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Abstract
BACKGROUND: Water is one of the basic materials of human existence. In respect this, many countries have been 
focused on water security agenda as one of the national strategic security. One of water security domains is coastal 
water security. Water security, due to the myriad of factors influencing water quantity and quality in coastal area, 
can be considered as a complex system. Due to the complexity and dynamic characteristic, system dynamic model 
(SDM) is needed to implement in coastal area to integrate all subsystem. 

AIM: This study aims to analyse the subsystems relating to coastal water security. The subsystem determination 
used to develop future policy-making relating to coastal water security.

METHODS: For this purpose, a systematic literature review was conducted and a set of 12 papers was selected 
from 2009 – 2019.

RESULTS: The papers’ analysis shows the applicability of SDM to solve complex problems. Water scarcity has been 
identified as a major problem in the coastal area, identified in eight papers. Three papers are related to water quality 
and only one paper relating to both. There are four major subsystems relating to coastal water security: environment, 
economic, social, and politic. Information about the aquaculture activities, the mechanism of coastal water pollution 
and water relating human health risk is still limited. 

CONCLUSION: We recommend use of SDM in the coastal water security to be extended to aquaculture, coastal 
water pollution and human health risk aspect in order to promote a holistic understanding of the complex issues and 
to develop more effective policies.

Edited by: Sasho Stoleski
Citation: Astuti RDP, Mallongi A. Using System Dynamic 

Modelling for Improving Water Security in the Coastal 
Area: A Literature Review. Open Access Maced J Med Sci. 

2020 Aug 15; 8(F):143-154.  
https://doi.org/10.3889/oamjms.2020.4395

Keywords: System dynamic model; Water security; 
Coastal area

*Correspondence: Ratna Dwi Puji Astuti, Department 
of Environmental Health, Faculty of Public Health, 

Universitas Hasanuddin, Makassar, Indonesia.  
E-mail: ratnadwipujiastuti@gmail.com

Received: 05-Feb-2020 
Revised: 05-Jul-2020

Accepted: 29-Jul-2020
Copyright: © 2020 Ratna Dwi Puji Astuti, Anwar Mallongi

Funding: This research did not receive any financial 
support.

Competing Interests: The authors have declared that no 
competing interests exist.

Open Access: This is an open-access article distributed 
under the terms of the Creative Commons Attribution-

NonCommercial 4.0 International License (CC BY-NC 4.0)

Introduction

Many countries in the world have been 
focused on water security agenda as one of the 
national strategic securities agenda [1]. As one of the 
most urgent topics facing humanity in the 21st century, 
water security can affect people’s lives, property, and 
ecology [2], [3], [4], [5]. As one of the basic materials in 
human existence, the purposes of water are to support 
the development of human health, economic activities, 
and cultural lives [6]. In the last decade, human society 
facing serious water problems such as water scarcity, 
water pollution, and especially water damage caused 
by floods [7].

Lack of water security will impact to individual, 
city, countries, region, and global, which 80% world’s 
population will be threatened by serious problem [1], [8]. 
In developing countries, an estimated 1 billion people 
lack access to safe affordable drinking water, 2.7 billion 
lack access to sufficient sanitation, and millions die each 
year from the preventable water-borne disease [3]. 
Contaminated water is one of the main environmental 
mediums of mortality and morbidity worldwide [9], [10], 
and evaluation of the quality of drinking water is one 
of the high priorities to avoid any health problems [11].

Water security context has diverse domain 
such as agricultural water security, domestic water 
security, urban water security, coastal water security, 
urban water supply, and demand system security, water 
resources security, and integrated water resources 
security [2], [3], [12], [13], [14], [15], [16]. Therefore, 
we conclude there are three domains of water security 
system: (1) Water resources security which has been 
focused to freshwater scarcity issue, which continue 
to gain urgency in science and policy term, (2) water 
environmental security refers to protect water from 
degradation and pollution for guaranteeing public 
health to maintain a good ecological status (GES) and 
sustainable functioning, and (3) water disaster aims to 
eliminate threats of water-related hazards and water 
emergency to solve water damage issues [2], [13], [16].

