),

(column three, row three) is dominated by (column one, row one), etc..
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Table 2-2 Interconnected game

India

Pay/ Pay/ Not Pay/ Not Pay/
Accept Not accept Accept Not accept
investment Investment Investment Investment

China

Share/ U“1 + vf"db1 (el), U,} + v;l’d — b.(e]), U11 + b, (e; — (e, — %,)) U'} + b, (e; — (e, — X))
|mp0rt U12 + b, (%,) — t¥ U,? + b, (X,) — t¥ —b,(e1), U12 + b,(%X,) —b,(ey), U% + b,(X,)
Share/ | U + v%b,(e}), | vi** — by(e}), Uz +by(e; — (e, = £,)) | bi(eg — (&1 — %1))
Not U'g + b,(%,) — t¥ b2(£2) — t% —b4(ey), U'g + b,(X,) _bl(ei)r bZ (QZ)
Import

Not Ui +t* UZ =t} | Uj +t}, U2 — ¢¥ Ui, U,

Share/ Uf U3

Import

Not Ul + ¢ U2 —t¥ |t} -t} Ui, 0,

Share/ Uz 0

Not

Import
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From Table 2.2, it is not hard to get that the frontier payoffs are (U3 + t¥,
U3 —t1), (UL + 01" = by(ep), UP +by (%) — 68), (U1 + ¢!, UF — t), (UF + v} —
bi(eD), U3 +by(R) —t} ), (Up+v"" —bie) , U3 +by(R) —t§ ), (Ul +
bi(ef — (e1 — £1)) — by(e1), Uf + by(%,) ), (Us + by(ef — (e — %)) — by(ey), UF +
b,(%,)), (U + by(eg — (e1 — 1)) — by (1), U5 + by(%y)).

Compared to the frontier with the aggregated ones, (vf‘d —by(e)) + Ui +

Ui-
Ui-

”g'd—lh(e{)—tlf:
by (%)

Ui-Uz
Ui-u3

Uz N
sz Ul ba(R) —t2), (4 = tf + UL+ 553 Uf, 0), (UL, UP+

,d
t3 (" ~by(e1))

v;"d—bl(e{—(el—a?l))

d
Ut-U; ;12 o u t¥ (1% ~b;(ey))

5 Ui by (%) — t3 + =5 ; - ,
UI_US Ul' —bl(el—(el—xl))

b, (%;) — t5 + ), (Ui +

t%(vi"d—bl(e{)) UZ_y2
U? +=2—=2yl) , and it is proven that payoff
vi?—by(e]—(e1-21)) ! 73 1) P pay

0, bp(%) —t3 + 1
ul-

frontier in interconnected game dominates all the payoffs in the aggregated game. Based
on those combined possibilities, India, as the downstream country could change its
payoffs (with the superscript 2) in the contract to force china to share the water in the dry
season.

The possible frontier of interconnect game is shown in figure 6. To avoid the
side payment, feasible frontier are (U2 + b, (e; — (e; — £,)) — by(e;), U2 + b,(&,)) and
(U + by(e; — (e, — 1)) — bi(e]), UZ + b,(%,)). That is when India chooses to not
make a side payment for the river sharing, but accept China to implement the investment
project, and China agree to share the river, but either import or not import iron ore from

India does not harm neither country.
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Interconnected game
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Figure 2-7 Possible frontier of interconnected game in dry season

2.2.1.3 Flood season

Very few studies have discussed about trans-boundary countries interaction with
each other when there is flood. During the monsoon season (June—October), floods are a
common occurrence. Deforestation in the Brahmaputra watershed has resulted in
increased siltation levels, flash floods, and soil erosion in critical downstream habitat

such as the Kaziranga National Park in middle Assam Occasionally, massive flooding

causes huge losses to crops, life and property. Periodic flooding is a natural phenomenon,
which is ecologically important because it helps maintain the lowland grasslands and
associated wildlife. Periodic floods also deposit fresh alluvium replenishing the fertile

soil of the Brahmaputra River Valley. Thus flooding, Agriculture, and agricultural
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practices are closely connected. Water resource department and the Brahmaputra Board
take flood control measures but until now the flood problem remains unsolved. At least a
third of the Land of Majuli Island has been eroded by the mighty river. Recently it is
suggested that a highway protected by concrete mat along the river and excavation of the
riverbed can curb this menace (Shrivastava et al, 2005).. This project, named The
Brahmaputra River Restoration Project, is yet to be approved by the Government.

During this season, downstream country (India) certainly would desire less
water or flood control from upstream country (China) once the river flow is above its
satiated level, China instead tends to release more water to downstream to avoid upstream
flood. I can picture different scenarios. First of all, China will release the excess water to
India until reaching India’s satiated level, and the released water fills exactly up to India’s
satiated water level. Of course in this case China is willing to share and India does not
have to pay for it. 1 will not discuss this scenario in detail. Secondly, there is too much
excessive water in the upstream. If China releases all the excessive water to India, which
causes flood in the latter country, the water released from China makes India’s water
level exceed its satiated level), then India expect China to take some measure to control
the flood. In this situation, either downstream incremental or constrained upstream
incremental River Sharing Agreement is not appropriate, since the method to equalize
both countries’ benefit will not work. However, | will use the similar setups as the
scenario of dry season.

Agreement is to let China control water flow, and release the amount of water
e; — X, and India receives this amount of water and just fill up its satiated level x;.

Therefore, e; — X; = x; — e, , Where e; and e, are water controlled by China and India.
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India will pay China to control the flood upstream, and therefore, China will have more
water than its satiated level, i.e. £; > xj.
vy = by (x7) = b (X)) + 14
t; = by (x7) — by (X1)
—t1 =1
v is the welfare for each country, which is represented by the benefit function
b(x). Since X; > x7, b;(X;) < by(x7). Superscripts stand for the index of water sharing
agreement scheme. t is the payment transfer in exchange of flood control. The payment
is to compensate upstream country for control the river flood which exceeds its satiated
level. Negative value means the payment for the water to the other country, and positive
value, on the contrary, means receiving payment from the other country. For India, its
welfare function is
vy, = by(x3) — t;
t; = by(x3) — v, = by(e; + e — %) — v,
t; = —t,
Therefore, the water sharing game becomes India pays China to control the

volume of water, and the payoff matrix is as Figure 2-8:

India

Pay Not Pay
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Ch'na Contl’0| bl(fl) + tl,bz(ez + 81 - 5&1) - tz b1(£1)1 bz (x;)

NOt Contr0| bl(xik) + tl,bz (82 + 61 - x;) - tz bl(xik), b2(€2 + 81 - XI)

Figure 2-8 water sharing game under flood season

To simplify the analysis, subtract (b, (x7), b,(e; + e; — x7)) in each cell of the

payoff matrix above. The new game is as below:

India

Pay Not Pay

China | Control | by (%,) + t; — by (x7), b,(%;) — by (x7),
b,(e; +e; — %) — t, b,(x3)-by(e; + e; — x7)

—by(e; +e; — x7)

NOt tl’ _tz 0,0

Control

Figure 2-9 simplified water sharing game under flood season

In the scenario of wet season, payoffs have the relationship: t; > b, (%) + t; —
by (x{) > 0> by (%) — by (x{) and by(x3) — by(ez +e; —x1) > by(e; +e; — %) —
t, — by(ey, +e; —x7) > 0 > —t,. Clearly, this is also a game of prisoner’s dilemma and
its Nash Equilibrium of single play is when India does not make a side payment and
China does not control the flood. Infinite repeat game results the following payoff

frontier as shown in figure 2-10.
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(b, (%) by (x;), b, (x;) ~b, (e, +&,=X1)) Y India

v\~~~~~~ A
s ~~‘~ (b1(>?1)+t1—b1(XD,bz(ez+91—>§)—tz—bz(ez+erxi))
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\
\
\
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Figure 2-10 Possible frontier in repeated water sharing game under flood season

