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Abstract

Optimization of water resource management is very important to reduce wa-
ter shortage risk and increase economic benefit. Water option can be used as a
flexible instrument in water resource management. In this study, chooser op-
tions are designed for water managers to buy additional water in drought pe-
riods and sell redundant water in wet periods. To make optimal decisions un-
der uncertainties including probability distributions and intervals, an inexact
two-stage mixed-integer programming (ITSMIP) model is applied. To illu-
strate the role of chooser options in water resource management, a case study
is presented. Factors which influence the willingness of buying the chooser
options are analyzed and the optimal water allocation plans are also provided.
The results demonstrate that chooser options can help water managers miti-
gate the impact of water shortage and increase utilization efficiency of water
resource greatly.

Keywords

Inexact Optimization, Two-Stage Programming, Chooser Option, Water
Allocation

1. Introduction

Water shortage is becoming increasingly severe due to climate change, ever
growing population, industrialization and environmental pollution. To ensure
the sustainable development of economy and society, various water conservancy
projects, such as interbasin water transfer systems and reservoirs, are constructed.

Against this background, domestic water managers face more and more difficulties
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in water allocation under conditions of uncertainty. If the promised water
allocation targets are not realized, water shortage can result in more economic
penalties [1].

For the purpose of optimal allocation of water, innovative economic and
financial instruments are necessary. Numerous authors have proposed innovative
instruments which increase the efficient use of water. Calatrava [2] found that
exchanging water in market can help users to reduce risk exposure. Bjornlund [3]
found that sophisticated water market instruments, such as options and futures,
can be adopted in Australia with the improving of economic fundamentals.
Burke et al. [4] developed an approach for water banking by integrating hydrologic
and economic aspects. They concluded that an interproject banking scheme
might be appropriate for increasing the efficient use of water.

Among these instruments, water options have been increasingly used within
some water markets [5] [6] [7] [8] [9]. By using water options, water managers
can make decisions until obtaining more information about water levels. As the
holders of the options, water managers have the right to buy or sell some water
at a certain price accordingly [8]. In this way, water options can greatly help
water managers reduce water shortage risk and improve economic benefits [10].

In the process of water resource management, uncertainty and complexity
that come from social, economic and environmental factors should be taken into
account. To deal with the uncertainties, mathematical approaches are widely
used. For example, Yamout ef al [11] examined the performance of five water
resource allocation models when uncertainties in the models were represented
by normal probability distributions. Esogbue and Liu [12] applied fuzzy criterion
decision process to model the multi-reservoir operation problems. Stedinger et al.
[13] defined a reservoir release policy by using a stochastic dynamic programming
model and calculated the expected benefits from future operation by using the
best forecast of the current period’s inflow. Esogbue [14] first applied fuzzy sets
theory to the optimal flood control problem and proposed a two-level
optimization model for planning decisions. Huang and Loucks [15] proposed a
hybrid model of inexact optimization and two-stage stochastic programming
model in which uncertainties are expressed as not only probability distributions
but also intervals. They applied the model to a case study of water resource
management and provided useful decision support for water managers.

In this study, an water option named chooser option is defined for managing
water resource in a region that is subject to a high degree of uncertainty. We
present an inexact two-stage mixed-integer programming (ITSMIP) model that
determines the optimal chooser option purchase, the optimal option execution
and the optimal water allocation program. The model is applied to a case study
and the effect of chooser options on water resource decision making and factors
which influence the willingness of buying the chooser options under uncertainty
is analysed.

The rest of the paper is arranged as follows. In Section 2, chooser options for

water resource management and an inexact two-stage mixed-integer programming
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(ITSMIP) model are presented to analyze water resource management problems
involving chooser options. In Section 3, a hypothetical case study is provided to

illustrate the effect of the chooser options. In Section 4, a conclusion is drawn.

2. Methodology

2.1. Chooser Options for Water Resource Management

Options are derivative instruments giving the holder the right but not the
obligation to buy or sell something at predetermined prices, subject to certain
conditions depending on the option types. For acquiring an option, the option
holder must pay a premium to the option seller [16]. Exotic options are options
which are more complex than standard put and call options. With the growing
demand for cost-reduction and special customer needs, more and more exotic
options were created and became popular [17].