The problems existing in current water 
development and utilization include water deficit, 
serious waste of water, deterioration of water ecological 
environment due to the excessive exploration of water, 
disrepair, and aging of small water conservancy 
projects, and less enough attention paid to water 
management [6]. The coastal region is one of the 
areas vulnerable to water insecurities. The aquifer in 
coastal areas is linked to sea; an extraction of water 
from the reservoir is partly balanced by influx of saline 
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water from the sea, particularly when there is less 
rainfall. Saltwater can be trapped in the subsurface 
of sediments from floods in past, or when sea levels 
were higher in some coastal regions [17]. Moreover, 
many coastal areas have ecological pressure induced 
by population growth, land-use intensification, a 
projected warming and drying climate, an increasing 
likelihood of drought condition, and poor environment 
stewardship [18], [19], [20]. On the other hand, average 
global sea level is rising gradually due to global warming, 
which impacts to pattern water use in the coastal 
area [18], [21]. Furthermore, the higher content of salt 
in water caused the water is unsuitable for drinking or 
agricultural use [15], [17].

The coastal and marine environment is 
greatly influenced by the increase of population, rapid 
urbanization, tourism, aquaculture activity, agriculture, 
industrialization, and motorization [15], [22], [23]. 
Besides water scarcity, a problem facing by population in 
coastal area is also related to water quality. The coastal 
and estuary pollution has become a crisis in the natural 
environment because lithogenic and anthropogenic 
sources discharge an extensive amount of pollutants 
into estuaries and coastal waters. Humans can expose 
to xenobiotic through ingestion, inhalation, and dermal 
exposure [24], [25], [26].

Most of these pollutants cause serious 
threats for the health of marine organisms and human 
beings, and they cause environmental crises in marine 
ecosystems such as loss of biodiversity, widespread 
of exotic and invasive species, contamination of 
aquatic organisms including fish and shellfish, mortality 
and extinction of aquatic organisms, fecal coliform 
contamination, eutrophication, anoxia, bio-absorption, 
and bioaccumulation [26], [27], [28], [29], [30].

Coastal waters receive pollution from diverse 
sources, including storm drains, rivers, effluent outfall, 
sewer overflow, and diffuse source inputs [31]. One 
of the main sources of pollution in the coastal area is 
land-based sources include runoff pollution that enters 
the water supply from industrial and agricultural waste, 
ranches and forest areas, oil spill from vehicle engines, 
garbage, and sewages [27]. Moreover, air pollution and 
shipping activities actually will affect to some water 
pollution, which settles into waterways and oceans [27]. 
Therefore, to solve these problems, policy-makers 
have created integrated water management approach 
to integrate water supply and water demand, water 
quantity and water quality, surface and groundwater, 
and water-related institutions at municipal, local, 
national, regional levels are needed [32].

Due to its complexity and dynamic 
characteristic of a coastal area, we need a system 
dynamic approach to integrate all subsystem. The 
system dynamics model is a qualitative and quantitative 
research method that includes system integrated 
analysis and simulation [1]. Each subsystem is 
resulted by the interaction of numerous factors, and 

the uncertainty of linear and non-linear relationships 
among the factors will complicate the water security 
issue. System dynamic aims to simulate the structure 
of a various complex system and to analyze the internal 
relation of the system [1]. Besides, it also can be used 
to identify problem non-linearly and to handle feedback 
relationship.

Hence, this paper tries to examine the system 
dynamic model (SDM) in water security, especially in 
water quality and quantity in the coastal area. Thus, the 
research question is:
1.	 What is the subsystem related to coastal water 

security?

Methods

The scope of the study is reflected through a 
systematic literature review, which is a structured literature 
evaluation method which can aid in gaining information 
regarding study question . To identify relevant papers to 
address study question, a search was conducted on the 
“Google scholar,” “SpringerLink,” “Wiley,” “Scinapse,” and 
“PubMed” bibliographic database. To obtain a sample of 
papers, we used the following search strings: SDM OR 
system thinking OR system approach OR causal loop 
OR stock-flow OR feedback loop OR causal mapping 
AND water AND coastal.