Same analysis is conducted as the one in dry season. The infinite repeated game

( —t;[by(£1)—bq(x]1)]
by(ez+eq1—%1)—by(e;+e;—x7)

results the possible frontier: +t; ,0), ( bi(X)+t,—
bi(x7), by(e; + e —X1) —t, —by(e; + e —x7) ), (0, bp(x3) — by(e; + €4 —x7) +

b2(62+el_t’?1)_b2(x§) (b1 (%)) — by (x1))). To avoid the Nash Equilibrium of this game, India
1

could also use the same trade game to constrain China’s water sharing behavior. Let us

examine  the  payoffs from  simple  aggregation of two  games
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Table 2-3 Aggregated game under flood season (refer to the point in figure 2-10)

Payoffs of flood control
game

Payoffs of trade game

Aggregated payoffs

Other payoffs that
dominates this one

(0, by (x3) — by(ez +e; — O, U2 + U11) (0, bp(x3) — by(e; + € —x7) +
XI) + U1 U3z by(ex+e1—%1)—ba(x3) (b (2 ) _
b2(62+€1—f1)—b2(x£) (b (56\ ) _ tl 1 1

t 1 1
bl(xik))) ! bl(xl) + Ul Ul Ul Ul)
QP =bales b=+ 02,0 | W1+ TR0 b) -

1

b2(62+el_£1)_b2(x5) (b (56\ ) _ b2 (eZ + € — xik) +

t1 1M bz (ez+e1—%1)—by(x3) (by(%,) —
by(x))) NG o

by (x1) )
(0, bz(x;) - bz(ez + el - (Ulf U ) (Ull, U12 + bz(x;) -
x1) + by(e; +e; —x7) +
bz(ez+€1—t?1€1)—bz(xz) (by (&) — bz(ez+€1—t9151)—bz(xz) (by (%)) —
by (x1))) by (x1))
(bl({l) + i — A 0, U2 + L% 1y (bl(fl) +t, — by (x1), Uf + U +422y2 b, (x3) —
by (x1), by(e; + e, — %) — U +by(e, + e, — %) — S,
- b2(62 + 61 - xik) ) Ul 1 2 2 1 1 bz((ez + el)_ 'x(l))+
by (e +e1—%1)—by (x5 o
bz(ez +e; —x7)) 28274 tjil 2% (by(%y) —
by (x1) )

(by (%) + ¢, — (Ul + U1 ,0) (b1 (1) +t1 — by (x7) +

bi(x1), by(e; + e — X1) —
—by(e; +e; —x7))

1 1
B g2 po(ey + €4 — %) —
U2-py2 1 P2\E2 1 1

1 3

— by(e; +e; —x7))
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by(ez+e1—%1)—by(e;+e;—x7)

by(ez+e1—%1)—by(e;+e;—x7)

(bl(jc;l) + tl - ~ (U%, U12) (bzl(fl) + tl - bl(x/if) + U%, (U% + U1 U2 2 bz(x;) —
by (x1), by(e; + e, — %) — Ui +by(e; + e, — %) —t; — X
—by(e; + e, —x7)) b,(e, + e; — x7)) b, (e, T e _xl)*+
by(ex+te1—%1)—by(x3) (b (z,) —
t 1\
by (x1) )

—ta[b1(£1)—b1 (x1)] 1 —ta[b1(£1)—b1(x1)] 1 _
(bz(ez+€1—f1)—b2(€2+€1—x;) (O Ul U1 U1 Ul) b2(€2+€1 %1)—by(ex+e1—x7) + (Ul + U2 U2 Ul’ bz(xz)
t1,0) ~U; Ul by(e; + e, —x7) +

Ul Uy by(ex+e;—%1)—by(x3) S\
2D (3, (3,)
by (x1))

- £1)—by(x] -U3} —t5[b1(R1)—by (x]

ta[b1(X1)—b1(x7)] (U11 + 512_52? Ulz, 0) ta[b1(X1)—b1(x7)] + tl,O)

t1,0)

—tz[b1(£1)—b1(x7)]

by(ez+e1—%1)—by(e;+e;—x7)

t1,0)

(U1, Ut

—t,[by(£1)—bq(x])]
by(ez+e1—%1)—by(e;+e;—x7) t

ty, U7)

(b1(X1) +t; — by (x7) +

UiZUs 12 ), (e, +e
U12—U32 1 Y2\F2 1
%) —ty —by(e; + e —

x1))

Table 2-3 Aggregated game under flood season (continued)
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The aggregated payoff frontier is

—t5[by(%1)—bq(x7)]
by(e;+eq—%X1)—by(e;+e—x7)

+t4,0),

(b1 (%) +t; — by (xg) +

vi-u} ~ N
Uiz—uz% UZ, by(e; + e —%1) —t, — by(ey + €1 — x7)),

(Uil, U12 + bz(x;) — bZ(eZ + e, — x;) + by(ex+eq

202208 (b (2,) — by (), (UF +

vl-yl N X by (ex+eq—%1)—by(x3) o %
U%—U:% Ulz'bz(xz) —by(e; +e; —x7) + 2e2ra ;161 22 (b1 (%) — b1(x7) ),

* * b( + _A)_b(*) o * UZ_
(0, by(x3) — by(ey + €1 — x7) + = 2ra :1 2% (by(%1) — by (x1) + U12 + U11_

UZ
=ub)
and is as shown as the dash line in figure 2-11

Y India
A

™~ Aggregated
~ frontier

\ > China

00

Figure 2-11 Possible frontier of aggregated game
Next, examining the payoffs of interconnected game. It is shown as the matrix as

below.
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Table 2-4 Interconnected game under flood season

China

India

Pay/Accept Pay/Not accept Not Pay/Accept Not Pay/Not accept

investment Investment Investment Investment
ContrOI/Imp U11 +b,(X)+t, — U'} +b,(X)+t, — U11 + b, (%) — b, (x7), U'} + b, (%) — b, (x5
ort by(x}), U + by(x}). U + UZ + by(x3)- UZ + by (x3)-

b(e; +e,—%,)— | by(es+e, —%)—t, |by(e;+e;—x1) b,(e; +e; —x7)

to —by(e;+e,— | —by(e; +e4 —x7)

x1)

Control/Not Ul +b, () +t,— | by(R) + 1ty —bi(x5), |US+b(8)—by(x7), | bi(R)) — bi(x7),
Import by (x), UZ + b,(e; + e, — %) — UZ + by(x3)- b, (x3)-by(ey + e, —
by(e; + e, —%) = | t; —by(e;+ e —x7) | by(e; +e; —x7) x1)

t, —b,(e; + e, —

x1)
Not Control | Ul+t¢t, U?—¢, Ul+t,02 -1t Ui, Ui,
/Import Ut U3
Not Control | Ul +t,U? —¢t, t1, —t Ui, 0,
/Not Import Uz 0
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The payoff frontier of interconnected game is shown in figure 13. Comparing to
the aggregated frontier, it is clear that the former one has wider range of strategy choices
and outcomes. The feasible frontier points are the underlines ones. Meanwhile, to avoid
the side payment, strategy not side payment but accept the investment project can be

chosen for India. And China controls river flow but chooses either import iron ore or not.

