OPTIMAL ALLOCATION OF WATER WITHDRAWALS IN A RIVER BASIN

By Jennifer M. Jacobs,' Associate Member, ASCE, and Richard M. Vogel,> Member, ASCE

ABSTRACT: An increasing number of states use permit programs to coordinate and to control water resource
allocations. A general approach is suggested for allocating and permitting water withdrawals in a river basin. A
mathematical programming methodology facilitates optimal streamflow allocation while maintaining desired
levels of instream flow. The approach uses a graphical tool, the flow duration curve, to illustrate the quantity
and frequency of joint streamflow withdrawals in a river basin. The methodology is unique because while it
uses mathematical programming methods, it is implemented using a spreadsheet optimization tool, Microsoft
Excel Solver, and the solution is illustrated in a graphical form so that nontechnical individuals can easily
understand the methodology results. The ability to apply the methodology and clearly explain the results is
extremely important since many nontechnical individuals are involved as policymakers in water allocation de-

cisions.

INTRODUCTION

Water allocation problems have challenged water resource
engineers for decades. Much of the scientific and engineering
literature addressing water allocation problems focuses on the
optimal allocation of reservoir releases from single and mul-
tiple reservoir systems [see, e.g., Loucks et al. (1981)]. Even
when streamflow is not regulated by dams, river basin man-
agement is complex. Heightened competition for withdrawals,
increasing instream flow regulations, and compelling water
quality issues are resulting in water withdrawal permits re-
placing reasonable use legislation.

Many states have established some form of a permit system
to manage water resources. Cox (1994) examined the exten-
sive adoption of permitting programs by eastern states. Per-
mitting allows water management agencies to allocate water
in a manner that reflects the state and regional values (Cox
1989). The first task in allocating water withdrawals is deter-
mining and explicitly formulating the overall goals of the per-
mit system and establishing permit rules that reflect those
goals. National, regional, states, or local goals may include
maintenance of instream flow, economic development, protec-
tion of established rights, and/or incentives for efficient water
use. The permits may allow ongoing restrictions by limiting
the duration of the right or restricting water rights during pe-
riods of low flow.

Eheart and Lyon (1983) identified and compared alternative
designs of marketable water permitting systems. Their work
examined the trade-offs between multiple objectives that in-
cluded economic efficiency, equity, ease of implementation
and administration, and maintenance of instream flows. Howe
et al. (1986) also examined allocation by means of water mar-
kets and suggested administrative approaches for minimizing
their shortcomings. Tisdell and Harrison (1992) modeled a wa-
ter market using game theory. Their goal was to understand
how regulatory agencies should initially allocate water to pro-
mote its equitable distribution. Lund and Israel (1995) used
optimization techniques for planning water transfers in urban
water supply systems. Winter (1995) provided a review of re-
cent literature that addressed the optimal and conjunctive al-
location of ground- and surface-water resources.
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Whether permits are assigned or marketed, regulatory agen-
cies and water users can benefit from understanding the trade-
offs that result from competing objectives and constraints. The
task of optimally allocating water resources in a river basin
may be approached using system analysis. Systems analysis is
the applied use of optimization, mathematical programming,
operations research, or other mathematical decision-making
techniques. Yeh (1985), Loucks et al. (1981), Rogers and Fier-
ing (1986), and others provided a review of systems analysis
as applied to water resource problems. Rogers and Fiering
(1986) suggested that 10 years ago most applications of sys-
tems analysis in water resources were implemented by aca-
demic researchers, with few real-world applications. Now,
real-world applications of systems analysis methods are much
more feasible than in the past; as the optimization methods are
more widely understood, desktop computers have the neces-
sary power to perform the analyses, and optimization algo-
rithms are readily available in popular software packages.

Two of the most widely used optimization techniques in the
field of water resource management are linear programming
(LP) and nonlinear programming (NLP). Historically, the de-
terministic nature of LP and NLP hindered its application to
water resources planning. Using a deterministic approach, hy-
drologic parameters must be set equal to a constant value,
often the mean seasonal inflow, or another value from the his-
torical period of record. Such models cannot account for the
natural stochastic variability of streams.

