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SUSTAINABLE WATER RESOURCES MANAGEMENT
IN A CONFLICT RESOLUTION FRAMEWORK"
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ABSTRACT: A decision support system for sustainable water resources management in a water conflict resolu-
tion framework is developed to identify and evaluate a range of acceptable alternatives for the Geum River
Basin in Korea and to facilitate strategies that will result in sustainable water resource management. Working
with stakeholders in a “shared vision modeling” framework, sustainable management strategies are created to
illustrate system tradeoffs as well as long-term system planning. A multi-criterion decision-making (MCDM)
approach using subjective scales is utilized to evaluate the complex water resource allocation and management
tradeoffs between stakeholders and system objectives. The procedures used in this study include the develop-
ment of a “shared vision model,” a simulated decision-making support system (as a tool for sustainable water
management strategies associated with water conflicts, management options, and planning criteria), and the
application of MCDM techniques for evaluating alternatives provided by the model. The research results demon-
strate the utility of the sustainable water resource management model in aid of MCDM techniques in facilitat-
ing flexibility during initial stages of alternative identification and evaluation in a basin suffering from severe
water conflicts.
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INTRODUCTION disagree on the amount of water that is needed,
required, or obligated at a specific location for a pre-
cise purpose at a particular time and of a given qual-

Water Conflicts ity (Palmer et al., 1999). Conflicts can be resolved in
a variety of fashions: litigation, formal agreements,

Conflicts occur in water resources planning and legislative orders, mediation, and informed discus-
management for a variety of reasons. Most simply, sions. Lord et al. (1979) notes that water conflicts
water conflicts occur when people and institutions tend to arise because of disputes associated with
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perceived ownership, differences in how resources are
valued, and differing interests. The goal of a negoti-
ated agreement is to identify and evaluate alter-
natives that allow all parties to decrease their harm
equitably (or equitably share their benefits), or agree
upon the most accepted alternatives among those
that are available. If multiple, mutually acceptable
alternatives exist, alternative evaluation procedures
can be used to select a solution that meets the goals
of the parties in dispute. Computer-based models can
identify areas of dispute and limit the range of alter-
natives to be considered to those that are Pareto-
optimal (Cohon, 1978; ReVelle et al., 2004). The con-
cept of noninferior or Pareto-optimal solutions (also
known as the efficient and nondominated solution)
was first introduced by Pareto (1896) and is defined
in this study as the state where no further improve-
ments can be made to the system without disadvan-
taging a group or individual.

This study develops a sustainable water resources
conflict-resolution model, using multi-criterion deci-
sion-making (MCDM) techniques, that evaluates the
impact of water management alternatives in the
Geum River Basin (Figure 1). The model supports
decision making in the basin and provides useful
insights into potential conjunctive operation of the
two major dams in the watershed. Furthermore, the
model illustrates tradeoffs to stakeholder groups and
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encourages decisions based on current and future

needs and priorities.

Computer-Based Conflict Resolution Model

Computer simulations and optimization techniques
have been applied to water resources planning and
management for decades. These models have been
used in reservoir system studies associated with
drought as well as water allocation studies. Many dif-
ferent optimization approaches, such as linear pro-
and Lund, 2000),
programming (Lund and Ferreira, 1995; Cai et al.,
2002; Barros et al., 2003), and dynamic programming
(Stedinger et al., 1984; Kim and Palmer, 1997) have
water management modeling.
Multiobjective optimization techniques have also
aided in decision making (Cohon, 1978; Mohan and
Raipure, 1992). The advantages of multiobjective pro-
gramming and planning include engaging stakehold-
ers, generating a wide range of alternatives, and
providing more acceptable solutions. Multiobjective
approaches
(Pareto-optimal) solution sets and create noninferior
Other research has
employed multiobjective approaches as a template for
negotiation and conflict resolution (Lund, 1994).

gramming (Jenkins

been developed for
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FIGURE 1. Map of Water System in Geum River Basin.
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There are, however, weaknesses in these methods.
Careful screening of alternatives may be needed to
reduce the solution space. Furthermore, these meth-
ods may not provide stakeholders with a means to
make a final selection between alternatives.

Alternatively, shared vision modeling arose from
the computer-aided negotiation approach. During the
1990s, Palmer et al. (1993) introduced “shared vision
planning,” a procedure that allows interested partici-
pants to achieve consensus by forming a shared
vision of a system or process. The goals of shared
vision planning are to (1) provide insight into ques-
tions and concerns that generate conflicts, (2) include
information that represents the interests and per-
spectives of all participants, (3) obtain equitable bene-
fits for all participants, and (4) provide the
opportunity for a high level of involvement by all
stakeholders. A key element in this planning process
is the creation of a shared vision planning model, a
highly interactive computer simulation model that
allows participants to visualize the impacts of their
planning decisions.

The shared vision planning approach was applied
during the National Drought Study to water supply
in Boston, Massachusetts; reservoir management on
the Green River in Tacoma, Washington; water sup-
ply in Norfolk, Virginia; recreation and hydropower
on the Kanawa River in West Virginia; and an inter-
state conflict between Kansas and Missouri (Palmer
et al., 1993; Werick and Whipple, 1994). Unlike clas-
sic multiobjective programming, the use of shared
vision planning uses interactive models in a group
setting to support joint fact finding, policy dialog, and
alternative evaluation (Keyes and Palmer, 1992).
This approach was considered appropriate for appli-
cation to the Geum River Basin to resolve water con-
flicts. Other types of computer-based negotiation
procedures are also widely used in water resource
conflict resolution (Lord et al., 1979; Karpack and
Palmer, 1992; Werick and Whipple, 1994; Keyes and
Palmer, 1995; Meo et al., 2002), and other applica-
tions areas are listed in the literature (Thiessen and
Loucks, 1992; Lund and Palmer, 1997).