Y
Interconnected

A game frontier

Aggregated
frontier

X China

0,0

Figure 2-12 Possible frontier of interconnected game vs. aggregated game under flood season

2.3. Numerical Example

Suppose in normal season, China controls 100 units of water, e; = 100. And
India controls 60 units, e, = 60. Both countries have the same benefit function b(x) =
100x — 0.5x2, therefore, the satiated level for both countries are 100 units. Then the fair
water allocation is 80 units, which means China sharing 20 units to India. Constrained

upstream scheme makes the welfare function vi* = 2v(1,2) — v(2) = 2b(80) — b(60)
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and the transfer should be ti* = v{* — b(80) = b(80) — b(60) = 4800 — 4200 = 600.
Therefore, the agreement is that India pays China 600 for sharing 20 units of water.

In dry season, China controls 90 units of water, e;" = 90 and India still control
the same units. With the agreement above, China still will share 20 units, but with the
side payment, China’s welfare is v{* = h(90 — 20) + 600 = 5150 > b(1000) = 5000,
which is the welfare of fair allocation in normal season. Therefore, China does not have

incentive to deviate. The water sharing game is as the following:

Game 1 India
Pay Not Pay
China | Share b(70)+600, b(80)- 600 b(70), b(80)
Not b(90)+600, b(60)-600 | b(90), b(60)
Share
Simplied India
Game 1
Pay Not Pay
China | Share 200,0 -400, 300
Not 600,-600 0,0
Share

Figure 2-13 Numerical Water Sharing Game

N.E. is (0,0) or (not share, not pay) in the single play. The possible frontier

with infinite playing is as Figure 2-14.
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Y India

(-400,300)

Possible
frontier

X China

(0,0)

AN \

%;\&600,600)
N

Figure 2-14 Possible frontier of repeated game on water sharing

The frontier is (200,0) and (0,100),Next step is the trade game, and payoff are assume as

below.
India
Game 2 Accept Not accept
investment Investment
China Import iron 400,100 -600, 200
Not import iron | 800, -100 0,0

Infinitely repeated game is expressed as Figure 2-15
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Figure 2-15 Infinite Repeated Water Sharing Game

The possible frontier are (400,100), (0, 140) and (300,0). Aggregated isolated game is

presented as below

Payoffs of water | Payoffs of trade | Aggregated Other payoffs that

sharing game game payoffs dominate this one

(0,100) (0,140) (0,240)

(0,100) (400,100) (500,200)

(0,100) (300,0) (300,100) (600,100)

(200,0) (0,140) (200,140) (300,200)

(200,0) (400,100) (600,100)

(200,0) (300,0) (500,0) (600,100),
(500,200)

So graphically it is presents as:
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Y India

Possible aggregated
frontier

X China
>
(0,0)
The interconnected game:
India
Pay/ Pay/ Not Pay/ | Not Pay/
Accept Not accept | Accept Not accept
investment | Investment | Investmen | investment
t
China Share/ 600,100 -400,200 0,400 -1000,500
Import
Share/ 1000,-300 | 200,0 400,200 -400,300
Not Import
Not Share/ 1000,-500 | 0,-400 400,100 -600,200
Import
Not Share/ 1400,-800 | 600,-600 800,-300 | 0,0
Not Import
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Consider only the payoff sets are non-negative, and eliminate the ones dominated by any
other one. Therefore, the frontier is shown as the underline. In this case, the mix strategy
(Share/Not Import, Not Pay/Accept Investment) or payoff (400,200) is not better than the
frontier of aggregated game. But the mix strategy (Share/ Import, Not Pay/Accept

Investment) is better than the frontier of aggregated game.

2.4. Conclusion

Interconnected game provides broader vision of water management, especially
to the trans-boundary water-sharing issues. Since China and India do not have any
official water sharing agreement yet, this research might shed a light to an efficient way
of designing a river sharing contract without side payment. | modeled an interconnected
game linking water sharing game and international trade game. Model results shows that
the frontier of interconnected game is higher than the aggregated game, and it is feasible
for India to get water shared without side payment. No literature so far has researched on
the flood scenario, and the virtue of this paper is that extreme weather conditions are
considered- drought and flood. I also proved that in flood season, neither the downstream
incremental or constrained upstream incremental river sharing agreement would work.
Then | constructed a new way to calculate the payoffs in the water sharing game. Even
though the payoffs are quite different under two extreme weather, yet interconnect game
are preferable than the aggregate game. India does not have to pay for China to control
flood by agree to assign the infrastructure investment project to China. Experiment could
be implemented in the future to test how efficient the interconnect game is and what the

most preferable strategies people would choose under different weather condition.
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CHAPTER 3
VIRTUAL WATER TRADE AND ENVIRONMENTAL POLICIES

3.1. Introduction
As water scarcity becomes a major concern in countries around the world, the
concept of 'virtual water' (Allan1993) has gained attention from water managers and
researchers. ‘Virtual water’ is a measure of the total water used in producing a good or
service. For instance, it takes 4,100 liters of water on average to produce one cotton shirt
(medium sized, 500 gram). Hoeskstra and Huang (2003) report that 13% of the water
used for crop production in the world gets exported to other countries in the form of
virtual water. Some researchers have found shortcomings in using this measure (Frontier
Economics, 2008). It does not differentiate the value of water from different sources; it
does not provide any indication of environmental harm nor the extract limit of sustainable
usage of water; it might not be economical to reduce the production of water-intensive
commodity in order to use the same water to produce an alternative less water-intensive
commodity, as ‘virtual water’ is implicitly assumed and is not re-usable. However, in a
study on trade data of Middle Eastern states, Allan (1993) concluded that using ‘virtual
water trade' could solve some of the water scarce issues. For example, the only way for
water-scarce region to survive is to import a large amount of food such as grain, livestock
etc. The region, therefore, could purchase the agricultural products with water already
embedded in, instead of depending on its own scarce water resources.
Virtual water (VW) is essentially an embedded factor of production, and
therefore, makes it an important economic concept. However, as Remier (2012) points

out, some economists are not keen on using VW as a legitimate economic concept,

77



especially in the context of trade. Remier found three specific arguments made against
VW in the literature. First, Merrett (1997) disputes the legitimacy of using the term
‘virtual water import’ since the water contained in imported products (VW) is much less
than the actual water used in their production. Second, Wichelns (2004) argues that VW
only considers the absolute advantage but not comparative advantage, the fundamental
economic principle underlying international trade (OCED 2050). VW concept only
addresses resource endowments (absolute advantage) and that it ignores the underlying
differences in production technologies or opportunity costs between trading partners,
which form the basis for comparative advantage. Third, Ansink (2010) argues that the
standard international trade model only provides a weak support to VW concept. He also
argued that VW fails to stand even certain empirical tests. However, Reimer (2012)
systematically counter all the above three arguments and argue that relative water
endowments of countries are the main sources of comparative cost advantage. The
comparative cost advantage arising due to VW may not be obvious but ‘latent.” Reimer
used a two countries, two factors (capital and water) and two goods model, by
maximizing the firms’ profit with trade balance constraint, he proved the Heckscher-
Ohlin Theorem. The comparative cost differences may not arise necessarily due to inter-
country technology differences in this case, but to the high costs of trade associated with
the sector that is most VW-intense, i.e., agriculture. Therefore, Reimer argue that VW
must receive due consideration in evaluating trade-related efficiencies and welfare gains
and losses. The present study will expand Reimer’s idea to explicitly model trade-related
welfare gains from importing a VW-rich commodity from another country in exchange

