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DEVELOPMENT OF A SYSTEM DYNAMICS MODEL FOR

SUSTAINABLE LAND USE MANAGEMENT
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ABSTRACT

The current land use management framework considers economic, social, and
environmental influences individually, making it difficult to achieve sustainable
development. Therefore, this study aims to develop a system dynamics model to help
decision makers to integrally and systematically consider the components and inter-
actions in land use management. Based on the concept of sustainable development,
this study uses systems thinking to develop dynamics of sustainable land use manage-
ment in a river basin, which considers human activities, land resources, water resources,
and air resources integrally. Furthermore, this study uses the concept of driving force-
state-response to establish a conceptual dynamics framework for sustainable land use
management. Because of the complicated interactions among the above components
and iterative decision-making procedures, this study uses Vensim software and the
concept of object-oriented programming to develop a sustainable land use manage-
ment system dynamics model (SLUMSD model) based on the conceptual dynamics
framework. The Nankan river basin is used as a case study to illustrate the capability
of the SLUMSD model. The case study indicates that the interactions among the
components in sustainable land use management can be effectively identified in the
SLUMSD model. While planning strategies for sustainable land use management,
decision-makers can use the SLUMSD model to understand how the components
vary with different alternatives. Using the SLUMSD model to iteratively modify
alternatives can ensure appropriate decision-making in sustainable land use
management.

Key Words: sustainable land use management, systems thinking, D-S-R framework,
object-oriented programming, system dynamics model.
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I. INTRODUCTION

Land resources are necessary and important for
human development. Inadequate land use manage-
ment causes serious environmental impacts. In
Taiwan, the land use management framework was
originally based on urban and regional plans. The
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relevant regulations were implemented in the 1960s.
Environmental protection agencies were included in
the planning procedures in the 1990s as pollution
became a growing problem. Under the procedures,
environmental impact assessments must be performed
for various development activities. The main pur-
pose of the environmental impact assessment phase
of the procedure is to prevent and mitigate the ad-
verse environmental impacts of developmental activi-
ties (Liu, 1997). However, economic, social, and en-
vironmental impacts are analyzed separately in the
current land use management framework. In some
practical cases, the consequence is often traffic
congestion, poor environmental quality and town
cramming (Williams, 1999). It is necessary to im-
prove and modify the current land use management
framework to pursue sustainable development.



608 Journal of the Chinese Institute of Engineers, Vol. 26, No. 5 (2003)

Sustainable development may be regarded as the
progressive and balanced achievement of sustained
economic development, improved social equity and
environmental sustainability (Luxem and Bryld,
1997). Economic, social and environmental factors
and impacts must be assessed together in sustainable
land use management. Because the components are
numerous and the interactions among the components
are complicated in land use management, this study
uses systems thinking to obtain integral and complete
analytical results.

The approach of systems thinking is an analyti-
cal method proposed by Forrester in 1961, which fo-
cuses on how the thing being studied interacts with
the other components of the system. System dynam-
ics was proposed to achieve systems thinking with
computer models in solving complicated management
problems. In 1972, Meadows used the theory to de-
velop Limit to Growth models to discuss the impact
of population growth, pollution, and resource use on
the planet (Senge, 1990). Since ecosystems involve
complicated interactions, recent years have seen the
development of many system dynamics models for
ecosystems (Costanza ef al., 1998; Saysel and Barlas,
2001). Itis important and useful to develop a system
dynamics model for land use management.

This study aims to develop a sustainable land
use management system dynamics model (SLUMSD
model). In the beginning, this study identifies the
concept of sustainable land use management by us-
ing the concept of carrying capacity. Systems think-
ing is used to develop dynamics of sustainable land
use management in a river basin, considering human
activities, land resources, water resources, and air
resources integrally. The concept of driving force-
state-response is used to establish a conceptual dy-
namics framework for sustainable land use
management. The Vensim software and the concept
of object-oriented programming are used to build the
SLUMSD model. Finally, the Nankan river basin,
located in northern Taiwan, is used to illustrate the
capability of the SLUMSD model. The results show
that the SLUMSD model developed in this study can
be used to help land use management decision mak-
ers to achieve sustainable development.