Multi-Criteria Decision Making

Several studies have used an MCDM approach,
derived from stakeholders’ preferential matrix, to
evaluate management alternatives. However, studies
have seldom examined the relative extent of individ-
ual alternatives associated with sustainable water
management options in conflict resolution settings
(Thiessen and Loucks, 1992; Cai et al., 2004;
Rajasekaram and Nandalal, 2005). Cai et al. (2004)
have evaluated alternatives with some stakeholder
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involvement using an MCDM’s output similar to that
used in this paper, but with somewhat different ana-
lytical methods. We adopt a relatively simple approach
for integrating conflict resolution, sustainable water
management, and decision support framework with
evaluation processes. This approach improves negotia-
tion capabilities between stakeholders. We also refer
the reader to Thiessen et al. (1998) and Fang et al.
(1993) for a discussion of the effectiveness of a pro-
posed system for conflict resolution. These papers offer
a description of how stakeholders used the models to
decide which management approach best addressed
their concerns. In applications, the iterative processes
and collaboration between competing groups to manip-
ulate computer models are addressed in order to
assess successful completion of the primary objective,
namely conflict resolution.

In the remainder of this paper, a brief review of
water conflicts in the basin is presented. Next, a
description of potential management options is pre-
sented with a description of a simulated decision-
making exercise. Evaluation of alternatives (a set
of management options) for a conflict resolution
framework is then presented through the MCDM
technique, concluding with a summary and discus-
sion of future work. We anticipate that the results
of this study will contribute to promoting long-
term water sustainability in facilitating flexibility
during initial stages of alternative identification and
evaluation in a basin dominated by severe water
conflicts.

WATER CONFLICT IN THE GEUM
RIVER BASIN, KOREA

The Geum River Basin (Figure 1) is 9,810 km?
with a main stem length of 396 km. The water
resources of this basin depend largely on the precipi-
tation that occurs during the summer monsoon sea-
son (June to August/September). More than 60% of
the annual precipitation occurs during this period,
and annual average temperature and precipitation
are about 20°C and 1,200 mm, respectively. Heavy
rainfall, accompanied by tropical cyclones in the
region, creates flooding and can have significant
impacts (dam failures, loss of human life, loss of live-
stock, etc.). The quantity of precipitation that occurs
during the monsoon season essentially defines
drought or flood conditions.

Two major dams are located on the Geum River.
Daechong Dam creates a reservoir of approximately
1,500 million cubic meters and provides water to
several major cities, including Daejon, Chongju,
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and Chonan. Yongdam Dam creates a reservoir of
approximately 815 million cubic meters and is located
upstream of Daechong Dam, and was completed in
2001. Water stored in Daechong Dam serves approxi-
mately 3 million people, including residents of Daejon
and Chongju. Yongdam Dam will initially serve
approximately 1.5 million people, including residents
of Jonju City. Both dams are multipurpose.

Yongdam Dam’s construction was very controver-
sial. The dam remained unfilled after its construction
because of concerns over its impact on Daechong
Dam. In many aspects, this setting reflects a classic
“upstream vs. downstream” conflict. Daechong Dam
and the area it serves have a previously established
water need, but Yongdam Dam and the area it serves
present a new water demand that will likely increase.
The rate of growth in the regions is also under
debate. Both regions have demanded increases in
their water allocations. Much of this debate revolves
around the future population and water demand pro-
jections for Jonju City, the major beneficiary of Yong-
dam Dam. This conflict was exacerbated by an
extreme meteorological event in the fall of 2001 that
left Daechong Dam at its lowest storage level since
its initial filling.

In addition to water quantity concerns, there are
water quality concerns. A minimum instream flow
target between the two dams has been suggested by
downstream users as 12 m®/s, but upstream users
have suggested 5.4 m®/s. An environmental flow tar-
get of 21 m®/s has been suggested below Daechong
Dam. Daechong Dam and its tributaries provide
water for many uses, including agricultural, munici-
pal, industrial, domestic, recreational, and as habitat
for fish and wildlife. However, local environmental-
ists, in particular, insist that the fish flow below the
dam should be maintained at 21 m®/s to meet water
quality standards. A failure to reliably meet fish flows
in recent drought years (1994 and 1995) and conflicts
between water use sectors have created severe taste
and odor problems (e.g., eutrophication) caused by
excessive nutrient loading to bodies of water and
associated algal blooms.

Parties Involved in the Conflict

Two local government departments and a group of
nongovernmental organizations are involved in this
regional conflict. The parties in this dispute include
the Department of Water of Daejon City (DOD) and
the Department of Water of Jonju City (DOJ), and a
coalition of local environmental groups (LEGs). These
departments focus on planning, designing, and man-
aging water-related projects and are responsible for
water supply planning and water distribution sys-
tems. Their respective estimates of the cities’ popula-
tion growth by 2020 vary by more than 1 million
residents. The LEGs have insisted that the instream
flow below the Daechong Dam should be maintained
at 21 m®/s to meet the needs of navigation, recrea-
tion, and aquatic habitat. Table 1 summarizes major
water conflicts in the Geum River Basin.

Conflict Resolution Process and Simulation Exercise

Researchers (Palmer et al., 2002; Ryu et al., 2003)
have begun to apply the shared vision planning
approach to the Geum River Basin in Korea. This
section summarizes the use of a shared vision plan-
ning model. The model will be used to assess the
existing plans, develop management options for all
water resources in the region, and create a negotia-
tion environment to aid in the understanding and
resolution of water resource conflicts.