Methodologies such as stochastic LP models (Manne 1962)
and chance-constrained LPs (Charnes et al. 1958) can intro-
duce statistical constraints to LPs and NLPs that account for
random variables. A chance-constrained LP or NLP is applied
to water resource problems by using the cumulative probabil-
ity distribution of streamflow (Loucks et al. 1981; Loaiciga
1988; Mays and Tung 1992).

A simple hydrologic tool, the fiow duration curve (FDC),
describes the variable nature of daily streamflow. Vogel and
Fennessey (1995) reviewed previous and new application areas
for FDCs. Some applications of FDCs include instream flow
studies, hydropower, water quality, and water supply studies
(Searcy 1959; Warnick 1984; Noss and Gladstone 1987;
Mueller and Male 1993; Vogel and Fennessey 1995). For ex-
ample, Mueller and Male (1993) developed a model for man-
aging ground-water withdrawals. Their model used FDCs to
measure the effect of new withdrawals on instream flow.

This paper uses FDCs to quantify the streamflow available
for allocation, as did Male and Mueller (1992) and Fennessey
(unpublished paper, 1998). The relationship between stream-
flow reliability and magnitude has also been used in reservoir
management. Buras (1985) used flow duration curves to cal-
culate a “reservoir yield function.”” Male and Mueller (1992)
proposed an approach for optimizing the allocations for a river
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basin without reservoirs. Their approach reduced the multiple
consumptive uses in a river basin to a single “lumped’’ with-
drawal. The methodology introduced here considers the spatial
relationship between withdrawals. Fennessey (unpublished pa-
per, 1998) devised a basin water allocation methodology,
which has been implemented by the Commonwealth of Mas-
sachusetts, that uses FDCs to assess basin-wide and local im-
pact. Alaouze (1989, 1991) used the reservoir yield function
to develop a relationship between streamflow magnitude and
reliability. Alaouze used the resulting FDC of reservoir re-
leases to allocate releases from a reservoir to different users
with varying reliabilities.

Alaouze’s application of the relationship between allocation
magnitude and reliability may also be used to optimally allo-
cate streamflow in river basins without reservoirs as demon-
strated here. The following application of FDCs to allocating
withdrawals in an unregulated basin is in spirit similar to the
methodology introduced by Alaouze (1989, 1991) but differs
in three respects: (1) The withdrawals are distributed through-
out the basin rather than withdrawn from a single point; (2)
other constraints are introduced, such as instream flow require-
ments; and (3) other objectives exist, such as minimizing basin
consumptive use and/or prioritizing according to use category.

The purpose of this paper is to present a general method for
allocating consumptive water uses that reflects the goals (ob-
jectives) established by the permit system and the natural lim-
itations (constraints) of unregulated streamflow availability,
yet is easily implemented using common software and readily
summarized in graphical terms. Since many permit policies are
developed and/or reviewed by nontechnical individuals, the
following prescriptive approach requires minimal technical
background. Layperson accessibility is coupled with technical
comprehensiveness using graphs to describe the impact of pro-
posed allocations on the instream flow and current users. The
allocation procedure uses chance-constrained mathematical
programming, as developed for reservoir releases, and flow
duration curves to optimally allocate spatially distributed with-
drawals. A case study for a hypothetical basin using a popular
optimization tool, Microsoft Excel Solver, documents the im-
plementation of the proposed methodology.

FDCs

A simple hydrologic tool, the FDC, accounts for the variable
nature of streamflow. Fig. 1 illustrates the relationship between
streamflow and its associated reliability for an FDC. For a
given streamflow g,, the FDC in Fig. 1 specifies the reliability
as r,. Reliability or the exceedance probability is defined as
the probability that the average daily flow will be greater than
or equal to the corresponding streamflow. FDCs are defined
for specific sites and flow measurement duration; daily stream-
flows are typically used, though other durations are possible
[see Vogel and Fennessey (1994)].

There are a number of methods for constructing an FDC.
Traditionally, FDCs have been constructed by simply ranking
all streamflows g, over the period-of-record (Searcy 1959)
from the largest to smallest, qi, g2, . . . , gs where S is the total
number of streamflows and ¢, > g, ;. Each streamflow quantity
has a corresponding exceedance probability r; = i/(S + 1) using
the Weibull plotting position. If an FDC is constructed using
period-of-record streamflows, then one interprets the exceed-
ance probability or reliability as the reliability of streamflow
exceeding some level over the period of record. Alternatively,
one can construct an annual-based FDC that represents the
exceedance probability or reliability of streamflow exceeding
some minimum level in a typical or median year [see Vogel
and Fennessey (1994)]. Either approach can be used depend-
ing upon the overall goals of the permit program.