For the first time, there are 12162 articles that 
match with the search string. Then, we selected those 
articles based on the titles, abstract, and keywords. 
We focused on the papers published in peer-reviewed 
journals from 2009 to 2019. Our search was conducted in 
November 2019 so that the papers published afterwards 
Table 1: Exclusion criteria in the systematic review
S. No Criteria
1 Non-peer review journal, books, books chapter, master, and PhD thesis
2 Other language than English
3 Papers referring to dynamic system but not using the system dynamic method
4 Different subjects than the water security in the coastal area
5 Review article on related topics

do not include. To exclude the irrelevant papers from the 
analysis, we exclude some papers based on exclusion 
and inclusion criteria (Tables  1 and 2). The inclusion 
criteria were based on the dimension of integrated water 
resources management (IWRM) [13]. All the selected 
papers that met the criteria below were excluded from 
analysis.
Table 2: Inclusion criteria in the systematic review
The dimension of integrated water 
management (integrated water 
resources management)

Criteria

Water resources dimension Coastal water (surface and groundwater)
Human dimension Urban and rural setting 
Spatial dimension Coastal area
Temporal distribution Varied (2009–2019)

Once the title and abstract of each paper were 
screened, the full version of the paper which potentially 
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related to topics was downloaded. After assessing and 
extracting the details of each paper, while applying 
the exclusion criteria, a final sample of 12 papers 
was obtained for further analysis. Figure 1 presents a 
flowchart showing the process, we followed to obtain 
the final sample of papers.

Are they
relevant? 

7650 papers duplicate 

Number of potential works
after 7650 papers excluded

(n=4512)

Number of literatures from 
PubMed, Scinapse, Google
scholar, Springerlink, Wiley

database (n=12162)

Number of papers found
potentially relevant based
on their abstract and titles

(n=163)

4349 papers not related to
system dynamic model in

coastal setting

12 Papers selected for further
analysis

Excluded:
7.  Doesn’t use SDM method= 28
8.  Not related to water security coastal area= 82
9.  Review article=27
10.  Books, Thesis and …=6
11.  > 2019 = 3
12.  Duplicate = 4

Figure 1: Flowchart of paper selection process

Results and Discussion

Data extraction

From 12 papers selected, we extracted 
information based on publication trends, geographical 
location, and dimension of IWRM (water resources setting, 
human dimension, spatial, and temporal dimension).

After assessing the papers in detail, the results 
show that selected papers, published in international 
journals and indexed in the bibliographic databases 
selected, use system dynamic methods in the field 
of coastal water security. Regarding the geographic 
location of coastal water security systems analyzed 
by the system dynamic approach, Asia countries have 
received the most attention about water security with 
six papers. It was followed by Australia, Europe, and 
America country with 3, 2, and 1, respectively. We 
found that there are only three papers in the period 
2009–2014 and nine papers published in 2015–2019.

Dividing three topics about water security in 
the coastal area that includes water quantity related to 
water scarcity, water quality related to water pollution, 
and integrated water security related to both water 
quantity and water quality, only one paper examines 
integrated water security in the coastal area. The majority 
water-related problems facing in the coastal area are 

water-related quantity or water scarcity. Water scarcity is 
one of the most challenging problems in the world [33]. 
Rapid population growth is indicated as one of the 
factors [33], [34]. Moreover, climate change also harms 
water resources management, increasing the frequencies 
of extreme events such as floods and droughts, and 
increasing water demand for irrigation [33].

In this paper, we used integrated water 
resources (IWRM)’s dimension to analyze water security 
problem facing coastal area. Water security implies to 
ensure freshwater, coastal and related ecosystems are 
improved and protected, minimalize the risk of water-
related hazards, promote sustainable development 
and political stability and also promote enough safe 
water for everyone. IWRM concept aims to manage the 
water resources in a comprehensive and holistic way. 
Savenije and Van der Zaag had divided IWRM into four 
dimensions: 
1.	 The water resources or natural dimension, 

include all forms of occurrence of water 
including saltwater and fossil groundwater. It 
also divided into blue water and green water. 
Blue water is the water in lakes, rivers, and 
shallow aquifers, while green water is the 
water in the unsaturated zone of soil, which 
responsible for producing biomass. Moreover, 
in this paper, we conclude that there are 
two water resources in the coastal area, are 
surface water and groundwater. Based on the 
summary of the literature, developed countries 
such as Spain, Greece, and Australia are 
already using rain-independent water resource 
to support availability water source in the 
coastal area [12], [35], [36], [37], [38], [39], 
whereas developing countries still using rain-
dependent water resources (i.e., groundwater 
and surface water) [6], [40], [41]. Table 3 
shows that there are several water resources 
in the coastal area. Moreover, Table 4 showed 
that the majority of water resources explained 
in the prior research is surface water.