II. CONCEPT OF SUSTAINABLE
LAND USE MANAGEMENT

Land resources are necessary to human
development. Inefficient use of land resources can
not support human development. However, scarcity
of land resources creates competition among devel-
opment activities. The needs of various stakeholders
must be considered and balanced for sustainable
development.

The concept of sustainable land use has recently
been discussed in different studies. Land character-
istics have been considered to determine the
appropriate development activities. For example, a
fertile plain is suitable for agricultural development,
while a steep mountain slope is unsuitable for resi-
dential development. Consideration of this issue can
prevent land being damaged through inappropriate de-
velopment activities (Senes and Toccolini, 1998; Li
et al., 2001). Furthermore, the influence of resources
supply on land use plans has also been considered.
For example, total agricultural land use must be
enough to ensure an adequate food supply (van
Ittersum ez al., 1998). Additionally, ecological im-
pact has been assessed during land development. The
land development plan must be controlled to mitigate
ecological impact to an acceptable level (Miyamoto
et al., 1996; Zander and Kichele, 1999). Furthermore,
sustainable land use development may be influenced
by economic benefit. Environmental impact is sug-
gested as a cost item in land development. Land use
plans can be considered sustainable when their total
economic benefit is sustainable (Teague, 1996).

According to the discussions of sustainable de-
velopment (WCED, 1987; IUCN/UNEP/WWF, 1991),
this study identifies the principles of sustainable land
use management as three important concepts: (1)
meeting the needs of humans to survive and develop;
(2) keeping within the land’s carrying capacity; and
(3) using systems thinking in the procedure.

Because studies have differed in their definitions
of the carrying capacity of ecosystems (Chen et al.,
1997), this study uses sound levels of resource use
and pollutant concentration to identify the concept
of carrying capacity, which means that total water
demand must be less than total available water
quantity, and river water quality and air quality must
meet regulatory standards. These are constraints in
sustainable land use management.

The related factors in land use management are
numerous and the interactions among the factors are
complicated. Individually, analyses and plans can not
consider integral influences, so sustainable develop-
ment is hard to achieve. Development activities in-
fluence each other. Environmental factors also in-
fluence each other. The systems thinking approach
is suitable to use to analyze the components and in-
teractions in sustainable land use management so that
one can obtain integral and complete results.

III. DYNAMICS OF SUSTAINABLE LAND
USE MANAGEMENT

This study uses the concepts and procedures of
system analysis to develop dynamics of sustainable
land use management. The development procedures
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Fig. 1 Interaction framework of sustainable land use management

include (1) identification of system and components,
(2) identification of relationships and interactions, and
(3) the conceptual dynamics framework.

1. Identification of System and Components

A river basin is considered to be an appropriate
spatial unit for sustainable land use management. The
boundaries of a river basin environment system are
usually drawn geographically rather than politically.
In this study, a river basin can be conceptually di-
vided into drainage zones based on geographical
characteristics. The territory of each drainage zone
is primarily based on a natural branch, natural
tributary, or artificial discharger (Buller, 1996; Chen
et al., 1997).

All of the components in the system, which are
related to sustainable land use management, should
be considered. However, based on the capabilities
of data collection and the knowledge of interactive
mechanisms, this study simplifies the principal com-
ponents of the system as land resources, water
resources, air resources, and human activities. The
attributes of land resources include land area and land
use type, with the latter being divided into six broad
categories: residential-commercial, industrial, paddy,
dry farming, forest, and other land use. The attributes
of water resources include the quantity and quality
of surface and ground waters, while the attributes of

air resources include the air quality. Finally, the at-
tributes of human activities include development ac-
tivities and management instruments.

2. Identification of Relationship and Interactions

The interactions involved in sustainable land use
management can be classified into two groups. The
first group includes interactions between human ac-
tivities and environmental resources. For example,
human activities require land and water resources.
Furthermore, human activities also alter land use
types, and generate waste, which is emitted into the
environmental media, including the water, air and
land. Management instruments, such as environmen-
tal quality standards and resource use limits, are de-
veloped based on the state of the environment, and
humans also engage in activities such as pollution
control and resource allocation.

The second group of interactions includes those
among human activities and those among environ-
mental resources. Human activities naturally influ-
ence each other, and substances move among differ-
ent environmental resources and spatial positions.