Techniques exist for using drainage basin characteristics to
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FIG. 1. FDC Exhibiting Relationship between Streamflow
Quantity q and Reliability r

create an FDC for ungauged and unregulated sites [see Fen-
nessey and Vogel (1990) for an example and for citations to
other studies]. The FDC for the entire river basin provides an
excellent overview and summary of the streamflow allocated
within the river basin. However, each location in the basin has
a unique natural or unregulated FDC. To capture the distrib-
uted nature of the individual withdrawals, an FDC for each
withdrawal site in the catchment must be developed.

The FDC has interesting graphical properties and features.
The area underneath the FDC represents the average daily
streamflow (Vogel and Fennessey 1994). For any withdrawal
location, there are three categories of allocated streamflow: (1)
Instream flow gq,; (2) upstream allocation g, (streamflow not
available for use due to present and/or future consumption by
an upstream user); and (3) point of withdrawal streamflow
allocation gq,,. These three categories can be represented graph-
ically using an FDC as shown in Fig. 2. The actual water
allocated, on average, to each use is denoted by regions. For
example, the water withdrawal rate that is allocated to stream-
flow location w, gq,,, is denoted by the Region ABCD in Fig.
2. The three allocation categories are stacked according to pri-
ority of allocation. The highest priority allocation appears on
the bottom of the FDC. The reliabilities associated with the
instream flow g, and the point of withdrawal allocation g,, are
given as r, and r,,, respectively. The reliability for the upstream
allocation ¢, is not shown in this graph since it must be ob-

(3 Withdrawal (g, )
Upstream (q;, )
B Instream Flow (g )

streamflow, q

exceedance probability, P[Q>q]

FIG. 2. Streamflow Allocation for Instream Flow Requirement,
Upstream Users, and User at Site
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tained using the upstream site’s FDC and the instream flow at
that site.

STREAMFLOW ALLOCATION MODELS

Different withdrawal permit programs manage streamflow
allocations with different objectives. One possible goal is to
maximize the overall allocation of water for productive use in
the basin. Using this model, programs may be formulated to
reflect user prioritization or the economic value of water al-
locations by weighting schemes [see Male and Mueller
(1992)). The problem is finding the allocation that maximizes
the objective function, subject to restrictions based on stream-
flow availability, individual withdrawal requirements, instream
flow requirements, and reliability limitations. The nonlinear
streamflow availability constraints due to nonlinear FDCs are
transformed to linear constraints using a piecewise lineariza-
tion technique. The general chance-constrained model for
maximizing water allocation for productive use is given as

MaxZ=llew,q, 0
subject to

a=<a Yi=1,2,...,N )

q=p, Vi=1,L2,...,N 3)

1= Fepnys Vi=1,2,...,N @)
Prlgiror= Q. l=r, Vi=12,...,N )

=0, Vi=12...,N (6)

n=0, Vi=1,2...,N a

where w; = weight for site i; g; = permitted withdrawal quantity
for site i; N = number of withdrawals; a; = withdrawal amount
requested for site i; p; = existing permitted withdrawal at site
i; r; = streamflow reliability for withdrawal i; 7., ; = minimum
acceptable streamflow reliability for withdrawal i; and Q, =
streamflow available with reliability r, at site i. The total
streamflow allocated to site i, g;ror, including instream flow,
consumptive upstream use, and withdrawal at the site is

N
qiror = ¢s, + g + Z Clyqy ®&
1.1

where g, = instream flow requirement at site i; ¢; = consump-
tive loss coefficient for withdrawal j; u, = upstream coeffi-
cient, where w; = 1 if withdrawal j is upstream of site i and 0
otherwise; and g, = withdrawal quantity at site j. A consump-
tive loss is the amount of water lost to the river basin at the
withdrawal location. Evaporation, out of basin transfer, or
other reasons may cause this loss. If the unconsumed portion
of a withdrawal is returned to the stream below the withdrawal
location, then ¢; = 1 when i = j. Hence, the last term on the
right-hand side of (8) is total streamflow consumed upstream
of site i,

Constraint set (2) limits the quantity allocated to each user
to that requested by the user. Constraint set (3) protects exist-
ing permit quantities. Constraint set (4) establishes a minimum
value for the reliability of each permitted withdrawal where
Tam May be a basin-wide constant or may reflect individual
withdrawal reliability requirements. Constraint sets (6) and (7)
ensure the decision variables g; and r; are nonnegative.