2.	 The water users, there are many different users of 
water and needs. The function of water includes 
economic production activities, maintaining 
dynamic equilibrium in natural processes, 
sustain life forms, contribution to culture, religion, 
and landscape. While water users include 
consumptive and non-consumptive users. We 
also divided the users based on the location 
setting; there are two types of users include 
urban and rural society. There are nine papers 

Table 3: Coastal water resources [6], [12], [33], [34], [35], [36], 
[37], 38], [40], [42], [43]
Coastal water resources Sources
Groundwater Aquifer 
Surface water Runoff from rainfall, irrigation water, rivers, dam, estuarine 

water, stream, lakes, canals, reservoir, sea water
Rain-independent water Desalinated water, recycled water, storm water recycled
Rain-dependent water rivers, dam, estuarine water, stream, lakes, canals, reservoir, 

aquifer
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evaluating water management in urban setting 
and three papers describing water management 
in rural setting. Various human activities will 
affect the water quality of the coastal ecosystem. 
When it comes to the urban system, the 
interaction between human activities and coastal 
system is more intensified due to increase 
population density and related to economic 
activities [36]. Therefore, subsystem population 
and economy are important parameters to the 
water security system. The function of water 
is not only for human consumption but also 
industrial, agriculture, aquaculture, ecological, 
and recreational needs [39], [40].

3.	 The spatial scales: There is a different level of 
water resources include the international level, 
the national level, the province or district level, 
and the local level. Parallel to these administrative 
levels are hydrological system boundaries such 
as river basins, sub-catchment, and watershed. 
Six papers describing system dynamic modeling 
were used in local water management. The 
others are describing water management in the 
district and regional level. There is a decision of 
water resources management belong at different 
levels, which means the concept of decision 
making at the lowest appropriate level needs to 
be guided in the development of IWRM [13]. The 
basin facing significant water-related issues (i.e., 
flood damage, sedimentation, and subsequent 
risks to water security and environmental 
degradation) [42].

4.	 Temporal scales and patterns: The temporal 
distribution of water resources is vital, and so 
is the distribution over time of demand. In water 
resources assessments, the total amount of water 
available strongly depends on the possibility 
to capture floods. The SDM can predict supply 
and demand for water resources in the coastal 
setting. The range of time prediction is diverse 
in some papers, such as for 19, 30, 40, 50, 60, 
100, and 200 years period of time [6], [12], [34], 
[35], [36], [37], [38], [39], [40], [41], [42], [43].

SDM

Models are widely used in the water 
sector [34], [44]. Models provide predictions and 
forecasts for planning and management purposes. The 
definition of the model is a simplification of reality that 
is, at once, imperfect and incomplete. The less inclusion 
of all possible information makes the model useful [44]. 
Using the SDM for water management process is 
based on the increase of awareness in IWRM. Savenije 
and Van der Zaag stated that the water management 
process needs to integrate all of the system. Regulating 
only one system may not achieve the desired results.

The application of IWRM needs 
multidisciplinary, multisectoral, and multi-stakeholder 

integration in planning, management, and decision-
making around water. Therefore, system thinking 
is needed to examine the holistic part of system, 
interrelationship each part of the water system, 
and pattern of its behavior over time [44]. System 
thinking and SDM are closely related because both 
have aspects of dynamic behavior occurring within 
the system. The conclusion of system thinking is a 
description of system dynamics, while system dynamic 
used system thinking as a tool to known relation within 
part of the system [44]. Besides, both have the same 
concept, including causal loop, variable, feedback 
loop, and delay.