According to particular markets or clients, several classes of exotic options are
developed. For example, Asian options are one of the most popular path-dependent
options. They based on the average underlying prices, indices or rates during
some pre-set period of time [17]. Exchange options are options that give the
right to exchange one underlying asset for another. They are the basic type of
multi-asset options. Besides the two classes of options mentioned above, other
popular exotic options include compound options, nonlinear payoff options,
contingent premium options, chooser options and so on [17].

Water options are exotic options that are designed for empowering water
managers to buy or sell some water at certain prices under some conditions [5]
[18]. By using call options in water resource management, water managers can
make purchase decisions and lock in the water prices until the water availability
and requirements became clear [8]. Therefore, water options are flexible,
cost-minimising and risk-reducing instruments for managing limited water
resource [10].

A standard chooser option allows the holder to choose the option to be either
a put or a call at some prespecified future time before the option’s expiration
time [17] [19] [20]. In this paper, we will design chooser options for water
managers to hedge water shortage risk during drought and sell redundant water
during the high flow periods for more system net benefit. With chooser options,
water managers can buy additional water at the expiration date at an agreed
price if the accumulated inflows fall below a predetermined threshold. And on
the other side, they can sell redundant water at the expiration date at an agreed
price if the inflows are higher than needed. The option holder could decide how
much water to buy or sell without exceeding the optioned volume.

This decision-making process is a two-stage programme [8] [9]. At first, the
water manager should decide the water supply target for every user and whether
to buy the chooser option under the uncertain circumstances that water demand
and accumulated inflows are unknown. Second, when the uncertainties are

resolved and the conditions of the option are met, the water manager would
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make decisions on the chooser option and water supplies for every users [10].

2.2. Optimisation Model

Two-stage stochastic programming have been widely used in water resource
management [21]. For example, Wang and Adams [22] used periodic Markov
processes to describe reservoir inflows and established a two-stage stochastic
optimization for real-time reservoir operations in consideration of hydrologic
uncertainty and seasonality. Huang and Loucks [23] proposed an inexact
two-stage stochastic programming (ITSP) model, which included not only
stochastic uncertainties but also ambiguous information expressed as intervals,
for allocating water resources under uncertainty. Other related papers are [24]
[25] [26] [27].

Suppose that a water manager is responsible for water resource management
in a region. There are three competing users in the region: a municipality, an
industrial concern and an agricultural sector. The water manager should
determine water supply targets for every user. And the users make their business
plans according to their water supply targets. If the accumulated inflows are low,
the water delivered will fall below the determined targets and the system net
benefit will be reduced. If the accumulated inflows are high, the water delivered
will meet the needs of the three users’ requirments and the redundant water can
be sold to other regions through interbasin water transfer systems to increase
utilization rate of water. In the following, to realise the above water management
goal, chooser options are designed for the water manager and a two-stage
optimization model including the possibility of buying a chooser option is
formulated. The proposed problem is a two stage stochastic mixed-integer

programming (TSMIP) model as follows:

maxf:ZuZNBile. +E[SQxR—OPx(AQ+BQ)xR—WQx1"2—Zu:Cl.xDiQ},

i=1 i=1

(2.1)
subject to:
Water availability:
Zl:(T,.—D,.Q)SQ+WQ—SQ,\7i, (2.2)
Maximum target of water allocation:
T e 2T, 2 Dy 20,Vi, (2.3)
Minimum target of water allocation:
T,-Dy 2T, ., Vi, (2.4)
Water option contract:
Wy<A,xR, ifQ<M,,
W, =0, ifO=M,,
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Sy <ByxR, if Q=M,,
S, =0, if Q<M,,

nonnegative constraints:
W,20, (2.5)

S, 20, (2.6)

where

£ total system net benefit ($);

C. : loss per unit of water to user 7/ when the promised water do not delivered
(C, =2 NB,) ($/m’);

Dy,: shortage volume of user i when present flow is Q (m?);

E [] : expected value of random variables;

£ i=1 refers to the municipality, i=2 refers to the industrial concern and
i=3 refers to the agricultural sector;

1 number of water users;

NB, : net benefit per unit of water to user 7 ($/m’);

Q random variable represents water inflow (m?);