for exporting a VW-free commaodity.
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Most researches on virtual water, only concerns agricultural products, such as
wheat, grains, and etc. This study however includes industrial products and other
products of virtual water. The key question that I try to address is how much water is
saved for a water scarce country via import and what the local and global welfare gains
will be. Are there policies (subsidies and taxes) to match the market economic welfare goals
and other social welfare? Peterson et al, 2002 shed some light on the social welfare
calculation with environmental externality when different policies applied. They
constructed a two-countries, one agricultural good, two factors (land and non-land),
model with externalities, and then by empirically test, they found out the optimal policy
tool. It was predicted that all small countries support a positive land subsidies for the
production of non-market agricultural good I will extend the international trade model of
Reimer (2012) and Peterson et al. (2002) by explicitly integrating not only virtual water
but also other environmental factors such as water pollution, water scarcity rent into a
two country, two factors (water and non-water), two products general equilibrium trade
model. One country produces only one water-embedded commodity with different
technology and trade with each other. By solving the above modified general equilibrium
model, 1 will determine the social welfare, which is the sum of consumer surplus
representing the utility from consumption net of externality (such as environmental
degradation or improvement), and producer surplus, representing the firm's profit. The
model will result in equilibrium quantities and prices of water-embedded products. The
quantity of water saved by virtual trade could be determined by the net import.
Meanwhile, social planner may design policies such as subsidies and taxes to match the

optimal social welfare with the market-determined welfare The above model is empirically
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tested by using data from the USDA, FAOSTAT, World bank and USEIA (US Energy
Information Administration). USDA publishes national data on wheat consumptions,
import, and average cost of growing wheat in United States. FAOSTAT provides wheat
prices, production and food CPI in different countries all over the world. Real world oil
price (taking inflation into account) is available from the databank of World Bank. USEIA
provides data on domestic oil price in United States, oil production and consumption in US
and Saudi Arabia. Using the above data, | will be able to estimate the various components
of the general equilibrium model and compute welfare gains and losses from different
market and policy scenarios.

This paper concerns international efficiency of virtual water trade. From the data
of www.waterfootprint.org, top net virtual water importers are North America and East
Asia, however, the water scarce countries like African countries involve much less in the
virtual water trade. My study will analyze the extent to which virtual water will influence
the overall welfare, and if there is any need for policy intervention to align trade-related
economic welfare goals with water-related environmental goals. | will also take the
sustainability indicators into a general equilibrium model. Following Wurtenberger et al.
[2006], environmental indicators such as pollution impacts of production is factored into
the two-country trade model.

I will focus on the water pollution, since as virtual water trade takes place, water
pollution is ‘transferred’ to the exporting country. There will be a trade-of of
environmental cost of water pollution and producer's or/and consumer's surplus. The model
will solve for maximum social welfare, which is the sum of consumer surplus that consists of

utility from demand and externality (such as environmental degradation or improvement),
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and producer surplus that is the firm's profit.. By trading the virtual water products, world
equilibrium price can be obtained by equating the home production and home demand plus
foreign demand. My model also calculates how much water is saved by trading the virtual
water products. Meanwhile, social planner can make policies such as subsidy or tax to match
the optimal social welfare based on the results. The model provides insights on VW-related
policy solutions to domestic water scarcity issues, for instance, water transfer from South to
North in China. By testing the data, some of the shortcomings of virtual water will be
minimized.

The rest of the paper is organized as follows. The next section introduces the
conceptual international trade model of virtual water. Some policy suggestions are made in
Section 3.3. Section 3.4 explains the data from difference sources | will use to test the
model developed in Section 3.2. In Section 3.5, I will simulate a model and use the data to
estimate related parameter and test the variables needs in the model. Test results will be

well explained in Section 3.6, and then section 3.7 will be the conclusion.

3.2. Model

3.2.1 Environment
Following the standard Heckscher—Ohlin trade model (Heckscher, 1919; Ohlin,

1933), | assume that there are two countries, Home and Foreign, in the world producing
the two commodities, one is water intensive and the other is less water intensive. Two
factors will be input in the production of those two goods: water and non-water. The
technology form of any products that are embedded with water, is expressed as its general

transformation form (Peterson et al., 2002):
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T(y1,y2,D,W,N;) =0 (3.1)
T(y{,y5,D,W*,N)=0( = 1,2,...,n)
Where y is the output of the product in question, D is a negatively valued damage from
pollution, W is the input of water and Nj is the input of non- water. i is the index of non-
water based inputs. Both countries consume this commodity. All asterisks represent the
foreign country. | assume that Home is a water scare country, while Foreign is water
abundant. | will analyze the problem under the circumstances with and without trade.
During the international virtual water trade, the environmental pollution or damage is
being transferred as well. For example, with virtual water trade, the water abundant
country (foreign country) will focus on producing the water intensive product and
therefore, water in the Home country can be used for other more important sectors or in
the future. At the same time, since the technologies of producing this product are different,
then the production functions are as below:
yi = FW, N yr = Fy(Wy Ny
¥, = Wy Ny, 32" = F; (W N;)
Function D is the damage function which has the same functional form in every country.
To simplify the problem, | assume that VW-related damage will is a function of
production of good 1 and good 2, and in turn, a function of embedded factors of production.
D = D(F,(W,,N.))) = D(W,,N,)
b = D*(Ff(Wf’Nfi)) - D*(Wl*'Nl*i)

Function F and D are both concave, twice differentiable and satisfy the
general transformation form as follows

T (F,(W,,Ny,), F,(W,, N, ), D(Wy, Ny ), W,Ni) = 0,(i = 1,2,...,n)
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T (Fy Wy Ny D Fy (W5, Ny ), DP(WE N WLN) = 0,0 = 1,2,...,m)
322 Autarky Economy

Under autarky economy, firms from home country are producing both commaodities
with the maximized profit.
T[(py’ Pw Py, ) = max {p1F1(W1'N1i) + szz(Wz,Nzi) - py (W, + W,) - le-(Nu +
N,)} (3.2)

Therefore, taking first order conditions with respect to the input of water and non-
water factors, we obtain
Pw = P1Fyw, = 0w, Py, = p1F1N1i = D FNi

Since home country is supposed to be a relative water scarce country, it does not

produce that commodity in big enough quantity to influence the world output price. That is,
it takes the world price as given. Factor price is equal to the value of its marginal
productivity contributed to the final product. Since the price of good 1, the water
intensive product, is taken as given, the factor price is completely determined by the
value of the marginal productivity.
W, /Y1 = ay W, /Y2 = Qyy ’Nli/}’1 = aiNj N, /Y2 = azn;
Wi'/yi = a1 Wy /ys = @, N;,/¥1 = @in;,Noi /Y2 = @an;
This ratio above is the factor needed to produce one unit of good. i.e. a,,, is the amount
of water needed for producing good 1 for the home country. When factor market in each
country clears, W, + W, = W, and N,, + N,, = N,. Same applies for the foreign
country, where Wy" + W, =W=*and Nf + N, = N*. Perfect competitive market

condition makes zero profit and free entry with
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a by + aNiPy, = Py

a,, Py T A Py, = P;

Where p,,, ’PNi , and p,, p, stand for factor prices of water and non-water, price of good 1
and good 2. Left hand side represents the average total cost of each good.