SDM is the methodology for understanding 
certain kinds of complex problem [45]. SDM has the 
advantage to handle high-degree of non-linear, high-
level, and multi-variable problems [6], [33]. SDM is 
typically used when formal analytical models do not 
exist, but the simulation process by linking number or 
quantitative process can be done (i.e., developing a 
system structure) [40]. System dynamic modelling is 
originally proposed by Jay W Forrester in 1950s for 
bussiness process [46]. This method aims to achieve 
system thinking by computer-based models in solving a 
complex management problem. Since the environmental 
problem involves complex interactions, some SDM has 
been formulated for environmental management and 
ecosystem assessment [40], [47]. SDM build aims to 
develop a model that closely mimics the system under 
investigation to the level of detail required. Moreover, 
SDM may be a useful tool for integrated water system 
modeling [6], [40].

To develop an SDM, there are several 
component systems include interlinked compartments 
(Stocks), directed links (flows), and influences 
(converters) [46]. Stocks can be thought of as storing 
a quantity of material such as money in the bank, the 
population of humans, and water in a reservoir. The 
value of stock is related to inflow/outflow of variable 
system to stock. If the inflows and outflows to/from 
stock are equal to zero, then the value of a stock will 
remain constant. Flows indicated movement of material 
into/from stocks (e.g., cash deposits or withdrawals, 
birth or death, water supply, and demand), whereas 
converters act to influence the rate of flows (e.g., birth 
rate or death rate) [40]. Lorenz and Jost reported that 
there are several characteristics of system dynamic 
(Table 5). Furthermore in the table 4. there are several 
scenario that is developed by using SDM.
Table 5: Characteristic of system dynamic [48]
Characteristic item System dynamic
Perspective Holistic, emphasis on dynamic complexity
Resolution of models Homogenized entities, continuous policy pressures, and 

emergent behavior
Data sources Broadly drawn
Problem studied Strategic
Model elements Physical, tangible, judgmental, and information link
Human agents represented in 
models as

Boundedly rational policy implementers

Clients find the model Transparent/fuzzy glass box, nevertheless compelling
Model output Understanding of structural source of behavior modes, 

location of key performance indicators, and effective 
policy levers



� Astuti and Mallongi. System Dynamic Modelling for Improving Coastal Water Security

Open Access Maced J Med Sci. 2020 Aug 15; 8(F):143-154.� 149

There are three steps of using SDM (Figure 2). 
At the first step, the researcher needs to clarify what is 
the water-related problem which wants to be solved. This 
process is related to choosing subsystem and parameters 
which input to the system. Then, the major equations 
and parameter process methods were described. The 
model was tested and the used for forecasting variables. 
Furthermore, the sensitivity analysis, parameters having 
a significant impact on problem-solving were selected and 
used in scenario analysis to develop regulation relating to 
water security. As the analysis method, system dynamic 
also has advantages and disadvantages (Table 6).

Make a decision on the system

system

Adjust model parameters, start the system, run simulation

pass pass

Interpret simulation results with policy tools

Yes NoYes No

Divide several sub-models according
to the characteristics of the system 

Choose state variables, auxiliary variables,
and level variables and draw casual feedback

Make a flow chart according to casual
feedback diagram and settle the relationship

between variables

Model validation with
historical data

Sensitivity analysis in term of
controlling the variables

Select control variables and design
scenarios and simulate

Figure 2: Research using system dynamic model framework [34]

Table 6: Advantages and disadvantages using system 
dynamic model
Advantages Disadvantages
Involves complex interactions and handle many 
interdependent subsystem

Needs experts to interpretation of 
simulations

It is not only used for natural and anthropogenic 
system at variety system, but it can be effectively 
used to further local stakeholder engagement and 
knowledge

Difficulty of modeling iterative 
procedures within single model 
time step

Needs mathematical formula or quantitative models Spatial modeling is not strictly 
possible 

Needs third-party software to analyze such as 
Vensim or Stella
Describe causal relationship between subsystem
Flexibility of accepting any kind of variables/
parameter
Using sensitivity testing and uncertainty analysis 
can be quickly and efficiently undertaken without 
the changes to model structure
Sources: Huanhuan et al., [6], Sušnik et al. [40].

Subsystem related to coastal water security
In this paper, we divided the coastal water 

security problem into two major problems: Water quantity 

problem and water quality problem. Water quantity 
problems relating to water scarcity have imbalance water 
supply and demand problem, whereas water quality 
relating to feasibility of water for human and ecological 
needs. The resume of subsystem related coastal water 
security represents in Figure 3 and Tables 4 and 7.