This study establishes the interaction structure
of sustainable land use management, shown in Fig.
1. Each block of the structure represents a compo-
nent and the arrows link components if interaction
exists between them. Components which influence
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Fig. 2 Conceptual dynamics framework for sustainable land use management

others are at the start of arrows, while components
which are influenced by others are at the end of
arrows. For example, available water quantity is in-
fluenced by quantity of river flow, groundwater, and
exterior water supply. Meanwhile, available water
quantity influences the result of water quantity suffi-
ciency checks.

Concerning land resources, areas of land and
land use types are allocated for the needs of human
activities. The benefit of land use is influenced by
the attributes of the land. For water resources, land
attributes influence the water demand, groundwater,
runoff, wastewater and water pollution load. Avail-
able water quantity is influenced by the flows of
groundwater and river water. River water quality is
influenced by the river water flow, water pollution
load and wastewater removal. The cost of wastewa-
ter removal is influenced by the quantity of waste-
water removal. For air resources, land attributes in-
fluence the air pollution load. Air quality is influ-
enced by the air pollution load and air pollution
abatement. The cost of air pollution abatement is in-
fluenced by the quantity of air pollution.

3. The Conceptual Dynamics Framework

To think of the interactions in land use manage-
ment as an integrated system, the.concept of driving
force-state-response (D-S-R) framework can be used
to establish a conceptual dynamics framework for sus-
tainable land use management. The D-S-R frame-
work was adopted by the United Nations Commis-
sion on Sustainable Development (CSD) as a tool for
organizing information on sustainable development
and also for developing, presenting, and analyzing

indicators of sustainable development. Generally, the
driving forces of sustainable development include
human activities, processes, and patterns that will
have an impact on sustainable development, whether
positively or negatively. The states are the situation
of the environment and natural resources, or particu-
lar aspects of them, at a given point in time. They
pertain to qualitative and/or quantitative description.
The responses to changes in the state of sustainable
development can be legislation, regulation, economic
instruments, information activities and so on
(Mortensen, 1997; Chen et al., 2000). Moreover, the
D-S-R framework includes causal relationships for
decision-making.

The framework, shown in Fig. 2, concisely de-
scribes all of the principal components and interac-
tions involved in sustainable land use management.
The driving forces of sustainable land use manage-
ment include various human activities. The states are
the situations of land resources, water resources and
air resources. Furthermore, the responses to changes
in the state of sustainable land use management can
be management instruments applicable to the driving
forces and the states. All of the components in the
dynamics framework influence each other.

In the framework, different stakeholders man-
age parts of the components. In sustainable land use
management, the needs of stakeholders can be stated
as alternatives and applied in the framework. After
interacting, the variations of components and their
influenced results can be seen integrally. According
to the results, each stakeholder can modify his alter-
native to be close to the objective. After modifying
iteratively, the alternative fitting the concept of sus-
tainable land use management can be obtained.
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IV. THE SUSTAINABLE LAND USE MANA
GEMENT SYSTEM DYNAMICS MODEL

Based on the conceptual dynamics framework
and interactions, this study develops a sustainable
land use management system dynamics model
(SLUMSD model) using the software Vensim 4.0a
and the concept of object-oriented programming
(OOP).

Vensim is a powerful tool for building a system
dynamics model, and combines the editing functions
of a graphics interface with a programming language.
In Vensim, the modeling window is called a “view”,
and models can be separately built in different views.
All work done in different views can be automati-
cally composed into an integral model by linking vari-
ables while using the internal functions of Vensim.
In the SLUMSD model, when any variable is altered,
the influence on other variables can be seen.
Similarly, the model can show what variables cause
the influenced result. Because the components are
numerous and the interactions are complicated, and
the results must be considered integrally, it is suit-
able to use Vensim to develop system dynamics mod-
els for sustainable land use management.

The modeling method is made more powerful
by combining it with the concept of OOP. Land use
management sees land units as objects, and sees their
characteristics and resources as object attributes.
Meanwhile, water body units are seen as different
kind of objects. Attributes and processes are encap-
sulated in objects and thus their definitions and

modifications are independent. During modeling,
interactions among objects for an identical attribute
are built using a specific view. Meanwhile, interac-
tions among attributes for an identical object are built
in the implicit structure.