Several simulated decision-making exercises in a
shared vision modeling framework have been con-
ducted for the Geum River Basin since April 2003 to
evaluate the current system’s outlook for 2003 and
beyond. It was concluded that major new supply
facilities were unlikely to be constructed in the near
future. Simulation exercises were also devised to aid
in evaluating alternative operating policies as a
function of the ongoing water conflicts. There are
two primary operational issues: (1) the appropriate
value for instream flow targets downstream of
Daechong Dam and between reservoirs, and (2) the

TABLE 1. Major Water Conflicts in the Geum River Basin.

Downstream Users

Upstream Users

Instream flow between dams (DOD vs. DOJ)
Instream flow downstream of Daechong Dam (LEGs)

Population forecast for city of Jonju (DOD vs. DOJ)
Upstream dam (Yongdam) operation (DOD vs. DOJ)

Upstream dam should
be operated for
downstream users

12.4 m®/s 5.4 m3/s
21 m%/s Less than 21 m®/s

(needs to be reconsidered)
2.5 million 3.5 million

Upstream dam should be
operated for upstream users

Notes: DOD, Department of Water of Daejon City; DOJ, Department of Water of Jonju City; LEG, local environmental group.

JAWRA

488 JoURNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION



SustainasLE WATER Resources MANAGEMENT IN A ConrLicT ResoLuTion FRAMEWORK

allocation of water to meet regional growth, particu-
larly during droughts. The two fundamental issues
are addressed in the water conflict context by
exploring four specific questions: (1) what was the
safe yield of Daechong Dam before Yongdam Dam
was constructed; (2) what is the safe yield of both
dams, if they are operated for a single downstream
user and no environmental flow is required; (3) how
much of this yield is lost if environmental flows are
required between the two dams; and (4) how much
yield is lost when environmental flows are required
downstream of Daechong Dam. Answers to these
questions can help determine the best water alloca-
tion between regions and evaluate the effectiveness
of drought management plans. The system’s safe
yield is the quantity of water that can be taken
from the reservoir system over the 39 years (1963-
2001) of historic inflows records with failures
(denoted as a failure to meet a predetermined level)
in only one year (a 97% annual reliability was used
for this research).

To answer the questions listed above, a new simu-
lation model of the system in a shared vision plan-
ning framework was developed; it is the WACOR?
Model (Water Conflict Resolution-Relief Model). The
model operates at a weekly time step and represents
the major projects and operational features of the
Geum River Basin (Palmer et al., 2002; Ryu et al.,
2003).

WACOR? simulates the movement and storage of
water within the basin given current operational
policies. The analysis begins with the selection of
model parameters (e.g., instream flow between dams
and demand forecast for Jonju City) associated with
water conflicts and analysis of the appropriate
hydrologic record. The primary hydrologic input to
WACOR? is weekly, naturalized streamflows. The
model also incorporates conjunctive reservoir man-
agement and operating rules and multiobjective pro-
gramming concepts to illustrate the tradeoffs
between system reliability, operating strategy, envi-
ronmental flows, and drought triggers. Operational
parameters under consideration were also incorpo-
rated into the shared vision model. WACOR?
explores system performance and reliability given
various operating policies and alternative water con-
flicts and operating scenarios (described later). The
model’s outputs are reservoir levels and releases,
from which system performance is evaluated relative
to hydropower production, flood control, municipal
and industrial diversions, and instream flow require-
ments for fish was calculated.

The model is designed specifically as a conflict
resolution tool for its value to the ongoing debate sur-
rounding regional goals and objectives of water man-
agement in this basin. All stakeholders participate as

JouRNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION

players to determine system parameters used in a
shared vision model, and evaluate the system’s per-
formance responding to their interest (Ryu, 2006). If
a negotiated agreement that allows all parties to
decrease their harm equally is not identified, addi-
tional simulation runs are conducted until the most
accepted alternatives are available among those
stakeholders.

Analysis Output

This analysis illustrates the range of potential
benefits possible from the construction of the Yong-
dam Dam during drought years similar to 1981-1982
and 1994-1995. It appears that the construction of
Yongdam Dam provides benefits to both upstream
and downstream users of the Geum River. For
instance, conjunctive dam operation increases sys-
tem yield by approximately 11 m®/s. The users of
the upstream dam (Yongdam) should not expect
more than 11 m?/s of yield from the system, because
taking more than this would decrease the yield of
the more senior user of the river. If less than
11 m®/s is taken from Yongdam Dam, however, the
construction of the new dam is a regional benefit,
with some of the benefits going to the upstream
users and some to the downstream users. The addi-
tional storage provided by this dam could be used
for many purposes, including providing water to
upstream users and ensuring that environmental
flows can be maintained between the two reservoirs.
Yongdam Dam could also provide additional water
during drought periods to downstream users, water
that would not have been available without the
dam.

However, there are clear conflicts between the
environmental flows established downstream of Dae-
chong Dam and the amount of water that can be
diverted for municipal, industrial, and agricultural
water supply from that dam. There are also conflicts
between the environmental flows established between
the two dams and the ability of the Yongdam Dam to
supply water. The results imply that more severe
water conflicts could occur because of future droughts
or an incomplete management plan. Local govern-
mental agencies agree that the existing water sup-
plies in this relatively small basin are inadequate to
satisfy the projected demand with current patterns of
water use. The region desires to create a sustainable
water resource plan that can address future growth,
environmental concerns, and droughts that may
occur in the future when the population has
increased. More details about analysis output are
available in the literature (Palmer et al., 2002; Ryu,
2006).
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SUSTAINABLE WATER RESOURCES PLANNING

The concept of sustainable development was defined
by the World Commission on Environment and Devel-
opment as development that “meets the needs of the
present without compromising the ability of future
generations to meet their own needs” (WCED, 1987,
Jaffe and Al-Jayyousi, 2002). Sustainable water
resource development has received increased attention
because of concerns about system reliability, water
quality, economic efficiency, and financial security
(Cai et al., 2002; Jaffe and Al-Jayyousi, 2002). A vari-
ety of techniques can be incorporated into a general
planning approach used to evaluate sustainable water
resources planning and management. These
approaches attempt to calculate the sustainability of a
system that must address real world challenges
(WCED, 1987). As with most of today’s planning
approaches, these techniques are typically imple-
mented with computer models.