Sufficient Water
Availability

Safe water for all 

Achieving coastal
water security

Environment

Economic
Activities 

Social

Politic 

Water resources/supply

Land use

Domestic/household
activities

Industrial activities

Agriculture activities

Population 

Policy and management
framework

Sub-model Subsystem Output Outcome

Services activities

Regional activities

Figure 3: Subsystems in coastal water security

This paper examines that four subsystems or 
components that will affect to coastal water security 
include
1.	 Environment

This subsystem contains water resources and 
land use sub-model (Table 6). Subsystem environment 
is related to water system supply and demand, include 
all factors which are influence water availability. There 
are three types of coastal water resources include 
surface water, groundwater, and recycled water (e.g., 
desalination and wastewater treatment plant). Both 
surface water and groundwater strongly influenced by 
climate factors (e.g., evaporation, flood occurrence, 
precipitation, temperature, and sea level) [33], [40], [41].

The water surface volume is influenced by 
climate, area catchment of rainfall, volume water entering 
stream (runoff), volume water transferred out from main 
surface water source, domestic waste water rate, annual 
water deficit, water infrastructure, upstream flow, diverted 
water from outside surface water, flood or stormwater, 
sea level, and sluice gate system. The amount of water 
from surface water to aquifer influenced by rainfall 
frequency in surface land, evaporation coefficient, 
fraction of rainfall, total volume stored in aquifer, annual 
water deficit, and area catchment of rainfall [40]. 
Precipitation and temperature affect landscape water 
demand directly [33]. Climate change will influence the 
processes of landscape water evaporation and irrigation, 
and ultimately affects the total water demand [33], [41]. 
Study by Wei et al. (2016) used climate change factors 
to calculate urban landscape water demand.

The amount of water in water resources is also 
influenced by water conservation measures include 
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Table 7: Subsystem relating to coastal water security
Subsystem Sub-model Stock Key variable Source
Water-related quantity problem
Environment Water resource Surface water resource/supply capacity Climate [40]

Rainfall
Evaporation coefficient 
Area of catchment 
volume of water entering and out surface water system (runoff)
Domestic waste water treatment rate 
Water deficit [6]
Water infrastructure reliability, operation and maintenance [41]
Water infrastructure damage
Water diverted from outside study area [34]
Water storage [34], [37], 

[43]Upstream flow
Sluice gate inflow system
Sluice gate opening schedule
The fraction of land area [41]
The floodwater retreat
Sea level [43]
Tide level

Groundwater supply capacity Climate [40]
Rainfall
Evaporation coefficient
Annual volume of water entering aquifer
Total volume stored in aquifer
Annual water deficit in aquifer
Area of catchment

Alternative water supply (wastewater 
treatment plant, desalination) capacity

Domestic wastewater discharge

Domestic wastewater reuse
Domestic COD discharge per capita [40]
Industrial COD discharge per industrial GDP
Desalination capacity [12], [37]
Size of desalination
Size of dam
Desalination capital cost
Dam capital and operational cost
Desalination cost 
Coastal pumping [40]

Water conservation measures Water saving per capita [33]
Changing water conservation
Water restriction [37]

Land use Ecosystem area Vegetation area [42]
Urban and service area
Industrial area
Agricultural area
Bare area

Economic Services activities Service employment Service employment [42]
Service GDP
Service water consumption
Service water need
Desired water need

Industry activities Industry employment Industry employment [42]
Industry GDP
Industry water consumption
Industry water need
Desired industry area
Proportion of revenue invested for water savings [40]
Price elasticity of demand
Water tariff
Industrial production [34]

Agriculture activities Agriculture employment Agriculture employment [42]
Agriculture GDP
Agriculture water consumption
Agriculture water need
Desired agricultural area
Crop irrigation quota [6]
Yield agriculture [41]
Agriculture production [41]
Agricultural income
Soil salinity
Agricultural income 
Water saving efficiency [40]
Water price
Global food price

Domestic/household activities Population Total population [42]
Migration
Rate of growth population
Domestic water demand per capita [6], [33], 

[40]Price elasticity of demand
Water tariff
Water saving behavior
Annual water demand

Regional activities Regional water utility GDP per capital [42]
Total environment
Regional utility 

Social Population Total population Birth rate [42]
Total amount of births
Death rate
Total amount of deaths
Net migration