Figure 3 displays the conceptual object-oriented
structure for sustainable land use management. In
the structure, attributes are placed above the object
to which they belong, and attributes of the same kind
are placed on the same plain. Meanwhile, horizontal
arrows represent interactions among objects for an
identical attribute. For example, the water supply
capacities of all the drainage zones influence one
another during allocation. Meanwhile, vertical ar-
rows represent interactions among attributes for an
identical object. For example, the air quality of an
identical drainage zone is influenced by its air pollu-
tion load, which in turn is influenced by both the land
use types and the area of the drainage zone. Through
chain reactions, variation of any component influ-
ences all other components in the structure.
Furthermore, attributes can be selected as decision
variables or indicators to compose a new view for
decision-making, without modifying the original
structure.

The SLUMSD model can be modified or ex-
panded easily using the concept of OOP. If the sys-
tem boundaries expand, the SLUMSD model only
requires adding some new objects. Meanwhile, if
more attributes are considered, the SLUMSD model
only requires adding new views. SLUMSD model
modification and expansion do not require that the
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Fig. 4 Sustainability assessment window of the model

structure be rebuilt. The SLUMSD model makes the

following assumptions.

(1) Each land use type has its own unit levels of wa-
ter demand, water pollution load, air pollution
load, land use benefit, and population density.

(2) The costs of water use, wastewater removal, and
air pollution abatement are assumed to be unit
costs.

(3) The total benefit is the summation of the land use
benefit, and water use, wastewater removal, and
air pollution abatement costs.

(4) The river water quality simulation is based on the
Streeter-Phelps equation and the related assump-
tions (Streeter and Phelps, 1925). The indices of
water quality include BOD and DO.

(5) The air quality simulation is based on the roll back
equation and the related assumptions (Nevers,
1995). Individual air pollutants include PM10,
SOx, NOx, and NMHC.

The SLUMSD model can display all assessed
sustainability results simultaneously, as shown in Fig.
4, which includes land resources, water resources,
river water quality, and air quality. The result value
shows 1 if the item meets the principles of sustain-
able land use management, otherwise 0.

In the process of evaluating alternatives, the

SLUMSD model can be used to show the influencing
components and the influenced components in the
causal loops, as shown in Fig 5. Therefore, the model
user can vary any component and then obtain all of
the corresponding influence to other components
simultaneously. Similarly, the model user can ob-
tain desired results by varying the influencing
components.

The SLUMSD model employs sliders to modify
the input data in various management plans, as shown
in Fig. 6. Using this function, the model user can see
how input data variation causes corresponding varia-
tion in the analytical results.

The policy optimization function in Vensim can
be applied as the optimization method in this study.
In order to use optimization, model users must de-
fine the payoff first. The payoff is a measure, re-
ported at the end of the simulation, stating numeri-
cally how good the simulation was. The payoff can
consist of one or several components, to which users
can give weights. For example, the payoff can be the
summation of total benefits, which are given equal
weights. After defining the payoff, users must select
some components and give them maximum and mini-
mum bounds. At the end of optimization, Vensim
can give users the maximum payoff and the values of
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all components.
V. CASE STUDY

The Nankan river basin, located in northern
Taiwan, is used as a practical case to illustrate the
capability of the SLUMSD model. The total basin
area is 214.67 km?, while the main stream is 30.73
km long. Location of the Nankan river basin is shown
in Fig. 7. The basin has been highly developed by
various human activities.

1. Assessment of the Current Condition of the
Nankan River Basin

According to EPA research, the Nankan river
basin is divided into 19 drainage zones and 18 reaches
(EPA, 1991). Therefore, the SLUMSD model devel-
oped in this study includes 19 land objects, and 18
water body objects. This study uses geographic in-
formation system (GIS) data to obtain the total area
of each land use type in each drainage zone of the
basin, and then works out the portion of total land
area that each land use type represents. GIS data in-
cludes the results of land use surveys by the Depart-
ment of Land Administration of the Taiwan Provin-
cial Government, the range of the basin, and the range
of the drainage zones. Meanwhile, other input data
are adopted from related studies (EPA, 1991; Yu et
al., 2001; Li, 2002). Tables 1 to 5 illustrate the input
data of land use, hydraulics, water resource, water
pollution, air pollution, society and economics. Hy-
draulics data is based on the condition of annual av-
erage flow. Furthermore, the costs of water use for
the public, industry, and agriculture are 7.0, 6.4, and
0.2 NT$/m?. The costs of water pollution abatement
for the public and industry are 8 and 5 NT$/kg-BOD.
The costs of air pollution abatement for PM10, SOx,
NOx, and NMHC are 12, 15, 21, 18 NT$/kg.