To investigate the sustainability of the Geum River
water supply system, a series of constraints were first
identified and explored. Planning alternatives were
identified and then evaluated. This process is
explained in detail below.

A series of water management constraints are pro-
posed as a means of addressing the sustainability of
the Geum River system over the next few decades.
Two possible instream flows (5.4 and 12.4 m®/s)
between dams were tested as potential constraints.
Obviously, a larger instream flow significantly lowers
the system reliability of the upstream dam, while a
lower flow target provides the reverse effect.

Another conflict variable is the population forecast
for Jonju City in 2020. Two population options (2.5
and 3.5 million) were considered, based on the projec-
tions of two groups. The population projection, how-
ever, has been translated into demand forecast as a
system constraint and incorporated into the decision-
support system. Finally, the instream flow target
(21 m®/s) below Daechong Dam suggested by LEGs
was incorporated into the analysis. Major releases for
the instream flow target below Daechong Dam are
directly related to the amount of water for hydro-
power generation. Because of this, two hydropower
release (HDR) options (average rule and minimum
rule based on historic reservoir operations) were also
tested as a constraint (Table 2). Obviously, a high
HDR lowers the system reliability of the upstream
dam, while a lower hydro target provides the reverse
effect.

Sixteen possible management scenarios were inves-
tigated to meet the suggested system reliability of
97%. Each scenario includes a set of system con-
straints associated with water conflicts, such as the
inclusion of two different values for the HDR rule of
Daechong Dam. Note that these scenarios are used
for water conflict resolution; alternatives (a set of
management options) discussed later will be used for
sustainable water planning and management. The
individual constraints associated with water conflicts
were implemented at five-year intervals for a 20-year
planning horizon (from 2000, the year of investiga-
tion). For instance, Scenarios 1 and 10 include differ-
ent HDR strategies (such as an average rule or a
minimum release rule) as well as different popula-
tion forecast values for Jonju City in 2020 (Table 2).

TABLE 2. Sixteen Scenarios With System Constraints Associated With Water Conflicts.

Hydro Release
Rule of

Instream Flow
Below Daechong

Instream Flow
Between Daechong

Population of
City of Jonju

Scenarios Daechong Dam Dam (m?/s) and Yongdam (m?/s) in 2020 (million)
1 AVG 21 5.4 2.5
2 AVG 21 5.4 3.5
3 AVG 21 12.4 2.5
4 AVG 21 124 3.5
5 AVG X 5.4 2.5
6 AVG X 5.4 3.5
7 AVG X 12.4 2.5
8 AVG X 12.4 3.5
9 MIN 21 5.4 2.5

10 MIN 21 5.4 3.5

11 MIN 21 12.4 2.5

12 MIN 21 12.4 3.5

13 MIN X 5.4 2.5

14 MIN X 5.4 3.5

15 MIN X 12.4 2.5

16 MIN X 12.4 3.5

Notes: AVG, average rule of hydro release; MIN, minimum rule of hydro release; x, release below Daechong based on hydropower targets.
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Similarly, other scenarios can be defined as one of
these combinations considering the rest of the con-
straints, such as instream flow between dams and
below Daechong Dam (Ryu, 2006).

The reliability of Daechong Dam and Yongdam
Dam was calculated for each of the possible scenarios
associated with ongoing water conflicts at five-year
intervals (Table 3). Water demand associated with
population was projected at five-year intervals based
on time-dependent linearly increasing historic water
use. This was projected so that water demand per
capita in 2020 was sufficient to meet municipal
demand for 2.5 million people in Jonju City. Water
demand was adjusted per capita when the population
forecast became 3.5 million people, because this popu-
lation forecast is considered a special case for water
conflicts. As a result, the model presents how the sys-
tem will respond to a major conflict associated with a
population forecast. All these system constraints
associated with water conflicts can be adjusted and
applied to the model through the control panel used
by stakeholders. The shaded areas shown in Table 3

TABLE 3. The System Reliability of Sixteen
Management Scenarios Over Next 20 Years.

Year System
Scenario Reliability 2000 2005 2010 2015 2020
1 Yongdam 1.00 1.00 1.00 1.00 1.00
Daechong 0.98 0.96 0.94 0.92 0.89
2 Yongdam 1.00 1.00 1.00 1.00 0.98
Daechong 0.98 0.96 0.94 0.92 0.88
3 Yongdam 0.99 0.98 0.97 0.96 0.93
Daechong 0.99 0.98 0.97 0.95 0.93
4 Yongdam 0.99 0.98 0.97 0.96 0.86
Daechong 0.99 1.00 0.97 0.95 0.90
5 Yongdam 1.00 1.00 1.00 1.00 1.00
Daechong 1.00 1.00 0.99 0.98 0.96
6 Yongdam 1.00 1.00 1.00 1.00 0.98
Daechong 1.00 1.00 0.99 0.98 0.94
7 Yongdam 0.99 0.98 0.97 0.96 0.93
Daechong 1.00 1.00 0.99 0.98 0.97
8 Yongdam 0.99 0.98 0.97 0.96 0.86
Daechong 1.00 1.00 0.99 0.98 0.95
9 Yongdam 1.00 1.00 1.00 1.00 1.00
Daechong 0.99 0.98 0.97 0.96 0.95
10 Yongdam 1.00 1.00 1.00 1.00 0.98
Daechong 0.99 0.98 0.97 0.96 0.94
11 Yongdam 0.99 0.98 0.97 0.96 0.93
Daechong 0.99 0.99 0.98 0.97 0.96
12 Yongdam 0.99 0.98 0.97 0.96 0.86
Daechong 0.99 0.99 0.98 0.97 0.94
13 Yongdam 1.00 1.00 1.00 1.00 1.00
Daechong 1.00 1.00 0.99 0.99 0.98
14 Yongdam 1.00 1.00 1.00 1.00 0.98
Daechong 1.00 1.00 0.99 0.99 0.97
15 Yongdam 0.99 0.98 0.97 0.96 0.93
Daechong 1.00 1.00 1.00 0.99 0.98
16 Yongdam 0.99 0.98 0.97 0.96 0.86