(Contd...)
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Water-related quality problem
Environment Water resource Water pollution Nutrient P loss to watershed (runoff) [35]

Soil P loss
Total nitrogen
Turbidity
Pollutant loads (BOD and TSS)
Salinity [43]
Heavy metals (Cd and Zn) [39]
Oxygen saturation
Total water debit [36]
Domestic COD discharge per capita [6]
Industrial COD discharge per industrial GDP

Ecological Status Ecological status [36]
Ecological evaluation index

Wastewater capacity Wastewater flow [36]
Treatment efficiency
Resident water flow
Non-residential flow
Urban runoff
Water demand per capita
Wastewater capacity
Combined sewer overflows
Water price
Treatment cost per capita and activity
Non-residential wastewater debit
Residential wastewater debit
Domestic waste water treatment rate [40]

Politic Policy and management framework Policy Ecological sustainable development policy [36]
Social Human activities Population Total population [36]

Births
Deaths
Net migration

Table 7: (Continued)
Subsystem Sub-model Stock Key variable Source

water saving per capita, water restriction, and willingness 
of water conservation in society. The water conservation 
is hypothesized that residents’ water demand increases 
with growing material needs, and decreases with 
growing water conservation willingness [33]. Because of 
consumers’ choice or willingness has significant impact 
on the environment. Land use sub-model representing 
total of urban and services, industrial, agricultural, and 
bare land area. This component affects socio-economic 
subsystem [42].

In relating to water quality, water resources 
sub-model includes water pollution, ecological status, 
and wastewater capacity. The water pollution will be 
influenced by total amount of nutrient (nitrogen and 
phosphorus), heavy metals (Zn and Cd), water resources 
debit (rainfall, surface water debit, and groundwater 
debit), and wastewater discharge debit. There are 
several parameters to determine water quality include 
turbidity, biochemical oxygen demand, dissolved oxygen 
DO, TSS, nutrient loss to watershed, and ecological 
evaluation index. From the literature review, information 
about the mechanism of pollutant enters the environment 
and role of water scarcity on coastal water pollution is still 
limited. Due to us only have three papers about coastal 
water quality and one paper about integrated coastal 
water management from 2009 to 2019.
2.	 Subsystem economic

Subsystems economic include services 
activities, industry activities, agriculture activities, and 
domestic/household activities sub-model. Economic sub-
model represents water demand in four different sectors. 
All of economic sub-model is influence by employment, 
gross domestic product (GDP), water consumption, 
production from activities, water need, water desired, 
water tariff, and proportion of water saving. For 

agriculture sector, water demand is also influenced by 
soil salinity [41]. From the literature, the literature about 
the relationship between coastal water management 
and marine-aquaculture activities in coastal area is 
still limited, whereas the marine-aquaculture sector is 
one of the important economic activities on the coastal 
area [49], [50]. The utility of blue water (i.e., surface and 
groundwater) in aquaculture also makes a significant 
contribution to global fish production [50]. The rapid 
development of aquaculture is associated with ecological 
concern including habitat destruction, water pollution 
(nutrient and chemical substances), eutrophication, biotic 
depletion, ecological effects, and disease outbreaks [49]. 
Only one paper examines about improving water quality 
and fishing satisfaction in coastal area [39]. The ecological 
restoration is positively impact to fish abundance and 
richness thus increased fishers satisfaction [39].

The GDP is very important factor influencing 
water management due to economic growth directly 
relates to water consumption and environmental 
pressure [51]. Furthermore, GDP is one of the main 
driving forces of commercial water demand [33]. For 
example, a survey in Bangladesh shows that there 
is a correlation between water dynamic and poverty. 
A water-related issue that impairs livelihoods in the 
coastal area includes soil salinity, flooding, deteriorating 
embankments, and drainage congestion due to lack of 
system operation and maintenance [41].