T, : water allocation target promised to user 7 (m?);

T

i max

T

i min

: maximum target of water allocation (m?);
: minimum target of water allocation (m?);

OP: premium of chooser option ($);

A, optioned volume A, maximum amount of water provided by exercising
the chooser option when present inflow is Q (m?);

B,,: optioned volume B, maximum amount of water that can be sold by
exercising the chooser option when present inflow is Q (m?);

R: binary variable, 1 when the water manager decides to buy the chooser
option, 0 otherwise;

W,: exercised volume of purchases when the option is exercised and the
present inflow is Q (m?);

S, : exercised volume of of sales when the option is exercised and the present
inflow is Q (m?);

P exercise price ($);

M , : preestablished value, the chooser option can be exercised if the inflow is
smaller than it.

M, : preestablished value, the chooser option can be exercised if the inflow is
larger than it.

To solve this model, suppose Q take discrete values g; with probabilities p; for
j=L2,---,n, we have [23]:

E[SQXPI—OPX(AQ+BQ)><R—WQ><PZ—2CI.><DZ.Q}

=Z;ngplx17j —ZI:OPX(AJ. +B,)xRx p, —ZlWQ].xszpj —Zlci[leﬁp])
J= Jj= J=] i=] J=

(2.7)
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where A, is the maximum amount of water purchased, and B, is the maximum
amount of water sold by exercising the chooser option when present inflow is g;
with probability p, W, is the amount of purchases when the chooser option is
exercised and the present inflow is g, with probability p, S, is the amount of
sales when the chooser option is exercised and the present inflow is g, with
probability p, D, is the shortage volume of user 7 when the water allocation
target 7;is not met and the present inflow is g; with probability p. Then, we can

reformulate the foregoing problem as:

maxf:iNBixTI. +[i:SQ1.><P1 xpj—zn:OPx(Aj+Bj)xR><pj
j=1

i=1 =1

(2.8)
_Z]WQ/' x b, xPp; _ZIC,' (Z]Dijpjij
J= i= Jj=
subject to:
— T;_Dij)SqJJFWQ/‘_SQ/‘avja (29)
imaxzz—;‘ZDy'ZOaviajz (210)
T;_DijZT;min’Vi:ja (211)
Wy < A; xR, if qg;,<M,, v
Wy =0, ifg,2M,,
So <SB; xR, ifq,2M,, v
Sy =0, if g, <M,,
nonnegative constraints:
WoisSg 20, V). (2.12)

The above TSMIP model can effectively reflect stochastic uncertainties in
water availability. It can help decide whether to buy the option contract and set
proper water allocation targets in the first stage. However, there are more
uncertainties that should be considered in the model. For example, the economic
parameters (C, and NB;) may not be described by deterministic values or
random variable but intervals. Moreover, the water manager often feels difficult
to make deterministic water allocation decisions (7, and D, ), but would prefer
to give ranges of the decision variables [23]. To reflect such uncertainties, Huang
and Loucks [23] introduced an inexact two-stage stochastic programming (ITSP)
model. This leads to an inexact two-stage stochastic mixed integer programming
(ITSMIP) model as follows:

max /* = NBE x T +(is§,j xBxp, —iOPx(Aj +B,)xRx p,
i=l J=1 J=

(2.13)

— 2 Wy xPxp, =3 .C; [ZDJPJ}
j=1 i=1 Jj=1

subject to:
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N + + + + + .
Z;,(T - Dy )< q; +Wo =S5, (2.14)
T 2T 2D 20, Y4, j, (2.15)
Tlv+ _Di-/i' 2 ﬂfnin’ vl, j: (216)
W:<A xR, ifgi<M,,
g R
Wy =0, ifg; 2M,,
S5 <B;xR, ifq;>M,, v
Sél—o, ifq]i.sMB,
nonnegative constraints:
W5»Sg 20, (2.17)
R=0,1.