W,/N; > W, /N,,

Wi/Nj; > Wi /N,

Therefore,

a‘lW aZW 1w > a >|<2W

alN,;  AG2N, G*1Ny,;  G* 2N,

a x

And assume that home country is relatively water scarce, whereas foreign
country is relatively water abundant. W/N; < W?*/N*{
3.2.2 Social Welfare (Autarky)

For the social planner, the problem is maximizing the social welfare, which is
the sum of consumer surplus (the area between the demand curve and equilibrium price),
and producer surplus (the firms' profit), net of water related environmental damage.
Qautarky = maxwyd [ (01)d(1) + [5 02)d®2) + 0, F, (W, N, + p,F,(W,, Ny —
Py Wy + W,) =Zpy (N, + N,) = C(F (W, N, )} (33)
Let c(p) be the consumption of the commodity, Market clears when
¢;(p) =y, = FWW,N ), c,(p,) =y, = F,(W,,N,)
which is consumption/demand equals to the output. The product price p1,p2 , therefore,
can be expressed as a function of p, =p (W,N, ) p, = p,(W,N,).
And C(F (W, N;))) is the social cost function, a concave, twice differentiable function of

production. Social cost includes the opportunity cost of using the water to the other usage,
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cost of water pollution cleaning and the user cost which is the scarcity rent for future usage.
It is assumed that only good 1 or water-intensive good production generates social cost,
and the externalities from the production of good 2, less water-intensive good is ignored.

Solving this social optimal problem:

—c,(p) g + SEE )+ PyFyw, — CoFyw, = Py (3.4)
—cl(pl)g—lz\z + g—IZ\ZFl(.) + 02Fiy, = Gy, = py (3.5)
—, (D) 52+ 2F,() + pyFow, = CeFow, = Py (3.6)
—¢,(0) 2t + SLE,() + pyFyw,, — CoFany, = s 3.7)

When market clear at ¢, (p,) =y, = F,(W,,N,),c,(p,) =y, = F,(W,,N,),

Equations (3.4) to (3.7) become,

PiFw, — Pw, — CpFw, =0 39
P1Fin,, _lei_CFF1N1L. =0 (39
P Fows = Py (3.10)
P2Fanz, = Py (3.11)

It is obvious that p, does not change whether or not considering the social
welfare. However, there is a difference between the price of good 1, p, when
considering social welfare and not. Denote the price of good 1 as p; when taking taking

social welfare into account and from (6)

ﬁ:p—wl——CF:p—NLl—L—CF>p1
F1W1 F1N1

Since social cost of the environmental damage is included inp; . On the one hand,

policy in such case could be the subsidies to the consumers, which is equal to the social
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cost, to raise their consumers' surplus. On the other hand, social cost can be internalized by
subsiding the firm's output to reduce its cost. The solution to the first integration is the

water embedded in good 1, denoted as W, . In addition to the water embedded in good 2,
W,, the total water used in domestic production of home country is W™ = (W, )"+

(W,)" Meanwhile, the factor price ratio is as below and still equals to the marginal
product of input ratio. Therefore, the externality does not affect equality of per dollar

marginal productivity of each factor.

F F
_ . w, _ Finy
F1W1 /F1N1 =Py /lel or P i

Physical water used in production is traced though (8) and (10),W = W, +

—p-1(_Pw_ -1Pw
W2 = F (171—C'F)+F2 (pz)

3.2.3 Open Economy with free trade (countries produce and trade both goods)

Open economy allows countries to trade; home countries could produce and trade
both goods. For the water scarce country, | assume it is a small country when it produces
water-intensive products, therefore, it takes world price as given, or the open economy make
the price of good 1 drop to the world price, consumer surplus of good 1 increases. New
world price is denoted as p1. However, the water relative abundant country (foreign country)
is assumed as a large economy when it produces water-intensive products. Hence, when it
increase any of its factor input, e.g., water, the output rises, which results that the output
price/ world price drops (9Py /oW < 0, apyl. JON; < 0), ceteris paribus. And open
economy does not change the price of good 2, so does the consumer surplus of good 2.
Home country import the amount of M, = ¢, — y, of good 1 from foreign country and

export X, = y, — ¢, to the foreign country. And foreign country import M; = ;=

2
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y,and export xx =y« — . Market clears at M, = X{ and X, = M; Therefore, ¢, —
i =yi—caady,—¢, ="~y

Welfare of home country in the trade is as the following:

-Qtrade - max{f
P14

AP + [ @dP) + BFAW, ) + B, (T )
P24
— vy (W + W) —py (W, + N,) - C(F (W, A,

And foreign country's welfare in the trade is:

P traqe = axt | i) + | ci0d@:) + iR (7, 7, )
o i)\il i)\il

+ ﬁF;(W*z’NTkzi) - pW (W; + W*z) - pNi(Nfl + mzi)
- C(F (W*,, N, )}

F.O.C.s are as the follows:

P1FIW1—CF Fwq = (01— CF)F1W1 = pw (3.12)

p1F1y — CFFN1; = (p1— CF)F1IN1; = pN (3.13)
F) )

—c(p z)ﬂ‘F ﬂFz( ) + p2Fow, —pw =0 (314)
) F)

—c(p2) 3 pz azszzi F,(.) + poFon,, =y, =0 (3.15)

sy 9P1 6191

c1(P ow; Fl()+P1 1w () — CeFyr = pw (3.16)
era 0P , 0D

—c1(B1) s 5w Fi () + PiFin; () = CeFvy, = o, (3.17)

pZFZW ¢)-— w; = Pw (3.18)

Pze*N; (.) = CrFn;, = pw, (3.19)

87



If the country is a small economy of one good production, then it factor price is net
of the value its marginal productivity and marginal social cost to the environment. In another
word, the value of the factor’s marginal productivity in a certain good is the sum of the
factor’s price and its marginal social cost. If the country is a large economy, on the contrary,
the value of a factor’s marginal productivity is the sum of the factor price and its marginal
social cost subtract the other country’s marginal consumption value of this factor change.
Therefore, the value of the factor’s marginal productivity is higher in the commodity
produced in large country that in small country. Both countries also face budget constraints,
where home country's budget constraint is:

P1¢; T D6, = DYy + Py, = iF () + pF()
While foreign's is as follows with free trade (prices of both goods are the same which is the
world price): f)lc{ +pyc; = ;31F1* () +pF ()

Open economy expands the demand of good 2 which is from the foreign country
because the price of good 2 is relatively cheaper than that in the foreign country. Therefore,

home country mount up its production of good 2 to match such extra demand. Physical

water amount used in the production can be traced through equation 3.12 W, = F~1 (% ,p“é )s

and equation 3.14: F; ' (c(py) Z% - %FZ (.) + pw)/p, = W, Therefore, domestic water
2 2
saved from open economy is

W1+W2_W1_W2

DR ) - le““f’z)awz

op,
W,

F,() + pw)/p2)
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Equations (3.12) and (3.13) explains that as long as factor prices do not change, change
of the value of marginal factor productivity is equal to the change of the value of
marginal social cost of the factor. For the home country, social welfare will be decreased
by consumer surplus but gained from producer surplus and less social cost of the
environment because of using less water during the production process of water-intensive
good. Domestic government does not have to impose any distortions like tax or subsidies as
in autarky economy. Instead, the gains and loss from the international trade can be
mutually compensated. Moreover, since output prices of good 1 (p, ) and good 2 (p,) are
determined by water and non water input, optimal domestic welfare does not guarantee
optimal global welfare. The global welfare optimization problem is as follows,
Dtrade + Qirade

ste,—y=yi—ciady, —c; =¢c; —y;