According to the assessed results, total water

demand is 8.27x10°m? which is more than the total
available water quantity in the basin. Moreover, the
highest BOD and the lowest DO concentration of the
river are 28.7mg/l and 2.6mg/1, which both fail to
meet river water quality standards. Additionally, the
highest PM10 concentration of the basin system is
81.1ug/Nm?, which fails to meet air quality standazds.
Given that present land use conditions in the Nankan
river basin can not meet the principles of sustainable
land use management, an appropriate sustainable land
use management Strategy must be planned for the
basin.

2. Strategic Planning for Sustainable Land Use
Management

The Nankan river basin contains 1,928 hectares
of industrial land use, representing 9.0% of the total
area of the basin. It is complicated to determine what
area of industrial land use in the Nankan river basin
is appropriate for sustainable development. For the
development needs, the area of industrial land use is
considered to increase. However, the area of indus-
trial land use needs to decrease if considering miti-
gating environmental impacts.

This study uses the concept of sustainable land
use management and the SLUMSD model to gener-
ate optimal land use management strategy. The varia-
tions of the total area of industrial land use have been
assumed as seven options: 0%, +5%, +10%, +15 %,
—5%, —10%, and —15%. As discussed above, based
on the concept of sustainable land use management,
human activities, land resources, water resources and
air resources should be considered together. The
management strategies are discussed as followed.
(1) The increasing area of industrial land use is trans-

formed from the area of paddy, dry farming, and
forestry land use. The decreasing area of indus-
trial land use is transformed into areas of other
land uses. This study simplifies the transforming
ratio to be the same in all of the drainage zones.

(2) The strategy of available water quantity alloca-
tion involves increasing available water quantity
from outside the Nankan river basin since it is very
difficult to increase available water quantity in the
basin. According to the concept of carrying
capacity, total water demand of the basin must be
less than total available water quantity.

(3) The strategy of water quality management aims
to abate BOD load in wastewater. Many different
methods can be used to abate BOD load. However,
this case study uses the equal-abating-rate method,
meaning that the BOD load from each drainage
zone and wastewater source is abated at the same
rate for the sake of equity. According to the con-
cept of carrying capacity, the BOD and DO
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Table 1 Land use data of drainage zones

Area Unit Runoff
No. (ha) Residential Industrial Paddy Dry Farm Forest Other (CMD/ha)
1 1,417 0.0912 0.0803 0.0000 0.0216 0.4794 0.3275 10
2 1,210 0.0821 0.0573 0.0367 0.0283 0.0906 0.7050 10
3 341 0.0630 0.1005 0.0015 0.0148 0.6405 0.1796 10
4 189 0.2829 0.0525 0.0028 0.0104 0.1474 0.5040 10
5 1,726 0.2885 0.1156 0.1244 0.0841 0.0112 0.3762 10
6 209 0.1421 0.0125 0.0804 0.0005 0.0026 0.7619 22
7 237 0.1929 0.0226 0.2279 0.0841 0.0000 0.4724 22
8 445 0.0820 0.0563 0.0828 0.0509 0.2084 0.5196 22
9 6,682 0.1252 0.0749 0.4416 0.0486 0.0048 0.3049 22
10 1,681 0.0456 0.2605 0.0601 0.0568 0.2407 0.3363 22
11 440 0.1254 0.2059 0.2724 0.0352 0.0008 0.3604 22
12 245 - 0.0650 0.0893 0.6019 0.0130 0.0001 0.2306 22
13 254 0.0476 0.2469 0.3199 0.0324 0.0238 0.3293 22
14 2,338 0.0317 0.0171 0.1236 0.0604 0.3641 0.4031 22
15 1,220 0.0785 0.0196 0.4579 0.0713 0.0059 0.3667 92
16 539 0.0000 0.0000 0.5362 0.4293 0.0345 0.0000 92
17 584 0.0500 0.0437 0.1802 0.0688 0.2506 0.4067 92
18 320 0.1101 0.0978 0.2104 0.0517 0.1570 0.3730 92
19 1,390 0.0518 0.1138 0.2688 0.1116 0.0912 0.3628 92