Daechong 1.00 1.00 1.00 0.99 0.96
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indicate system reliabilities that are higher than
97%, which has been defined as an acceptable level,
100% reliability implies that no failure was identified
during a simulation period. Note that 100% reliability
is unrealistic in a statistical sense, but we assumed
that no failure can be obtained in deterministic
inflows and demand forecasts. As shown in Table 3, a
majority of the scenarios meet the reliability standard
until the year 2010. Unlike other scenarios, Scenario
3 with the same system configuration with different
instream flows shows that system reliability
decreases gradually until the year 2010 and beyond.
Scenario 3 suggests that in this case, the reliability of
supplies to both cities decreases at approximately the
same rate, possibly making the sacrifice acceptable to
both sides (Ryu, 2006).

Alternatives

Although Scenario 3 is an acceptable and feasible
solution for water conflict resolution until 2010, it is
necessary to develop sustainable water resource plan-
ning and management alternatives beyond 2010 with
considering a population projection of 3.5 million. A
series of water management alternatives are proposed
as a means of addressing the water conflicts in the
Geum River Basin. Five alternatives were analyzed
with the shared vision model. This analysis identifies
combinations of management options that could be
feasible solutions. From a sustainability perspective,
the individual alternatives were also evaluated after
the year 2010 as a function of the population forecast
of Jonju City. If an alternative cannot meet the sys-
tem reliability of 97% at any time, additional manage-
ment options must be added to increase reliability to
meet the system target. Thus, all five alternatives
should satisfy the system reliability goal of 97% at
the simulated time in the future.

The first step in the creation of alternatives is to
define management options that would be preferred
by at least one participant. This step implicitly sug-
gests that the participant is a key player in the deci-
sion process. Next, each alternative is evaluated to
investigate whether it meets the planning criteria
and system reliability and is feasible when it is
applied individually or in conjunction with other
management options. A total of six management
options are considered, including adjustment of the
HDR below Daechong Dam (denoted as HDR hereaf-
ter), adaptation of the water price scheme in case of
water shortage during drought periods, a conserva-
tion plan for reservoirs and water uses (CON),
restrictions on water uses (RES), expansion of the
existing reservoirs (EOR), and the use of alternate
water resources (AWR) such as ground-water or
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waste-water reuse. For instance, hydropower produc-
tion is a result of releases made for other purposes,
such as meeting instream flow requirements, irriga-
tion and other water demands for downstream users.
If storage in the reservoir is above the rule curve,
then the target HDR is made. Otherwise, no addi-
tional release is made. A water pricing scheme that
increases the price of water during droughts is uti-
lized. We assumed that the price elasticity would
result in a 15% reduction in demand (USACE, 1996)
during a typical drought. A broad conservation pro-
gram, including the requirement of restricted flow
devices for showers and faucets, replacement of leak-
ing or damaged pipelines, and some reuse of gray
water, is estimated to reduce demand by 5-10%.
Water-use restrictions, both voluntary (outdoor) and
mandatory restrictions (outdoor and indoor) is esti-
mated to decrease demands 5-15% and 10-30%,
respectively (AWWA, 2005). The expansion of the
Daechong Reservoir is also examined. Two reservoir
expansion options (30 million cubic meters and
60 million cubic meters) are considered. Aquifer
storage and recharge, in-town water storage, and the
integration of regional water supply systems, if neces-
sary, could also be considered as AWR. However, all
of the alternate resources in the model are repre-
sented as single value of ground water, which is
assumed to have a minimum and maximum pumping
rate of 5 and 15 m®/s, respectively. Each manage-
ment option has been previously described in detail
in the literature (Ryu, 2006).

These management options for promoting a sus-
tainable water supply over the next 20 years in the
Geum River Basin were combined to create five alter-
natives to meet the 97% system reliability goal for
the years beyond 2010. Each alternative contains at
least two management options, such as adjustment of
HDR or restrictions. The results indicate that no sin-
gle management option guarantees a system reliabil-
ity of 97% through 2020 and that a suite of
additional management options is needed.

Table 4 compares the management options. Alter-
native 1 includes adjustments of the HDR option, vol-
untary restrictions, a water conservation program, a
pricing scheme, and development of AWR. The combi-
nation of adjusting the HDR option, voluntary restric-
tions, and a water conservation program results in
meeting system reliability of 97% until 2020, when
the first price scheme would be introduced. If the
population of Jonju City is estimated as 3.5 million
rather than 2.5 million in 2020, additional ground
water (e.g., 15 m3/s of ground water) must be
pumped as an alternate source of water to meet the
targets (Table 4). Note that bold and italic characters
represent more rigorous management options applied
when Jonju’s population is forecasted to grow to
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TABLE 4. Sustainable Alternatives for
Geum River Basin for Next Few Decades.

Years of Investigation

Alternatives 2010 2015 2020 2025 2030
1 CON, HDR, WPS, AWR

RES
2 CON, HDR, AWR AWR

RES
3 WPS RES HDR RES
4 CON EOR, RES RES
5 CON, HDR, HDR, WPS RES AWR

RES

Notes: AWR, development of alternate water resources; CON, con-
servation program; EOR, reservoir expansion; HDR, adjustment of
hydropower release; RES, water restriction; WPS, water price-
scheme.