The remaining streamflow constraint set (5) uses a chance-
constraint to establish the probability that the amount of
streamflow allocated will not exceed the amount of streamflow
available. At each withdrawal location i, the probability that
the total allocated streamflow (the sum of the instream flow

requirement and all consumptive withdrawals at and upstream

of point i) is less than the available streamflow is 7,.
Assuming average daily streamflow Q is treated as a random

variable with cumulative probability distribution function

Fo(q) = PIQ = q] )

The cumulative distribution function F, describes the cumu-
lative probability distribution or the nonexceedance probability
associated with the random variable Q. The complement of
the cumulative distribution function, 1 — Fj(g), is the FDC
because it describes the exceedance probability or the relia-
bility that flow will exceed Q. 1 — F,(g) may also be written
as P[Q = q]. For a given value of r, O, denotes the inverse
of the FDC or that value of streamflow that is exceeded with
probability or reliability r. Thus, the chance-constraint for-
mulation in (5) has a deterministic equivalent of

gror=Qu=F'1-r), Vi=12,...,N 10)

where g, 107 is related to the r; by the site i FDC. The FDC
represented by the function Q,, may be made piecewise linear
with mixed integer linearization (Loucks et al. 1981). Line-
arization is achieved by defining X segments, each having
slope 5,4, horizontal length r;,, beginning at reliability R, ,. The
reliability 7; is then defined as the sum of the K values of r;,

I's
r,=2 R+ 1), Vi=l,2,...,N (11a)

im]

where

K
Ez,,k=l. Vi=12...,N (11b)

[}

and z;, is an integer. An additional constraint must be added
to limit the length of each r;, to its maximum length

T <Rugsi — Ridze, YVi=1,2,...,N, Yk=1,2,...,K
(11¢)

The result of the formulation is that, at most, one of the r,,
and one of the z,, are greater than zero so that if z,, = 1, then
;= Ry + r;,. The linearized form of constraint (5) is then

X
qitor = 2 [sierie + 2aQul, Vi=1,2,...,N (12)

k=]

where each linearized FDC has K segments with slope s, ,; and
Q.+ = streamflow available with reliability R,,. Usually, it is
not reasonable to allocate streamflow with reliabilities smaller
than 50 or 60% due to the limited use for streamflow with low
availability. Therefore, the linearization begins at a reliability
level larger than 0. The FDC is assumed to be concave over
the region of interest. A convex FDC could also be linearized
using a linear mixed-integer optimization procedure (see
Loucks et al. 1981, pp. 57-76).

The FDC linearization is only necessary when the problem
is solved with an LP algorithm. The advantage of an LP al-
gorithm is that the globally optimal solution is more readily
found for the LP than for the NLP. The LP has, at most, one
feasible region, and the optimal solution is always found on
the surface where the constraints intersect. The NLP could
have several feasible regions, each with several locally optimal
solutions. The final optimization model is solved for objective
function (1) constrained by (2)-(4), (6), (7), (11), and (12),
where (11) and (12) replace (5).

SOLVING ALLOCATION PROBLEM

A secondary objective of this research project was to im-
plement the methodology by means of a computer tool that is
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easy to employ and readily accessible to the water permitting
community. The Microsoft Excel Solver tool can optimize this
model using mathematical programming. Excel Solver ana-
lyzes a variety of mathematical programming problems with
straightforward optimization algorithms: LP problems are
solved by the Simplex method; NLP problems are solved by
the Generalized Reduced Gradient method (Lasdon and Smith
1992); and mixed-integer programming problems use the
“branch and bound’’ method. The tool provides a solution as
well as sensitivity analysis. In addition, the ability to easily
sort data and perform repetitive calculations makes a spread-
sheet an excellent tool for using historical streamflow data to
construct and linearize an FDC.