In this paper, we will follow the method proposed by Huang and Loucks [23].
When 7;° is given, the ITSMIP model can be transformed into two deterministic
submodels as follows:

Step 1: A submodel corresponding to f* is desired since the expected system
net benefit needs to be maximized. Let 7" (7, ) be the maximum target of
water allocation (minimum target of water allocation), 7" =7, +y, (Z* —7}’) ,

where y, € [0,1] , the submodel for f* can be formulated as follows:
max f* = Y NB! x(T 4y, (17 1))
i=l

+{Zn:S§jxExp/.—Zn:OPx(Aj+Bj)><Rxpj (2.18)
j=1 J=1

_ZIWQ; xPxp, —ZC[(ZIDI;pJ},
= J=

i=1

subject to:
(7 + 2 (17 -1 )= D) )< g + Wy =Sy, Vi (2.19)
i=1
T 2T+, (T =17 )2 D; 20, Vi, j, (2.20)
T +y, (T =T )=Dy 2Ty, Vi s (2.21)

{WQ/. AR g <M,

Wy =0, if g;>M,,
Sy <B;xR, ifq; <M, vj
+ . + .
Sy =0, if 7 >M,g,

nonnegative constraints:

s .
WQ/.,SQ/. >0, V), (2.22)
0<y <I,
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R=0,1.

where R, W, S,, D, and y, are decision variables.
Step 2: Let f,, R

1. Then the optimal decision on whether to buy the water option contract is

Wipi> Siums Dy and y,, be the solutions in Step

opt Jjopt Jjopt 2 ijopt

basedon R, ,,and the optimized water-allocation targets are as follows:
Ty =T, + 3, (T =T, Vi (2.23)

iopt i

Step 3: The submodel for f~ can be formulated as follows:

max £~ = Y NB, x(T; +3,,, (17 7))
i=1

+{iSQ/ x P, xpj—zn:OPx(Aj+Bj)xRoptxpj (2.24)

J=1 J=1

~D WoxPxp, —ZCT(ZDJPJ},
Jj=1 i=1 Jj=1

subject to:
Z(E_ermpt(]r_Z_)_D;)Sq;+WQ+1'_Séf’vj’ (2.25)
i=1
Tl:nax ZTIH +yi0pt (T;* _17)2D17 203 Viajs (226)
];7 + Yiopt (ZJr - 7:7) - D; e Y;;nirn Virja (2'27)
Wy <A, xR, if qji.' <M,
Wy =0, if gy >M,,

Sy <B;xR, ifq; <M,
Sg =0, if g7 >My,

nonnegative constraints:

Wg.Sy 20, V. (2.28)

where W, S, and D, are decision variables.

Let f, > W,,> S, and D,  be the solutions of the model above, we

opt > jopt ijopt
obtain
S = [ St fo;t]; (2.29)
Dy =[ Dy Dy |» Vi Js (2.30)
W =W Wi J» (2.31)
S = Siopr St |» - (2.32)

3. Case Study

3.1. Case Description

To illustrate the applicability of the proposed method, a case study is provided in

the following. Suppose that a water manager is responsible for managing water
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resource in a region. There are three users: a municipality, an industrial concern
and an agricultural sector. The users need to know in advance the water
allocation targets so as to arrange their activities accordingly. However, inflows
of the region is uncertain. During drought periods, the promised water may not
be delivered, the users will suffer losses due to the lack of water. On the other
hand, when the inflows are high, water demands can be met completely and it is
possible to have surplus water. In this case, the water manager can sell the
surplus water for more profit through interbasin water transfer systems.

In order to achieve the objects above, chooser options are provided to the
water manager as flexible, risk control and cost-minimising tools. Chooser
options have several parameters to be set. The optioned water volume (A/B) is
the maximum volume that the water manager can buy or sell. The option
premium (OP) is the cost paid to the option seller for the chooser option. The
strike price (P) is the price at which the water manager can buy or sell the
optioned water. The trigger M, and M} are thresholds that if the water inflows
are lower than A, the water manager can buy the optioned water at most; if the
water inflows are higher than A, the water manager can sell the optioned water
at most.

Figure 1 is the decision-making process of chooser options. In the first stage,
the water manager should decide whether to buy the chooser option under
uncertainty. In the second stage, if the inflow is lower than trigger A/, the water
manager choose the chooser option to be a call option; if the inflow is higher
than trigger M}, the water manager choose the chooser option to be a put option.
Meanwhile the exercised volume is decided based on the demands and other
parameters.