Bold and italic characters represent more rigorous management
options applied when Jonju’s population is expected to be 3.5 mil-
lion people.

3.5 million people. For instance, AWR, HDR, and
RES represent, respectively, maximum 15 m®/s of
ground-water pumping, minimum HDR, and manda-
tory restriction options applied to meet system tar-
gets; no management options in the year columns
(e.g., 2015) imply that the management options made
before that year still meet the system reliability of
97% so that no additional action is required.

EVALUATION OF ALTERNATIVES

To identify the Pareto-optimal solutions, all aspects
of the problem must be considered. A common
approach is to include a cost-benefit analysis of each
alternative (Blowers, 1993). Although cost effective-
ness is a very important measure for the project eval-
uation, a decision made solely on an economic
evaluation would not be acceptable to stakeholders in
this basin. Furthermore, a series of modifications to
incorporate more subtle political variables into the
analysis is ongoing. Alternatively, an MCDM
approach was utilized to evaluate the complex water
resource allocation and management tradeoffs
between stakeholders and system objectives using
subjective scales. In using this approach, selecting a
“preferred” solution from potential alternatives
depends on the evaluation procedure that integrates
the model and the stakeholders.

The MCDM approach applied to this problem
requires consideration of multiple participants with
different preferences. Such a model is applied to help
multiple stakeholders integrate multiple dimension
viewpoints and address individual or group concerns
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and opinions through interaction (Cai et al., 2004;
Watabe et al., 1992).
Mathematical Justification

The MCDM utilized incorporates the water

resource decision makers’ long-term planning goals.
The weighted benefit obtained by each stakeholder is
calculated as:

DV (i,m, k) = E [o(i,m, k) - B(i,m, k)]

= Elo(i,m, k)] - E[B(i,m, k)], M)

where DV is the decision vector of benefits; i is the 1,
2,..., I is the alternative index; m is the 1, 2,..., M is
the evaluation criterion index; %k is the 1, 2,..., K is
the stakeholder index; and E is the weighted benefit
matrix, equivalently mathematical expectation; « and
f are the weighted value of individual stakeholder
and differentiated interest on group stakeholders at a
given alternative associated with evaluation criterion,
respectively.
E [a(i,m,k)]-E [f(i,m,k)] is defined as:

M J
Elo(i,m, k)] = Aij- Bjp - [Z Z Win,j - P(j, k)

m 1

Il
~.
Il

M=
]~

E[B(z,m,k)] = Ai,f . Bj,m . [

m

Wi - O, k)]

1

Il
~.
Il

where Ela(i,m,k) f(i,m,k)] is the value of joint
weighted benefit matrix between stakeholders (k) at
given alternative (i) associated with evaluation crite-
ria (m); E [a(i,m,k)] is the weighted benefit matrix of
individual stakeholder (k) at given alternative (i)
associated with evaluation criteria (m); E [f(i,m,k)] is
the weighted benefit matrix of differentiated interest
on group stakeholders (k) at given alternative (i)
associated with evaluation criteria (m); A and B is
the binary variables; j is the 1, 2,..., J, is the manage-
ment options; P and @ are the benefit matrices of
individual and group stakeholders for the manage-
ment options, respectively; and w is the weight of the
management option on the criterion.

Equivalently, DV is the decision vector that reduces
the evaluation of an alternative to a single number for
each criterion, whose element P(i,m,k) indicates the
weighted performance value of alternative (i) associ-
ated with the weight to evaluation criterion (m) to
stakeholder (k). wy; is a matrix that contains the
weight of each management option (j) on each criterion
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(m). For example, the element w,, (m = 1 M,
j=1,...,J) of w is the evaluation of the m" cr1ter1on
with respect to the j*" management option.

The elements of w,,; are defined by the stakehold-
ers, perhaps with the guidance of the analysts. The
elements of w,,; can be represented by numeric val-
ues (e.g., ordinal scale from 0 to 10) or category val-
ues (e.g., bad, fair, good, and excellent), depending
upon which are the most appropriate (Cordeiro Netto
et al., 1996; Raju et al., 2000). However, for comput-
ability purposes, w,,; is considered to be composed of
nonnegative numbers. A and B are binary variables
that are activated by management options and evalu-
ation criteria, respectively. For instance, if A;; =1,
then management option A;; is activated. If manage-
ment is not activated, A;; is equal to 0. Similarly,
B;j,, is also defined as a binary variable (Ryu, 2006).
P(j,k) and Q(j,k) represent individual and group bene-
fit matrices for the management options, respectively.
Stakeholders evaluate management options differ-
ently depending on their value system. P(j,k) denotes
the priority of the management options by an individ-
ual stakeholder, while Q(j,k) denotes the relative pri-
ority of the stakeholders in the overall decision
process. Now the relative ranking of a management
option by an individual stakeholder relative to all
stakeholders can be defined as Q(j,k):

P(j, k)

0 k) =— , (3)
> P(j.k)
k=1
where
J J J
PG )= P(j;2)=---> P(jik) =1
=1 =1 =1
Therefore,
J K
YD PGk =K (4)
=1 k=1
Equivalently,
K K K
D 0(Lk) =002,k =Y 0(Lk) = (5)
=1 =1 =1

The elements of P(j,k) are an indication of the rela-
tive importance of criterion (j) to participant (k).
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However, the sum of values should be unity. Simi-
larly, the elements of @(j,k) are an indication of each
management option’s priority between stakeholders
obtained with P(j,%), formulated above.

Numerical Application to the Geum River Basin

Possible evaluation criteria integrated into the
evaluation procedure in this study include financial
feasibility, public involvement, environmentally
friendly functionality, water quality improvement,
educational benefit, and energy conservation (Simo-
novic, 1996; Cai et al., 2004). Each component can be
weighted in order of importance based on the per-
spective of each stakeholder (Palmer and Lund, 1985;
ReVelle et al., 2004).