The flooding event (river floods, tidal floods, 
and storm surge floods due to tropical cyclones) in 
Bangladesh causing abrupt losses in agricultural yields 
and income [41]. Moreover, soil salinity, flooding, and 
decaying water infrastructure will impair agricultural 
production. These agricultural production declining 
leads to declining incomes and assets. Domestic assets 
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also suffer periodic shock due to floods; it called the 
water-poverty trap [41]. Besides, there is a relation 
between the ability of investments in water-related 
infrastructure to increase the factor productivity of water 
as an input in different sectors of economy diminishes, 
while the presence of water-related hazards has a 
detrimental effect on economic growth. Shifting water-
related investment from increasing economic production 
to mitigating hazard-related losses/water security may 
increase human well-being directly and increases 
economic growth indirectly (through reduced water-
related disease and increased labor productivity) [5].
3.	 Subsystem social

Subsystem social consists of population 
growth and human activities relating waste discharge. 
The population growth and human activities are 
involved in ecological sustainable development 
concept as key factors [36], [52]. There is interaction 
between population, workforce population, and GDP 
variables [42]. Furthermore, the economic welfare, 
employment, flood hazard, and vegetation area 
will affect this subsystem [42]. The affecting factors 
including socioeconomic and population growth can 
well depict system behavior and predict population 
and GDP growth. In many research about environment 
relating system dynamic, population growth is always 
as input of system which related to another subsystem 
[51]. In water management, population growth will 
affect both water demand and water pollution [12], 
[33], [37], [40], [41], [42], [43], [51]. The population is 
mainly influenced by the regional birth rate, mortality 
rate, and population migration [36], [42], [51], [52], [53], 
[54]. Subsystem population will affect the supply and 
demand for water. Furthermore, human activities will 
affect ecosystem health with pollutant discharge to the 
water system. Moreover, urbanization is characterized 
by rapid economic and population growth in cities, 
accompanied by a rapid increase in water demand.
4.	 Subsystem politic

This subsystem contains only one sub-model 
is policy and management framework. Study conducted 
by Mavrommati, Bithas and Panayiotidis, (2013) using 
ecologically sustainable development (ESD) to develop 
the model. In those studies, policy for the aquatic 
ecosystem is included in ESD concept. To achieve 
sustainable science between human and natural system 
requires the integration of knowledge of social and 
natural science into a common framework of analysis 
and thinking [36]. The water framework directive and 
the clean water act are adopted to determine knowledge 
from natural and social science. Environmental policies 
defined ecological targets and employ various policy 
instruments to regulate socio-economic activities [36]. 
Furthermore, policy incorporated into the study is an 
endogenous parameter linked to sustainability target 
such as GES. Besides water pollutant entering and 
influencing coastal water security aspect are still limited. 
In relating to sustainable development, there are no 

articles which examined human health risk relating to 
water security.

The functions of subsystem determination are 
to consider variables which are incorporated in a SDM. 
After the variables selected, the simulation needs to be 
done. During the simulation, only the variables under 
investigation were changed to observe the impact on 
model response. The others were as in the standard 
run. In respect to coastal water security, the simulation 
process aims to identify which parameters in which 
sectors have the greatest impact on coastal water 
security and, therefore, may act as a future guide or 
focus for policy decision.

Conclusion

In the previous sections, the subsystem of 
coastal water security was explored. This study helped 
us to gain a better description of the subsystem of coastal 
water security incorporating into a SDM. There are 12 
papers selected and reviewed. All the selected papers 
showed the relevance of the SDM in coastal water 
security. The implementation of SDM is suitable for water 
management in the coastal area due to the complexity 
and dynamic characteristic of the coastal area. There 
are many factors influencing water availability and 
water quality in the coastal area. The aim of the system 
dynamics is to simulate the structure of a various complex 
system and to analyze the internal relation of the system. 
These factors categorized into four main subsystems 
include the environment, economic, social, and politic. 
Subsystem environment consists of several sub-models 
include water resources and land use. Subsystem 
economic is related to economic activity influencing water 
demand and wastewater discharge. There are four main 
sub-model in the economic subsystem include services, 
domestic, industry, and agriculture activities. Subsystem 
social is related to population growth and human 
activities. The last subsystem is politic which only has one 
sub-model is policy and management framework. The 
subsystem determination is important to develop SDM 
due to it uses in simulation for future policy relating water 
security making. Recommendation for further research 
is (1) adding aspect aquaculture activities as one of the 
factors influencing coastal water security, (2) adding 
aspect about the mechanism of pollutant entering to a 
coastal water system, and (3) the relationship between 
water security and human health risk.
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