In consideration of uncertainties in the system, related water inflows and
economic data are obtained from a number of representative cases [23] [28]. The
data reflects the uncertainties in water inflows as probability and the parameters
such as benefits, penalties are expressed as intervals. Table 1 provides the water
resource data. The inflows are divided into seven levels: Very-low (V-L), Low (L),
Low-medium (L-M), Medium (M), Medium-high (M-H), High (H) and

St [ Whether to buy the chooser contract ]

dage one — ——

8 e [~ ]
i

[ Whether the triggers are met ‘
I

Whether the option is Whether the option is
Stage tWO exercised exercised
[ Yes ] [ No } Yes No
Whether the total optioned Whether the total optioned
volume is purchased volume is purchased

Figure 1. Decision tree of the option contract.
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Table 1. Stream inflow distribution.

Inflow level Probability Water inflows (10° m?)
Very-low (V-L) 0.08 [3.80, 5.20]
Low (L) 0.12 [5.50, 6.50]
Low-medium (L-M) 0.16 [6.90, 8.20]
Medium (M) 0.25 [8.50, 9.80]
Medium-high (M-H) 0.15 [10.0, 11.5]
High (H) 0.14 [11.5,12.9]
Very-high (V-H) 0.1 [13.2,14.5]

Very-high (V-H). The amount of water inflows and relative appearance
probability for every level are also showed in Table 1. Table 2 provides the water
demands and related economic data [23] [28]. 7, . 1is the minimum water

volume that must be allocated to meet the basic demands of user 7, T, is the

imax
largest quantity of water that can be used by user ; NB, is the net benefit per
unit of water to user 7, C, the loss per unit of water to user 7 when the promised
water do not delivered (C, > NB, ).

As the purpose is to maximize the expected value of system net benefits, the
concerned problems include: 1) whether the chooser option are attractive to the
water manager; 2) With the chooser option, how to set the water allocation
targets in the first stage; 3) whether the chooser option would be exercised; 4)
how to allocate water to users in the second stage; 5) What is the impact of
chooser options on system net benefit. In the following, the ITSMIP model is

applied to dealing with these problems.

3.2. Decision Result Analysis of the First Stage

First of all, the water manager should decide whether to buy the chooser option
for sale. Different exercise price levels, premium levels, optioned volumes and
triggers would strongly affect the decision-making.

To find out the relationships between these parameters and the optimal R, 225
different cases are studied according to different settings of these parameters.
The solutions are showed in Table 3 and Table 4. In Table 3, the premiums are
percentages of the water price, the trigger A is L — M , trigger B is A; In Table
4, the volume A is 7, the volume Bis 3. In 72.4 per cent of all the 225 cases, the
water manager would buy the chooser options.

Figure 2 and Figure 3 are the frequency charts of Table 3. It is indicated that
decreasing trend of buying the chooser options with the rise of the optioned
volume A, Band the water price. This is because with the optioned volume and
increasing, the costs of buying the chooser options also increase. For example,
when M, =L-M, M,=H and P=40, the frequency of buying the
chooser options decreases from 9 when A=5 to 7 when A4=7 and further
decreases to 6 when 4=9; when M,=L-M, M,=H and A=7, the
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10
9
8
7
]
$s —
o
2 4
'S
3
2
1
0
5 7 95 7 957 957 9579
20 30 40 50 60

Figuer 2. Frequency of buying chooser options for each optioned volume A.

Table 2. Water target demands and related economic data.

Users

Municipal Industrial Agricaltural

Maximum allowable allocation, T, (10°m?) 4 5.5 6.5

Minimum allowable allocation, 7. (10°m?) 1.5 1 1

Net benefit when water demand is satisfied, NB' ($/m?) [90,100]  [45,55] [25, 35]

Penalty when water is not delivered, C. ($/m?) [125,135] [70, 80] [45, 55]

Table 3. The optimal decisions whether to buy the chooser option.