Simulation exercises were devised to evaluate
alternative operating policies as a function of the

ongoing water conflicts. Table 5 shows the perfor-
mance of management options relative to six criteria
identified in the conflict resolution process (w,,;). The
values contained in Table 5 were estimated on the
basis of a meeting with individual stakeholders in the
Geum River Basin during 2003-2004. Note that the
relationship in between management options and
evaluation metrics is presented using an ordinal
scale.

This evaluation procedure requires selecting the
best compromise solution. The stakeholders’ priority
matrices P(j,k) are calculated using Equation (4), and
the management option priority matrix is denoted as
®(j,k) in Equation (3) (Table 6). For instance, DOD
ranked adjustment of hydro release as the most
favorable management option with the weight of 0.3
in P(j,k) matrix. However, in a negotiation, DOD also
has to compete with other stakeholders, such as DOJ
and LEGs, to take this option in favor of 0.38 (see

TABLE 5. The Performance Matrix of Evaluation Criteria Corresponding to Management Options.

Criteria
Public Water
Financial Involvement Environmental Quality Educational Energy
Management Options Feasibility (Sacrifice) Functionality Improvement Benefit Conservation
Adjustment of hydro release 1 0 3 3 0 1
Price scheme 0 2,3 1 1 1 1,2
Water conservation program 1 2 3 3 3 3
Voluntary restriction 0 2 1 1 3 3
Mandatory restriction 1 3 1 1 1 2
Reservoir expansion 3 1 0 2 0 0
Ground water 2 1 0 1 0 0

(development of alternative
water source)

Notes: 3, performs well for criteria; 2, performs moderately for criteria; 1, performs fair for criteria; 0, performs poorly for criteria.

TABLE 6. Priority Matrix P and Q.

Stakeholders

Cases Management Options DOD DOJ LEGs

Individual stakeholder’s priority matrix P Adjustment of hydro release 0.3 0.2 0.3
Price scheme 0.1 0.1 0.1
Water conservation program 0.2 0.2 0.3
Voluntary restriction 0.2 0.2 0.1
Mandatory restriction 0.05 0.05 0.1
Reservoir expansion 0.05 0.15 0.0
Ground water 0.1 0.1 0.1

Stakeholder management option priority matrix @ Adjustment of hydro release 0.38 0.25 0.38
Price scheme 0.33 0.33 0.33
Water conservation program 0.29 0.29 0.43
Voluntary restriction 0.40 0.40 0.20
Mandatory restriction 0.25 0.25 0.50
Reservoir expansion 0.25 0.75 0.00
Ground water 0.33 0.33 0.33

Notes: DOD, Department of Water of Daejon City; DOJ, Department of Water of Jonju City; LEG, local environmental group.
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Q(j,k) in Table 6) during the give-and-take negotia-
tion setting.

Table 7 shows the DV generated by Equation (1)
used to evaluate alternatives. The majority of DVs in
both Alternatives 1 and 5 are larger than that of any
other alternatives, thus all stakeholders prefer these
two alternatives. For instance, LEGs will not need to
change their individual preference to accept Alterna-
tive 5 because they have the largest preference
already, but the other two DOD and DOJ may need
to adjust their preference on “financial feasibility” by
moving some preference from either “educational
benefit” or “energy conservation.” If this is a case,
however, the role of LEGs will be critical in this
negotiation setting in the sense that only LEGs are
able to allow DOD and DOJ to adjust (e.g., increase
or decrease) preference on a particular interest by
adjusting LEGs’ largest preference on any other crite-
ria. This implies that LEGs’ cooperation and their
preference adjustment are required to reach the final
group agreement. Figure 2 illustrates the weighted
benefits provided to the individual stakeholders and
group stakeholders for each alternative. The figure
shows that all stakeholders prefer Alternatives 1 and
5. Alternatives on the unit circle represent the range
of acceptable weighted benefits. Maheswaran and Ba-
sar (2003) note that a system is unstable if the eigen-
values of quasi-linear utility functions lie inside the
unit circle. This concept is interpreted in MCDM per-
spective and adopted to determine an acceptable
range of management options along with total benefit
by individual stakeholders. For instance, the upper
portion of the unit circle (above a 45° linear line) rep-
resents a condition in which the weighted benefits for
individual stakeholders are more favorable than the
weighted benefits for group stakeholders in an alter-
native. In other words, no individual can improve
without harming someone else.

Consequently, Alternatives 1 and 5 are considered
the most favorable plans (Figure 2) because the
weighted benefits are greater than those in other

alternatives in Table 7. This analysis also shows the
benefits associated with management options by a
stakeholder, as well as a group of stakeholders.
Alternative 5, in particular, is the preferred alterna-
tive because “environmental functionality,” “educa-
tional benefit,” and “energy conservation” dominate
the evaluation process, as shown in Table 7. The
major difference between Alternatives 1 and 5 is the
feasibility of the individual management options in
the alternative. This may be the result of the envi-
ronmental impacts associated with the individual
projects (such as ground-water contamination that
may occur because of pumping or the negative
impacts associated with construction of in-city stor-
age).

A different perspective is provided in Figure 3,
which presents the tradeoff associated with each
alternative between an individual’s total benefits and
those of all other stakeholders. It appears that Alter-
natives 5 and 1 always dominate the other alterna-
tives. The priorities held by the LEGs and by DOD
make Alternatives 3 and 4 inappropriate because of
the emphasis on constructed solutions. Alternative 2
requires the development of additional water
resources to address potential shortages by continu-
ously pumping ground-water resources after 2020.
The major difference between Alternatives 1 and 5 is
the availability of ground water during the next
25 years. Alternative 1 requires substantially more
ground-water pumping to meet the reliability targets
than does Alternative 5 after 2020. This feature
makes Alternative 1 less attractive to the DOD and
DOJ, because of their concerns over the increased
cost of water. Figures 2 and 3 indicate that Alterna-
tive 5 is the best compromising alternative given the
current management options and decision criteria in
the MCDM process. Alternative 1 is also clearly next
best.