Table 2 Hydraulic data of reaches (EPA, 1991)

Length Velocity Depth  K; Class1f1ce.1t1on
No- “km) (mfsec) (m) (1/day) ©F auality
standards
1 5.00 0.60 0.15 0.3 C
2 250 0.67 0.18 0.3 C
3 250 0.73 0.21 0.3 C
4 1.75 0.75 0.20 0.8 C
5 1.50 0.85 0.25 0.8 C
6 1.25 0.90 0.27 0.8 C
7 1.00 1.22 0.48 0.6 C
8 3.00 1.27 0.51 0.6 C
9 1.00 1.03 0.32 0.6 C
10 0.75 1.10 0.38 0.8 C
11 1.25 1.13 0.40 0.8 C
12 0.25 1.16 0.42 0.8 C
13 0.75 1.19 0.44 0.8 C
14 1.50 1.27 0.53 0.6 C
15 1.50 1.34 0.57 0.1 C
16 1.00 1.40 0.60 0.1 C
17 1.00 1.45 0.64 0.1 C
18 1.00 1.30 1.25 0.1 C

concentrations of the river must meet the river
water quality standards. Additionally, the tech-
nology constraint of abating rate is assumed as
90%.

(4) The strategy of air quality management aims'to
abate PM10 and NMHC loads in waste air.

Similarly, the PM10 and NMHC loads from each
drainage zone and emission source are abated at
the same rate for the sake of equity. According to
the concept of carrying capacity, the concentra-
tions of PM10 and NMHC in the basin system must
meet the air quality standards. Additionally, the
technology constraint of abating rate is assumed
as 80%.

This study uses input sliders of the SLUMSD
model to modify land area, abating rate of water pol-
lution load, and abating rate of air pollution load and
checks if these loads are within the carrying capacity.
Moreover, this study modifies exterior available wa-
ter quantity, river water quality, and air quality to
obtain feasible alternatives. For each option of varia-
tion of area of industrial land use, numerous alterna-
tives fitting the concept of sustainable land use man-
agement can be generated. Furthermore, this study
uses the policy optimization function of the SLUMSD
model to obtain each optimal solution for each option.
The comparing criterion is the total benefit of
alternative. Fig. 8 displays the results of the optimal
benefits of all the options.

In this case, the increase in the area of indus-
trial land use increases the benefit of land use, in-
creases the cost of wastewater removal, increases the
cost of air pollution abatement, and decreases the cost
of water use. The overall result is a decrease in total
benefit. Additionally, the total benefit increases when
the decreasing ratio of the area of industrial land use
is at or below 5%. However, total benefit decreases
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Table 3. Water resource and pollution data of land use type (EPA, 1991; Li, 2002)

Land use Wateg Demand Transformation Wagtewater BOD Loading
type (m"/yr/ha) Coefficient (m"/yr/ha) (kg/yr/ha)
Residential 30,000 0.8 24,000 4,500
Industrial 25,000 0.8 20,000 6,000
Paddy 40,000 0.4 16,000 7.4
Dry Farm 5,000 0.4 2,000 5
Forest 0 0 0 2
Other 0 0 0 2
Table 4. Air pollution data of land use type (Yu et al., 2001)
Land use PM10 ) SOx ) NOx ) NMHC )
type (ton/yr/km™) (ton/yr/km™) (ton/yr/km™) (ton/yr/km”)
Residential 81.02 332.6 203.1 1288
Industrial 56.06 13.01 6.716 360.5
Paddy 5.369 0.009436 0.0637 4.166
Dry Farm 5.369 0.009436 0.0637 4.166
Forest 1.641 0.009436 0.0637 0.3208
Other 1.641 0.009436 0.0637 0.3208

Table 5. Social and economic data of land use type
(EPA, 1991; Li, 2002)