Volume
Price Premium 5 7 9

3 4 5 3 4 5 3 4 5

20 0.05 1 1 1 1 1 1 1 1 1
0.10 1 1 1 1 1 1 1 1 1

0.15 1 1 1 1 1 1 1 1 1

30 0.05 1 1 1 1 1 1 1 1 1
0.10 1 1 1 1 1 1 1 1 1

0.15 1 1 1 1 1 1 1 1 1

40 0.05 1 1 1 1 1 1 1 1 1
0.10 1 1 1 1 1 1 1 1 1

0.15 1 1 1 1 0 0 0 0 0

50 0.05 1 1 1 1 1 1 1 1 1
0.10 1 1 1 1 1 0 0 0 0

0.15 0 0 0 0 0 0 0 0 0

60 0.05 1 1 1 1 1 1 1 1 1
0.10 0 0 0 0 0 0 0 0 0

0.15 0 0 0 0 0 0 0 0 0

1: Buy the option contract. 0: Do not buy the option contract.
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[
o

Frequency
O R N W H UL OO N O O

3 45 3 45 3 45 3 45 3 435

20 30 40 50 60

Figuer 3. Frequency of buying chooser options for each optioned volume 5.

Table 4. The optimal decisions whether to buy the chooser option.

Trigger
Price Premium M L-M L
H V-H H V-H H V-H
20 0.05 1 1 1 1 1 1
0.10 1 1 1 1 1 1
0.15 1 1 1 1 1 1
30 0.05 1 1 1 1 1 1
0.10 1 1 1 1 1 1
0.15 1 1 1 1 1 1
40 0.05 1 1 1 1 1 1
0.10 1 1 1 1 1 1
0.15 1 1 1 0 0 0
50 0.05 1 1 1 1 1 1
0.10 1 0 1 0 0 0
0.15 0 0 0 0 0 0
60 0.05 1 1 1 1 1 0
0.10 0 0 0 0 0 0
0.15 0 0 0 0 0 0

1: Buy the option contract. 0: Do not buy the option contract.

frequency of buying the chooser options decreases from 9 when P =20 to 6
when P =40 and further decreases to 3 when P =60. Figure 4 and Figure 5
are the frequency charts of Table 4. It is indicated that decreasing trend of
buying the chooser options with relaxing restrictions on the triggers and the rise
of the water price. This is because with the optioned volume and increasing, the
costs of buying the chooser options also increase. For example, when A=7,
B=3 and P =40, the frequency of buying the chooser options decreases from
6 when M,=M to 5 when M, ,=L—-M and further decreases to 4 when
M ,=L;when when A=7, B=3 and M, =H, the frequency of buying the
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chooser options decreases from 9 when P=20 to 8 when P =40 and further
decreases to 3 when P =60.

Figure 6 shows the trends of the allocation targets when the exercise price
increases from 5 to 100 while maintaining all other parameters unchanged. In all

cases, the water manager would buy the chooser options. By comparison, the

=)}

w

Frequency
N w H

[y

|

MLML MLML MLkML MLML MLM L
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Figure 6. Water allocation targets.
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water allocation targets without chooser options are 4.0 for the municipality, 5.5
for industrial concern and 3.4 for agricultural sector. It is obviously the
municipality and industrial concern are set targets higher than the agricultural
sector because of their higher net benefits. We can also find that when the
exercise prices are 5 and 10, the targets for the agricultural sector are
significantly improved to 5 and 4 respectively. But with the exercise price rising
from 20 to 100, the targets for the agricultural sector decline from 3.4 to 1, and
the targets for the industrial concern decline from 5.5 to 4.8 too. This is because
the water manager prefers to sell water by exercising the chooser option rather

than allocate water to the users when the exercise prices are high.

3.3. Decision Result Analysis of the Second Stage

In this stage, all the uncertainties are eliminated. The 225 cases show that the
chooser options would always be exercised if they are bought in the first stage
and the triggers are satisfied in the second stage. The water manager should
decide how much water to buy or sell by exercising the chooser option and the
water allocation for each user.

Figure 7 and Figure 8 present the upper and lower bounds of the exercised
volume. The exercise prices increase from 5 to 100 with the other parameters
invariant (M ,=L-M , M,=H, A=7, B=5). The probability that the
chooser option is a call option is 36% when M ,=L—-M and the probability
that the chooser option is a put option is 24% when M, =H . When the
exercise price is low, the optioned volume is almost all exercised to meet the
users’ water demand. But with the exercise price rising, the optimal exercised
volume is becoming less and less. For example when the water price is 10, the
exercised volume A is [5.3,6.6] when the water inflow is L—AM and the
exercised volume Bis [0, 1] when the water inflow is A; when the water price is
50, the exercised volume A is [4,5] when the water inflow is L and the
exercised volume B is [2.7,4] when the water inflow is /; when the water price
is 90, the exercised volume A4 is [0.8,2.2] when the water inflowis V' —-L and
the exercised volume Bis 5 when the water inflow is A.