Alternatives in this figure can be also compared by
a “Northeast corner rule” that implies that an alter-
native that lies both to the “north” and “east” of

TABLE 7. Decision Vector of Weighted Benefit.

Alternative 1 Alternative 2

Alternative 3 Alternative 4 Alternative 5

Alternative Criteria DOD DOJ LEGs DOD DOJ LEGs DOD DOJ LEGs DOD DOJ LEGs DOD DOJ LEGs

Financial feasibility 0.44 018 066 044 0.18 066 056 0.66 029 044 0.58 0.27 0.56 0.23 1.00

Public sacrifice 0.60 0.48 0.47 0.35 028 027 035 040 0.13 0.08 0.13 0.10 0.90 0.74 1.00

Environmental 0.89 087 081 0.74 070 069 041 033 025 054 048 0.60 1.00 1.00 1.00
functionality

Water quality 0.74 050 0.83 0.63 041 0.71 048 050 029 051 054 052 0.83 0.56  1.00
improvement

Educational benefit 0.87 087 076 069 069 059 030 030 010 0.14 0.14 0.30 1.00 1.00 1.00

Energy conservation 0.80 079 064 0.66 0.64 0.52 034 032 014 020 0.18 0.31 1.00 1.00 1.00

Sum 434 369 418 351 290 345 244 251 121 192 206 210 529 453  6.00

Notes: DOD, Department of Water of Daejon City; DOJ, Department of Water of Jonju City; LEGs, local environmental groups.
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FIGURE 2. Intercomparison of Alternatives Considering Weighted Benefit Between Individual and Group Stakeholders.

another alternative provides more benefits to both
the group stakeholders and the individual stakehold-
ers. The results of this evaluation were somewhat
unexpected. Regardless of which of the individual
stakeholders’ points of view were selected, Alterna-
tives 5 and 1 were consistently the preferred choices,
and Alternatives 4 and 3 were poorly ranked. The
results did not exhibit the typical tradeoffs that exist
between stakeholders, with certain stakeholders sup-
porting an alternative that is not preferred by other
stakeholders. This could occur for two primary rea-
sons. First, Alternatives 5 and 1 may simply be excel-
lent alternatives, which meet the needs of a wide
range of stakeholders well. This seems likely since
they are similar, with only one major option in each
portfolio of options that is different. Second, the rank-
ings of alternatives may be consistent between stake-
holders because alternatives that did not reflect the
preferences of stakeholders were removed from con-
sideration earlier in the process. This could occur
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because of the desire not to include alternatives that
were particularly unacceptable to any of the stake-
holders.

CONCLUSION AND FUTURE WORK

A modeling framework was developed to apply a
multi-criteria decision-making process to evaluate
alternatives with multiple stakeholders in the Geum
River Basin.

The procedure used in this study includes the
development of a simulation model as a tool for water
resource conflict management, and it makes use of an
MCDM technique that takes into account financial
feasibility, public involvement, environmental func-
tionality, water quality improvement, educational ben-
efit, and energy conservation. Two major procedures
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FIGURE 3. Intercomparison of Alternatives by Individual and Other Stakeholders.

are conducted in this research. The first one utilizes
a simulation model of decision making in a shared
vision modeling framework associated with water
conflict constraints to reach consensus about which
management options best address stakeholders’ col-
lective concerns. Ongoing conflicts further facilitate
the development of sustainable water resources plan-
ning for droughts as well as uncertain water demand
so that potential management alternatives are gener-
ated with a set of management options. Potential
management alternatives are then evaluated by
assessing total benefit associated with management
options by individual and group stakeholders. The
advantage of the MCDM framework is that it allows
a wide range of flexibility during initial stages of the
decision-making process. It is anticipated that efforts
will continue in the evaluation of potential water
management options in the basin and the opportunity
to work with stakeholders to better incorporate regio-
nal considerations, constraints, and objectives will
occur. Because the establishment of environmental
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flows will have impacts on the system yield and
because the region continues to grow, the conflicts
will increase unless cooperative solutions can be
reached.

Future research should address the integration of
appropriate science and engineering knowledge into
the political process and techniques that will encour-
age decision makers to focus on the appropriate tech-
nical issues while they also consider the ubiquitous
political concerns. Additionally, since the weighting
factors in this study are selected subjectively accord-
ing to stakeholders’ related expertise, the variability
of the level of satisfaction with model results by the
stakeholders should also be analyzed with many dif-
ferent weighting schemes during the give-and-take of
the negotiation setting to reach ultimate water con-
flict resolution. Specific future research should
include: (1) evaluation of the role of uncertainty in
stakeholders’ acceptance or rejection of alternatives
(2) development of a detailed drought management
plan to support system operation and management
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during periods of low flow, (3) continued analysis of
the impacts that instream flow requirements have on
the system’s safe yield and its ability to generate eco-
nomic benefits, and (4) sensitivity analysis of weight-
ing factors chosen by one group of stakeholders along
with comparable counterparts selected by another

group.
Finally, although the tool developed in this research
is a methodological one that succeeds at shared vision
planning, researchers still need to address gaps in
engineering models and explore the social benefits of
alternatives and subsequent results. Such human/so-
cial elements of the tool are also critical to the success
of the tool, because they enhance our understanding of
human-environment interaction and its role in achiev-
ing sustainable environmental systems and increase
our understanding of human/social factors in water
resources planning, management, and policy.
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