3.2.4 Open Economy with free trade and each country export the product they have
comparative advantage in

As assumed above, home country is relatively water scarce. Reimer (2012) proved
that even though some economists opposed using 'virtual water trade' concept to
international trade because this concept relied on absolute value, there was still a hint of
comparative advantage embedded in this concept. Hence, when it is an open economy,
water abundant country (foreign country) produces more water intensive good (good 1)
than that they consume, and water scarce country (home country) produces more of less

water intensive good (good 2) than that they consume. Even though completely giving up
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production of one good might be risky and makes the country vulnerable to this good, for
water scarce countries like Saudi Arabia, it is not a bad idea to do so.
y; >ciandy, > c,

Home country import the amount of M, = c, of good 1 from foreign country
and export X, = y, — c, tothe foreign country. And foreign country import M; = cs nd export
Xi = y; —c; Market clear at M, = Xfand X, = M; Home country faces its budget
constraint:

P11 = DY, — P26 = Pacy (3:20)

While foreign country's budget constraint is as follows with free trade (prices of
both goods are the same which is the world price): p, cy = Pyy; —Pic; = D16

In the international trade, both countries produce only what they have comparative
advantage, therefore, both of them are considered as large economy for the goods they
produce. Therefore, the domestic factor prices change influence the world price, such that
apy

ap . . . . .
< O’a_z\le-é < 0. As the import of water intensive good, the environmental damage is

exported. In this case, home country does not produce good 1, and all the environmental
damages from this good are transferred to foreign country. Therefore, even though there
might be higher producer's surplus and consumer's surplus, yet there is a trade-off of the
environmental quality. Social welfare of both countries might change.

The objectives for each country's social planner are formulated as the following.

Welfare of home country in the trade is :
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oo}

Dwiraae =mpaxt[. a@IAG)+ [, c)d@)
S 21 p

2
n
+ 02 Fo (W, Noy) — pyw W, — z Pn;Noi}
i=1

and foreign country's welfare in the trade is:

[oe)

Dwiradge = %C}Vx{ﬁ c1(p1)d(py) + f c2(p2)d(pz) + piFf (WY, Nip) — pw Wy
Iy D

2

n

= > b Vi = COMW;, NiD)}

i=1
The home welfare, therefore, does not include producer's surplus of good 1, costs of
producing good 1 and the externality of environmental damage. Meanwhile, the foreign
welfare does not include producer's surplus of good 2 and costs of producing good 2.
Nevertheless, the social/externality cost from environmental damage increases since it
produces more of good 1 than autarky scenario. The first order conditions of the optimal

solution are derived.

—c2(p2) :_5,22 + :%Fz () +p2Fow, = pw (3.22)
—C2(p2) :Iszzi + :NLZFZ () + p2Fon,, = DN (3.23)
~¢i(P1) g+ s Fi () + PaFiuy () = CrFuy = pw (3.24)
i (P gt S FE () + PiFig () = CeFig, = b, (3.25)

First of all,dp, /oW, marginal price change of water- intensive products in water
input in foreign county, need to be specified. By the chain rule, dp,/0W;'is expressed as

follows:
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1 ay*
BCI + 6C1 aVVl
op, apl

¢1(p1) + 01 F 1W () — CrFy wy = Pw

Therefore, the market clearing condition (3.24) is simplified as below: F‘l(pp—WC) +
1—CF

_ a ]
P s ~F; 1((c(pz)ﬂ—ﬂFz( ) +Pw)/p2)
Define the optimal levels of water usage W2 and non-water usage N2j Hence, optimal

output level is y1 = F(VT/,N;). If considering comparative advantage of virtual

water trade, water is saved for the home country (home country) by the amount of
_1_Pw _1Pwy _ g1 92 _ 92 g

F (pl_CF) + F; (Pz F3 7 ((c(p2) ow,  aw, F,() +pw)/p2

Global welfare maximizing is as the following:

*
Qtrade + ‘Qtrade

F.O.C.s are as below

ap a 0
=¢2(p2) 5 = GG (P2) 3 + 5r P2 () + P2Faw, = pw = 0 (3.26)
ap 7] a
—y(pa) =22 aN z(Pz) pz pz F,(.) + p2Fon, — v =0 (3.27)
N op ) 0 N "
—ci(P1) 3y — 101 5 a;’;} Fi () + p1Fiw; () — CrFw; = pw (3.28)
* ap 3] i)
—C1(P1) aN* 2(192) pl af/i Fi()+ P1F1N () - CrFn;, = Dny (3.29)

With the international market clearing conditions y*_c* = ¢ andy, —¢, = c;. The
FO.Cs are simplified as below, and are the same expression as the ones in the small economy.

Output prices are not affected by the large countries' inputs.
p2Eow, —pw =0 (3.30)

p2Fon, —pn =0 (3.31)
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P1Ffwf () = CeFw; =pw (3.32)
P1F1*N{ () - CrFn;, = Dny; (3.33)

However, it does not mean global efficiency automatically ignores the input
effects of large countries on the world output prices as shown in Peterson et al. (2002). It
depends on what the functional form is for the production. Conditions (3.30) and (3.31)

mean zero profit for the non-agricultural product firm.

3.2.5 Terms of Trade
As the trade of "virtual water" from water relatively abundant country to water

relatively scarce country, the related environmental damage is going to be transferred with
counter flow. Trade with externalities is one of the features in virtual water trade, Since
externality or water pollution in this case negatively affects the social welfare, and if the
total welfare is reduced by 'virtual water' trade, then there must be a compensation, such as
side payment to the export country (water abundant country). However, side payment is
not quite politically preferable since it might weaken the country's international bargain
power. Therefore, terms of trade (TOT) need to be carefully made. The following social

welfare condition has to be satisfied:

1--vatrade = -Qtrade = -Qautarky

93



2. Qoverade = Dirade = Lautarky

That is, with virtual water trade, especially with comparative advantage, the
individual social welfare of each country should not be lower than the one in partial
trade economy and autarky economy. Therefore, if domestic and global social welfare
when considering virtual water is greater than the one without considering virtual
water or the one under autarky, no government policy/instrument is needed. Further,
instruments could be applied, like tax on water use or subsidies to the farmers who

used to produce water-intensive commaodity.

3.3. Empirical Application of the Model: The case of Saudi Arabia

Saudi Arabia had implemented an aggressive wheat production program to
achieve self-sufficiency in wheat production. However, in the process it had depleted
the country's scarce water supplies. Recently, the country has decided to abandon the 30-
year old wheat production program, and instead, to rely entirely on wheat import by 2016.
Countries like Saudi Arabia could shift its resources, especially water resources, from
the production of water-intensive commodities to the production of less water-intensive
commodities or the products that has much higher water productivity. As long as the
trade of virtual water is applied, then the country with scarce water have to pay the

comparative water abundant country for the extra externalities cost (environmental

A A

damage), C*(F*W*,N;) — C(F*(W*,N;")).. Virtual water trade is preferable as long

as total welfare that includes the external cost for home country (welfare minus

payment to the foreign country for the environmental damage because of the extra
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production for home country) will not be less than the one in Autarky economy or

partial trade.

3.4. Data for the Empirical Model

Water scarcity already affects every continent. Around 1.2 billion people, i.e.,
almost one-fifth of the world's population, live in areas of physical scarcity, and 500
million more people are approaching this situation (UNICEF and WHO, 2008).
Another 1.6 billion people, or almost one quarter of the world's population, face
economic water shortage primarily in countries that lack the necessary infrastructure to
take water from rivers and aquifers.