Land use type Population  Economic benefit
(people/ha) (NT$/ha/day)
Residential 250 270
Industrial 30 410
Paddy 1 8
Dry Farm 2.5 8
Forest 0.3 5
Other 0.3 5

when the decreasing ratio of the area of industrial land
use exceeds 5%. This phenomenon occurs because
the cost of air pollution abatement decreases slowly
when the decreasing ratio of the area of industrial land
use exceeds 5%. Furthermore, the concentration of
NMHC has met air quality standards with a 5% reduc-
tion, and thus there is no need to abate NMHC load.
For all of the alternatives fitting the concept of
sustainable land use management in this study, the
optimal alternative is that of decreasing the ratio of
the area of industrial land use by 5%. The total ben-
efit of the alternative is 9.30x10°NTS$, after consid-
ering the costs of water use, water pollution
abatement, and air pollution abatement. Meanwhile,
this alternative includes three management works as
follows.
(1) Increment of available water quantity is 3.50x10°
m?, which is obtained from the exterior of the
basin.

(2) Abatement rate of BOD load is 86%.
(3) Abatement rate of PM10 is 31%, while NMHC
load does not need to be abated.

According to the results of the case study, the
SLUMSD model can be used to evaluate all of the
alternatives and help decision-makers in selecting the
optimal one. Furthermore, the SLUMSD model can
also be used to evaluate the strategies used to allo-
cate all types of land use. Various kinds of manage-
ment strategies can be simultaneously evaluated by
using the SLUMSD model.

VI. CONCLUSION

This study has developed a sustainable land use
management system dynamics model (SLUMSD
model) by using the concepts and procedures of sys-
tem analysis. The SLUMSD model can help deci-
sion makers to integrally and systematically consider
the components and interactions in land use
management. The results overcome the defects
caused by individual consideration of the economic,
social, and environmental influences in the current
land use management framework.

Development of the SLUMSD model is based
on the concept of sustainable land use management.
This study uses the concept of sustainable develop-
ment to identify the principles of sustainable land use
management that must meet the needs of humans,
keep within carrying capacity, and use systems think-
ing in the procedure. With systems thinking, this
study has developed dynamics of sustainable land use
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Fig. 8 Benefits and costs of land use management strategies

management in a river basin, which considers human
activities, land resources, water resources, and air
resources integrally. The components and interac-
tions in the dynamics have been identified in this
study. Meanwhile, this study has established a con-
ceptual dynamics framework of sustainable land use
management by using the concept of driving force-
state-response (D-S-R). From the framework, deci-
sion makers can obtain suitable alternatives through
integral and iterative procedures.

This study uses Vensim software and the con-
cept of object-oriented programming (OOP) to de-
velop the SLUMSD model. The SLUMSD model
can be used to show the influencing components in
the causal loops. Furthermore, the SLUMSD model
employs sliders to modify the input data in various
management plans. This function makes the model
user understand how input data variation causes cor-
responding variation in the analytical results.
Additionally, the policy optimization function is pro-
vided to optimize the solution.

The Nankan river basin, located in northern

Taiwan, is used as a case study to illustrate the capa-
bility of the SLUMSD model. Initially, the SLUMSD
model can be used to assess the sustainability of the
basin at the present condition of land use. Due to the
lack of a sustainable land use management plan, sus-
tainable development is difficult to achieve in the
basin given present land use conditions.

In the allocation of industrial land use area, this
study uses the SLUMSD model to generate different
alternatives fitting the concept of sustainable land use
management. The optimal alternative is a 5% de-
crease in the area of industrial land use after survey-
ing all data variations. The optimal alternative in-
cludes a 3.50x10°m?® importation of exterior water,
an 86% BOD load abating rate, and a 31% PM10 load
abating rate. However, different spatial allocations
of the same variation of industrial area may result in
quite different environmental conditions. Different
allocating methods of water resources and air re-
sources may also influence the alternatives.

Analytical results indicate that the SLUMSD
model developed in this study has clearly identified
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the interactions among components of a river basin
environment system that are relevant to sustainable
land use management. During sustainable land use
management planning, decision-makers can use the
SLUMSD model to obtain variations of all compo-
nents with different alternatives. Appropriate sus-
tainable land use management decisions can be made
by using the SLUMSD model to iteratively modify
the alternatives.
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