The optimal water allocation results varies with different parameters of
chooser option. Higher trigger and higher optioned volume would lead to a
higher allocation. As shown in Table 5, when the inflows are low (V' —-L, L or
L—M ), because water resource can be supplemented by using the chooser
options, water shortage is reduced. But when the inflows are high (A or
V — H ), water shortage of agricultural sector becomes serious because part of
the water is sold for more benefits.

Figure 9 shows the increased percentage of system net benefit by using
chooser options. The system net benefit is increased obviously in all cases and
the lower bound is increased even more. But the system net benefit is falling
because the cost of buying water is increasingly high with the exercise price

rising. However, For example, when the exercise price is 10, the system net
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Table 5. Water shortage with and without option contract(M,=L-M , M,=H,
OP=005, A=7, B=5).

Water With option contract Without
level L0 P20 P30 pet0 Peso pego pe7o  OPton
V-L Municipal 0 0 0 0 0 0 0 [0.8,2.2]

Industrial 0 0 0 0 0 0 [0, 3.8] 4.5
Agricultural 2.7 2.7 [0, 2.7] 0 0 0 0 2.4
L Municipal 0 0 0 0 0 0 0 [0.0, 0.5]
Industrial 0 0 0 0 0 0 [0,3.3] [4.0,4.5]
Agricultural  [0,1] [0, 0.4] 0 0 0 0 0 2.4
L-M Municipal 0 0 0 0 0 0 0 0
Industrial 0 0 0 0 0 0 [0,1.6] [2.3,3.6]
Agricultural 0 0 0 0 0 0 0 2.4
M Municipal 0 0 0 0 0 0 0 0

Industrial ~ [0.7,2] [0.7,2] [0.7,2] [0.7,2] [0.7,2] [0.7,2] [0,1.3] [0.7,2.0]
Agricultural 3 2.4 1 0 0 0 0 2.4
M-H Municipal 0 0 0 0 0 0 0 0

Industrial  [0,0.5] [0,0.5] [0,0.5] [0,0.5] [0,0.5] [0,0.5] 0 [0.0,0.5]

Agricultural  [2,3] [1.4,24] [0,1] 0 0 0 0 [1.424]
H Municipal 0 0 0 0 0 0 0 0
Industrial 0 0 0 0 0 0 0 0
Agricultural [0.6,2] [0, 1.4] 0 0 0 0 0 [0.0, 1.4]
V-H Municipal 0 0 0 0 0 0 0 0
Industrial 0 0 0 0 0 0 0 0
Agricultural [0, 0.3] 0 0 0 0 0 0 0
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benefit is increased by [16.5%,37.3%] compared to without chooser option.
But when the exercise price rises to 80, the system net benefit is only increased

by [2.0%,18.4%] compared to without chooser option.

4. Conclusion

Water users have to make decisions under the condition that water inflow is
uncertain. If the water inflow level is low, they will suffer loss because of water
shortage. But if the water inflow is higher than needed, redundant water runs to
waste. To solve this problem, chooser options are designed for water managers.
This type of option allows water manager to choose the option to be either a put
or a call at some prespecified future time depending on the information about
water inflow and requirements. Exercise price, optioned volume, option premium
and exercise trigger are the parameters of chooser options. They can affect the
willingness of water managers to buy chooser options. For analysing the decision

making process, an inexact two-stage mixed-integer programming (ITSMIP)
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model has been applied to a case study when chooser options are proposed.
More than 225 chooser options with different parameters are studied. The water
manager would buy chooser options in most cases since the system net benefit is
increased significantly. Our results show that chooser options are valuable,
flexible and low-cost instruments for water resource management. In the future,
our model can be further developed in several interesting aspects, including that
other complicated exotic option can be designed for water resource management.
With development of water market, a proper policy for water option can help

managing water shortage risk and reduce the waste of water resource.
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