I choose two trading partners: the water scarce country, Saudi Arabia and the
United States, which is abundant in physical water and is one of the major wheat
exporters and oil importers for Saudi Arabia. Two goods are selected: wheat (a water-
intensive product) and petroleum (a less water- intensive product). Water-intensive
wheat needs green, blue and grey water. However, since green water is free of charge, |
only consider blue and grey water. Data are from FAOSTAT, USDA, World Bank and
EIA.

To keep the integrity of the simulation model, | choose a ten-year period data of
every category of water from year 2001 to year 2010, and take the value in 2010 as the
base value. Since the quantity of value of oil export of Saudi Arabia is so much greater
than the value of wheat import, and the United States, the wheat export to Saudi

Arabia is just a small portion of its production, there would be a problem of mismatch
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of scale. For a two-country model, as per the budget constraint 20 and 21, the value of
import and export for both countries in terms of these two products should be the same.
Therefore, | take just a portion of the oil export of Saudi Arabia, which is equivalent

to the value of wheat import. Foreign country | choose.

3.5. Simulation model and solution
In order to keep the model and its results tractable, | present below a simplified
version of the theoretical models developed in the previous sections, using specific

functional forms for consumption, production, and social cost.

¢ = kipy "¢ = kip, (3.34)
—MNc * * _7]2'
C = kzpz Z'CZ = k2p2 2 (335)

e+ =y =kj WMNTh
Cy+¢; =y, = ky Wi2N1712
C=ay;+b

First of all, through a log-transformation of the above functions, we can obtain
simple estimating equations. For example, the log-linear version of equation (3.34) is,
Inc, = Inky — ¢, Inp, + &
The parameters from above equations are then estimated using the data for the study
countries and the regression estimates are presented in the Table 3-1. The estimated
regression results match the intuition that the price elasticity of wheat demand is less
than 1 because it is a necessary good. Price elasticity of crude oil/petroleum demand is

also less than 1, showing it is also necessary. Both wheat prices and oil prices in Saudi
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Arabia and United States are all real prices, taking year 2000 as the base year.
According to IME's report, between 500 and 4,000 liters of water are required to
produce 1kg of wheat. That is 500,000 to 4,000,000 liters of water needed for 1 metric
ton wheat production. Higher technology or better water management is wheat-
growing makes less water required for the same harvest. According to Li et al. (2007),
Crop Water Productivity (CWP) is 0.589 kg/L in US, and 1.066 kg/L in Saudi Arabia.
n1, and n, in represents the productivity of the water and non-water inputs
respectively. Per Ali (2002), US has the water input cost share, n; = 0.004 and ), in Saudi
Arabia is assumed to be 0.00001. Normalize the price of non-water input, taking 2000
price as the base value of 1. Average social cost is taken from Tegtmeier and Duffy,
2004. Linear regression also results the marginal social cost and fix social cost. Using
the parameters below, | estimated the international equilibrium water and non-water
factor inputs for oil and wheat production. By plugging those equations back to (3.30)
to (3.33). Wy, Ny and W, N, in the simulation model are solved explicitly.
Equilibrium input levels are obtained through the simulated model, then numerical values

of each optimal level are calculated by the parameters in Table 3-1.

Table 3-1 Parameters and values

Parameter | Description Value Source
Ne, SA Price elasticity of demand for Estimated  from
wheat 0.001 data
Ne: US Price elasticity of demand for Assumed
wheat 0.03
Ne, SA Price elasticity of demand for | 0.218 Estimated
oil
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Nes US Price elasticity of demand for | 0.008 Estimated

oil

Ink, Log value of Wheat consumption | 17.13 Estimated
constant in SA

Inkj Log value of Wheat consumption | 4.1 Estimated
constant in US

Ink, Log value of oil consumption | 19.54 Estimated
constant in SA

Ink; Log value of oil consumption | 22.74 Estimated

constant in US

N Water productivity in oil production | 0.00001 Assumed

in SA

k3, Production technology constant of | 0.01 Calculated  from
oil in US assumption

Ink,, Production technology constant of | 0.03 Calculated  from

oil in SA assumption

ni Water  productivity in  wheat | 0.004 Calculated  from
production in US assumption

a Marginal social cost 4.3 Estimated

b Fix social cost 354000000 | Estimated

Table 3-1Parameters and values (continued)

Wy =
K[ plj\:/lni i [k* (1- *)I[)szvni mi +a] e +k* [ pljvln*i M ks (- *)I[)szvn’i i
Y1lpy (1-17) Y1 TG e Yilpyw(a-n7) Y1 e
-n¢ PNT1
e
k* Nl*n;k*l_* Nl*n;
by a—mp™ kG -mlpra !
Kk N—l*n1 kX (1-— *N—l*ni
nlppa—ml™ (- mlp a5y
— Nea=1r__PN_ nanc,—n2-nc, [ 12 4120¢, 11
w, _{kayz [(1—1]2)] 2Ncy; N2 2[pW] 2NMcz 7 M2
¢,—1 Pn £ _p o _pr 12 £ _ PnT1
+ kR T BN gmane, —ma—me, (L2 qmane,—m2y NI
2"z [(1 - 772)] [PW] }Pw(l — M)
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The solution suggests that if production function is Cobb-Douglas and social
cost is a linear function of production, the world output price for any country, even for
the large country, is not related to the input. On another word, the power of the large
country to change world price can be ignored.

Thirdly, by plugging these optimal input levels back into the simulation

model, the optimal levels of consumption, production, and welfare are solved.

3.6. Results

This section presents an empirical application of the above model to the
water scarcity problem of Saudi Arabia. If VW trade is considered and comparative
advantage applies, Saudi Arabia, a water scarce country, may consider cutting back on
growing wheat crops that it does not have comparative advantage in, and import instead
to meet its domestic demand. On the contrary, if VW trade or comparative advantage of
water use is not considered, Saudi Arabia would still produce wheat crops domestically,
and may also import some in order to match its demand of wheat. Therefore, the
difference between water embedded in completely imported wheat and that in
domestically produced wheat is the amount of water saved considering comparative
advantage in VW trade. (see Table 3-2). Sensitivity analysis shows the water productivity
ratio in both wheat and oil production is sensitive (Changes of parameters keeping

others constant).
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From the results, it is clear that if there is no international trade, growing
water intensive wheat crops for Saudi Arabia makes water shortage more severe
because of the increasing domestic consumption (see Table 3-3). From 2008, Saudi
Arabia grows much less wheat and chooses to import from foreign countries. Data
shows that after a reduction in wheat production, considering virtual water trade with
no trade distortion (totally give up production of water intensive good-wheat, and let
import support domestic wheat consumption), and then water is saved by a great

amount.
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Table 3-2 Actual domestic production and import of Wheat and oil in Saudi Arabia and United State

Variable Country Commaodity Units Values

Actual annual average of 2008 to 2010

Domestic production SA Wheat 1000 tons 1496
USA Wheat 1000 tons 62814
SA Oil Million barrel | 3801
USA Oil Million barrel | 3331

Imports SA Wheat 1000 tons 1254
USA Wheat 1000 tons -35692
SA Oil Million barrel | -3004
USA Oil Million barrel | 3658

Average Water saved (partial trade SA Wheat Million L 12350

compared to autarky)

Average Water saved (VW trade SA Wheat Million L 1160

compared to autarky)
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Table 3-3 Physical water saved for Saudi Arabia by importing wheat (From Observed value)

Year Water saved by
Import partial  import | Water saved by Fully

Domestic wheat production y; | Consumption c; (Unit: (Unit: ~ million | import

(Unit: 1000 Ton) (Unit: 1000 Ton) | 1000 Ton) L) (Unit: million L))
2001 2081 2050 -31 -29 1896
2002 2436 2150 -286 -264 1988
2003 2524 2250 -274 -253 2081
2004 2775 2350 -425 -393 2173
2005 2648 2450 -198 -183 2266
2006 2630 2500 -130 -12 2312
2007 2558 2550 -8 -7 2358
2008 1985 2650 664 614 2451
2009 1152 2750 1597 1477 2543
2010 1349 2850 1500 1388 2636
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At the equilibrium, world price from the model is lower than the data on average as
shown in Table 3-4. This is true intuitively since world trade will lower the output
price. The increase of foreign demand will raise domestic production , and the supply

curve will shift outward which cause price drop.