The Excel Solver tool is not as powerful as other optimi-
zation algorithms. Problems are limited to 200 decision vari-
ables. The number of constraints is unlimited for LP problems,
but limited to 100 for NLP problems. The memory required
by Excel Solver increases with the number of variables times
the number of constraints. Other tools, such as the optimiza-
tion solver MINOS (Murtagh and Saunders 1983), can handle
thousands of variables and constraints and use improved al-
gorithms or more sophisticated implementations of the Excel
Solver’s algorithms to save time and memory.

APPLICATION OF DEVELOPED METHODOLOGY
Model Implementation

The methodology was applied to a hypothetical unregulated
river basin. The river basin is composed of two separate
streams, S1 and S2, that converge downstream to form a single
stream S3. There are three possible withdrawal locations. Site
1 on S1, Site 2 on S2, and Site 3 on S3. Table 1 shows the
reliabilities and corresponding streamflow for the linearized
FDCs. The FDCs for Sites 1 and 2 are the same. It is assumed
that no withdrawal permits currently exist.

The proposed methodology was solved for five different al-
location request scenarios. Table 2 lists the model inputs for
each scenario. The model inputs for each scenario are the in-
stream flow requirement at each site and the withdrawal re-
quest characteristics including requested withdrawal rate, min-
imum reliability, consumptive loss coefficient, and prioritization
weight.

Scenarios 1 and 2 consider withdrawal requests from Sites
1 and 2. For Scenario 1, Sites 1 and 2 have the same instream
flow requirements, reliability requirements, and consumptive
loss coefficients. Scenario 2 examines the role of reliability on
allocation by modifying the reliability requirements in Sce-
nario 1.

Scenarios 3—5 have withdrawal requests from all three sites.
Scenario 3 explores the relationship between upstream and
downstream withdrawals. For this scenario, the withdrawal re-
quests from Sites 1 and 2 are the same as the requests in
Scenario 1. All three sites have the same withdrawal requests,
reliability requirements, and consumptive loss coefficients.
Scenario 4 examines the impact of a reduced upstream con-
sumptive loss on the downstream streamflow availability by
decreasing Site 1’s consumption rate. Scenario 5 studies how
a prioritization weighting scheme influences streamflow allo-
cation by assigning a higher weight to Site 3 than to Sites 1
and 2.

Analysis of Results

Table 2 shows the streamflow allocated g, and the corre-
sponding reliability r, by site for each scenario. Using each
site’s FDC, the streamflow allocations for each scenario are
displayed in Figs. 3—7. The FDCs are shown with reliabilities
from 0.4 to 1.0.

Scenario 1 has the identical allocation for both Sites 1 and
2. The allocation for Site 1 is shown in Fig. 3. Instream flow
was allocated first and given the highest priority. The remain-

TABLE 1. Linearized FDCs for Potential Withdrawal Sites \ 4 & ngh 4 !
ing streamflow available with reliability =0.60 is 1.3. As this
Streamtlow, Q, amount is less than the 2.0 that was requested, the entire 1.3
Reliability r Site 1 Site 2 Site 3 was allocated to the withdrawal request.
(1 @) 3) 4 The degree to which a site can handle uncertainty of water
0.1 80.10 80.10 200.25 availability can have a large impact on the quantity of water
0.5 3.36 3.36 8.40 available at the site. The effect of changing the minimum re-
0.6 1.80 1.80 4.50 liability, as examined by Scenario 2, is shown in Fig. 4. The
0.7 0.92 0.92 2.30 different allocation results for Sites 1 and 2 are shown in Figs.
8‘35 88§ 83?, (1)(1)2 4(a and b), respectively. Increasing the minimum reliability to
- - - S rain = 0.7 for Site 1 decreased the available streamflow to 0.42.
TABLE 2. Model Input and Output for Selected Withdrawal Scenarios
Model Input Model Output
Instream flow Requested Minimum Consumptive loss | Weight, Permitted Reliability
Scenario | Site /i | requirement, q,, | withdrawal, a, | reliability, fy,, coefficient, ¢, w; withdrawal, g, of g, n
(1) (2 (3) ) ) (6) @ Gl 9
1 (Fig. 3) 1 0.5 2.0 0.6 0.75 1 1.3 0.6
2 0.5 2.0 0.6 0.75 1 1.3 0.6
3 1'0 _l _l _l _l ~l _I
2 (Fig. 9 1 0.5 20 0.7 0.75 1 0.42 0.7
2 0.5 20 0.5 0.75 1 2.00 0.56
3 1.0 _l —l _. _l __l _l
3 (Fig. 5) 1 0.5 2.0 0.6 0.75 1 1.3 0.6
2 0.5 20 0.6 0.75 1 13 0.6
3 1.0 20 0.6 0.75 1 1.5 0.6
4 (Fig. 6) 1 0.5 2.0 0.6 0.60 1 1.3 0.6
2 0.5 2.0 0.6 0.75 1 1.3 0.6
3 1.0 2.0 0.6 0.75 1 1.75 0.6
5 (Fig. 7) 1 0.5 20 0.6 0.75 1 1.3 0.6
2 0.5 20 0.6 0.75 1 0.7 0.67
3 1.0 2.0 0.6 0.75 1.5 2.0 0.6

“Not applicable.
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FIG. 3. Optimal Withdrawa!l Allocations for Scenario 1 at Site 1
as lllustrated by Site’s FDC Including Instream Flow Require-
ment and Withdrawal at Site 1
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FIG. 4. Optimal Withdrawal Allocations for Scenario 2 at: (a)
Site 1 with Site’s FDC Including Instream Flow Requirement and
Withdrawal at Site 1; (b) Site 2 with Site’s FDC Including In-
stream Flow Requirement and Withdrawal at Site 2

Decreasing the minimum reliability to 7, = 0.5 allowed the
full requested withdrawal to be available at Site 2.

For Scenario 3, the streamflow allocation to Sites 1 and 2
were identical to Scenario 1 (see Fig. 3). The streamflow avail-
able for allocation at Site 3 was reduced by the withdrawals
at upstream sites. Fig. 5 displays the Site 3 FDC and the al-

[ Site 3 Withdrawal
b Upstream (Sites 1 and 2)
6 — M Instream Flow

streamflow, q

04 0.5 0.6 0.7 0.8 0.9 1.0
exceedance probability, P[Q>q]

FIG. 5. Optimal Withdrawal Allocations for Scenario 3 at Site 3
as lllustrated by Site’s FDC Including Instream Flow Require-
ments, Consumptive Withdrawals at Upstream Sites, and With-
drawal at Site 3
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FIG. 6. Same as Fig. 5 but for Scenario 4

locations for the instream flow requirement, the upstream con-
sumptive withdrawals, and the Site 3 withdrawal. Fig. 5 shows
how the water used by Sites 1 and 2 reduced the streamflow
available at Site 3 for the model input in Scenario 3.

In Scenario 4, the consumption rate at Site 2 was reduced
to 60%. When a site changes the rates at which it returns water
to the stream it effectively increases or decreases the stream-
flow available downstream. Fig. 6 shows that the decreased
consumption rate upstream increased the streamflow available
at Site 3.

The prioritization-weighting scheme in Scenario 5 gave Site
3 the highest priority for streamflow allocation. Fig. 7(a)
shows that this change reduced the streamflow allocated at Site
2 as compared to the streamflow that was allocated in Sce-
narios 3 and 4. Fig. 7(b) illustrates that the Site 3 withdrawal
allocation for this scenario was larger than the Site 3 allocation
in Scenario 3. In addition, the weighting scheme reduced the
total allocated streamflow from 4.1 in Scenario 3 to 4.0 in
Scenario 5.

EXTENSIONS

There are many similar allocation problems that could be
structured similarly to the preceding model; some possible ex-
tensions are provided as follows:
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FIG. 7. Optimal Withdrawal Allocations for Scenario 5 at: (a)
Site 2 with FDC Including Instream Flow Requirement and With-
drawal at Site 2; (b) Site 3 as lllustrated by Site’s FDC Including
Instream Flow Requirements, Consumptive Withdrawals at Up-
stream Sites, and Withdrawal at Site 3

1. A single applicant could make withdrawals from multiple
wells within a river basin. The inclusion of multiple
wells would allow applicants to obtain one permit per
basin that reflects their overall allocation requirement
while considering each well’s impact on streamflow sep-
arately.