Table 3-4 Price comparison: Equilibrium price VS observed price

Year P1 p1 P2 P2
(simulated) (observed) (simulated) (observed)
2001 107.14 98.84 40.21 22.54
2002 109.03 124.76 40.92 23.64
2003 111.28 116.50 41.81 29.57
2004 114.94 112.61 43.25 40.81
2005 117.52 110.92 44.27 57.12
2006 120.29 135.00 45.32 69.42
2007 125.04 196.86 47.11 80.42
2008 131.70 195.14 49.72 120.00
2009 133.80 137.80 50.62 73.20
2010 134.87 159.66 51.01 97.80
Average 120.56 138.80 45.42 61.45

And the effect of Saudi Arabia’s social welfare and Global welfare from VW
trade is shown in Table 3-5. It is clear that from Table 3-5 without any government
distortion, both Saudi Arabia’s and world’s social welfare increases with VW trade.
Therefore, VW trade will automatically compensate the wheat crop growers by the gains

from the social cost reduction.
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Table 3-5 Local welfare change VS. Global welfare change (From observed value to

optimal VW trade level) (Unit: Billion $)
Year SAWELFARE WORLD
GAIN US WELFARE WELFARE
2001 57536 -114 57422
2002 67338 218 67555
2003 69767 72 69839
2004 76718 -32 76685
2005 73203 -91 73112
2006 72705 203 72909
2007 70707 994 71701
2008 54888 877 55764
2009 31857 56 31913
2010 37299 346 37645

3.7. Conclusion

For agricultural production, other than increase in the efficiency of
irrigation, VW trade is another way to save water. As the trade of virtual water from
water-abundant country to water-scarce country, the related environmental damage is
going to be transferred with counter flow. Trade with externalities is one of the
features in virtual water trade. How to calculate the external cost/ social cost is the key
to figure out the local and global social welfare. This paper only considered the
environmental cost as discussed in Tegtmeier and Duffy, 2004. However, it will be
more accurate if taking the opportunity cost of water in other uses and user cost/
scarcity rent for the future use into consideration. Since externality or water pollution

in this case negatively affects the social welfare, and if the totally welfare is reduced by
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VW trade, then there must be a compensation, such as side payment to the export country
(water abundant country). It is not wise for countries like Saudi Arabia, which is a
water scarce country but still has a very high growth of wheat production, since they
will face water shortage faster. In order for sustainable water use and economic growth,
it is more preferable for those countries to shift the production of water-intensive goods
to that of less water-intensive good, or that with much higher value of water
productivity. Therefore, terms of trade (TOT) need to be carefully made. My empirical
test shows that VW trade not only saves a huge amount of water, but it avoids the need
for government interference for the social welfare, since both local and global welfare
increases through VW trade. This paper also provides a methodology for calculating
input price, especially water price that consists of social cost. Nevertheless, irrigation
water for crops includes blue, green and grey water, and it is difficult to convert the value
of all three types of water into one. If such conversion could be developed in the future

study, the local and global welfare gain or loss from VW trade will be more accurate.
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GLOSSARY

Blue water: Fresh surface and groundwater, in other words, the water in
freshwater lakes, rivers and aquifers.

Green water: The precipitation on land that does not run of or recharge the
groundwater but is stored in the soil or temporarily stays on top of the soil or
vegetation. Eventually, this part of precipitation evaporates or transpires through
plants. Green water can be made productive for crop growth (although not all green
water can be taken up by crops, because there will always be evaporation from the
soil and because not all periods of the year or areas are suitable for crop growth).

Grey Water: is defined as wastewater generated showers and baths, which can be
recycled on-site for uses such as WC flushing, land irrigation and constructed wetlands.
Grey water often includes discharge from laundry, dishwashers and kitchen sinks. It
differs from the discharge of WC’s, which is designated sewage, or black water to

indicate it contains human waste.
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CHAPTER 4 SUMMARY

Growing water scarcity is one of the fundamental problems facing humanity.
This dissertation addressed three different economic problems relating to managing
scarce water resources. The first chapter analyzed the factors that influence the
altruistic behavior of the current generation on the availability of water for their
offspring irrespective of their intentions. It looks at the trade-offs between three types
of bequests—monetary, water resource, and individual’s contribution to pollution
abatement. It explains how different economic, demographic and environmental
factors could influence the degree of parental altruism, and therefore, the amount of
water allocated during multiple time periods. The study shows that there may be a gap
in the amount of resource bequest between private individuals and a social planner. A
mixture of different policy instruments is suggested to close this gap. On the one
hand, raising the interest rate for individuals will make them lower their current
consumption of private goods, and in turn, save money towards pollution abatement
or monetary bequest. In addition, a lump sum subsidy could also promote individuals’
contribution towards pollution abatement. On the other hand, a lump sum tax or fine
to the firm that causes the pollution would force the firm to advance its technology to
decrease the pollution level. The above combination of policies result in increased
water bequest by promoting water conservation in industries and pollution abatement

without compromising the direction current consumption.
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So far, there is no river sharing agreement between China and India, even
though there exists an ongoing water sharing conflict between the two countries. The
second chapter studies the water allocation of Brahmaputra River shared by those two
countries when the water rights do not exist. Traditional side payment is not
politically appealing for the victim country risking a reputation of being a weak
negotiator. India, in a geographically weaker position to bargain, expects China share
water in drought season and control flood in wet season. This study uses the
interconnected game, combining water-sharing game, in which China has advantage
on water sharing/controlling in exchange for side payment, and trading game, in
which India has advantage on approving China to invest on its infrastructure in
exchange of China importing iron ore from India. As a result, India exercises the
combined strategies in order to force China to share/control water without side

payments under the condition of either drought season or wet season.

As global warming exacerbates water shortage, it is essential for the countries,
which are water scarce to enhance the capability of handling natural shocks. For
example, cotton growing, one of the largest projects in Sub-Saharan African countries,
requires strict natural conditions like rainfall or enough irrigation. Nonetheless, water
is what Sub-Saharan African countries lack the most. It is not wise to concentrate on
the cotton growing in the long term. Virtual water (water embedded in producing a
commodity) trade will solve this contradiction. From the theory of comparative

advantage, countries like Sub-Saharan African countries should import cotton, a water
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intensive good, instead of growing the crop. A two-country, two-product trade model
developed in the third chapter uses data from World Bank, FAO, USDA and other
sources and calculates the welfare gains by virtual water trade between Saudi Arabia
and United States (Saudi Arabia import wheat from and export oil to US), including
the consumer’s surplus, producer’s surplus and benefit from dodging the risk of
economic loss by drought. This study also proves that without government
intervention, both countries would still achieve trade-related economic welfare goals
and water-related environmental goals. Therefore, the African countries may produce
the goods that they have comparative advantage without consuming a huge amount of

water, such as tourism and related industry.
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