2. A constraint could be introduced that schedules with-
drawal reductions during low flow periods. Low flow
constraints could provide real-time allocation of water
during low flow periods as described by Fennessey (un-
published paper, 1998).

3. The period-of-record FDC or annual FDC could be re-
placed by a seasonal-based FDC. A seasonal FDC could
be used to formulate a withdrawal permit that would al-
low a withdrawal to change quantity or reliability sea-
sonally.

4. The constraint set (3) that protects existing permitted val-
ues could be relaxed. This would allow a more flexible
analysis during permit renewals.

5. This model assumes the value of water is fixed. As sur-
face water is a scarce, but renewable resource, a more
efficient allocation might result from extending the
model to include the value of water. One approach would
be to develop marginal net benefit curves for each with-
drawal (Tietenberg 1992) and to incorporate discretized
versions of the net benefit curves into the analysis.

CONCLUSIONS

An objective methodology was developed using flow du-
ration curves and a chance constrained mathematical program
to determine the allocation of streamflow to competing mul-
tiple users in a river basin. The methodology provides the op-
timal allocation expressed as withdrawal rates and correspond-
ing reliabilities. A flow duration curve for each site is used to
illustrate the site’s withdrawal and any upstream withdrawals.
Allocation problems are solved using an interactive optimi-
zation algorithm, Microsoft Excel Solver. This methodology is
flexible and may be modified to include specific goals asso-
ciated with permit programs that were not considered here.

The methodology was used to determine the withdrawal
rates and reliabilities for a hypothetical river basin. Competing
streamflow uses included instream flow requirements and mul-
tiple users with different withdrawal rates, minimum reliabil-
ities, consumption rates, and basin locations. The optimal al-
location was found for several objective functions. The basin’s
streamflow allocation was graphically displayed using FDCs.
It was found that FDCs logically presented the optimized al-
location and facilitated comparison between allocations re-
sulting from different competing goals and requirements.

The allocation method presented in this paper may be used
during the initial development of a permitting system to study
the impact of proposed rules and during implementation of a
permitting system for illustrating the existing withdrawals and
the streamflow available for future allocations. Well-formu-
lated goals and constraints are the backbone of this method-
ology. This methodology is not a substitute for water permit-
ting programs, but it can be used during the planning phase
of a permit program, to help policymakers and other interested
parties understand the impact proposed goals and constraints
have on streamflow allocation.

LIMITATIONS

Implementation of a permit program is a complex process
that balances streamflow availability with user requirements,
program staff, and budget constraints. The methodology cur-
rently includes many basic allocation concerns and offers sug-
gestions for model extensions. Special withdrawal requests,
such as specifically timed withdrawals requirements, may
hinder the methodology’s effectiveness. In addition, the result
of the methodology is an allocation with quantity and relia-
bility values for withdrawals. The methodology does not in-
dicate how withdrawal reductions should be implemented or
when the reductions are likely to occur. This methodology
should be implemented with input from individuals who are
knowledgeable of the specific requirements of the basin and
its users.
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APPENDIX Il. NOTATION

The following symbols are used in this paper:

a; = amount of water requested for withdrawal i;
¢; = consumption coefficient for withdrawal j;
K = number of piecewise-linear segments of flow duration
curve;
mgd = million gallons per day;
N = number of withdrawals;
p: = existing permitted allocation for withdrawal i (mgd);
@O, = rate of streamflow for given reliability r (mgd);
Q., = rate of streamflow for given reliability r for withdrawal {
(mgd);
g = streamflow allocation (mgd);
q, = instream flow allocation (mgd);
g, = instream flow allocation at withdrawal site i (mgd);
q. = upstream flow allocation (mgd);
q. = point of withdrawal allocation (mgd);
r = streamflow reliability;
r; = streamflow reliability for withdrawal i;
r, = instream flow reliability;
r., = point of withdrawal reliability;
s, = slope of kth segment of piecewise-linear flow duration
curve for withdrawal i,
uy = withdrawal coefficient where u,; = 1 if withdrawal j is at
or upstream from withdrawal i and O otherwise;
w; = weight for user i; and
Z = value of objective function (mgd).
Subscripts
i = index of withdrawal;
J = index of upstream withdrawals; and
k = index for piecewise-linear section of flow duration curve.
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