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This study investigated the challenges of ensuring sustainable access to clean water in 

Semarang City, Indonesia, with a focus on coastal areas, excessive groundwater extraction, 

distribution network leakage, and unique social conditions. A system dynamics model was 

developed to simulate various intervention scenarios, assessing the impacts of raw water 

reliability, leakage control, and industrial wastewater recycling. The novelty of this study lies 

in the comprehensive integration of these factors within an integrated modeling framework, 

enabling a holistic evaluation of future clean water availability under diverse policy 

interventions. The results indicate that, without significant intervention, Semarang City would 

face a significant water supply-demand gap by 2040. However, strategic investments in 

leakage control infrastructure and technologies, particularly under moderate and aggressive 

intervention scenarios, could achieve a water supply balance by 2039 and potentially generate 

a surplus by 2036. These findings emphasize the importance of technically and socially 

comprehensive water management strategies in ensuring long-term sustainability. This study 

provides a valuable decision-making framework for policymakers, offering actionable insights 

for the development of resilient and sustainable water resource management strategies in urban 

coastal areas. 
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1. INTRODUCTION

Many cities around the world are increasingly vulnerable to 

water-related risks. Trends in economic development, 

population growth, climate change, and urbanization will 

exacerbate the future water crisis. Urban areas account for 

approximately 50% of the global population and are projected 

to exceed 60% by 2050 [1, 2]. During the same period, global 

water demand is expected to increase by 55%, and around 4 

billion people will reside in water-scarce areas [3]. These 

challenges position water issues among the highest global 

risks, potentially leading to significant physical, regulatory, 

and reputational risks. Such challenges may disrupt businesses, 

increase operational costs, and even result in the loss of 

operating licenses in water-stressed regions [4]. In Semarang 

City, these problems are further exacerbated by rapid 

population growth and excessive groundwater extraction, 

leading to land subsidence and saltwater intrusion, which 

compromise groundwater quality [5-7]. This situation is 

worsened by frequent tidal flooding, which threatens 

infrastructure and public health, making it difficult to provide 

adequate access to clean water [8, 9]. 

Water resilience in coastal metropolitan areas across 

various developing Asian countries is under significant threat 

due to factors such as population growth, increased 

groundwater extraction rates [10], rapid urbanization [11], 

land subsidence [12], water quality degradation [13], and 

climate change [14]. Urban areas consume 60-80% of total 

energy, including water. Hence, many urban residents face 

water scarcity [15]. As the urban population continues to grow, 

this scarcity is expected to worsen in the coming years [1, 16]. 

In Indonesia, despite the country's abundant water resources, 

water availability often does not align with adequate 

infrastructure, leading many residents to rely on groundwater 

[17]. The overexploitation of groundwater has resulted in 

various environmental issues, including land subsidence and 

saltwater intrusion [18, 19]. 

This study introduces a paradigm shift in water distribution 

management by developing a system dynamics model that 

integrates the complex interplay between social, technical, and 

environmental factors in urban coastal areas. Unlike 

traditional approaches that focus on isolated aspects of water 

management, such as water supply, tidal flooding, or 

groundwater depletion, this study adopts a comprehensive, 

multidisciplinary approach that considers the intricate 

connections between these components. By simulating the 

dynamics of these interactions, the model can capture the 

nonlinear effects of factors such as raw water reliability, water 

leakage rates, and industrial wastewater recycling rates on 

sustainable water resource development. Furthermore, this 

study's innovative approach allows for identifying critical 

thresholds and tipping points in the system, enabling the 
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anticipation and mitigation of potential water crises. The 

model also facilitates the exploration of alternative scenarios 

and policy interventions, empowering stakeholders to make 

informed decisions about water resource management in urban 

coastal areas. By providing a more holistic and accurate 

understanding of water resource management, this study 

contributes to the development of sustainable and resilient 

water distribution systems that can support the well-being of 

urban coastal communities while safeguarding the 

environment. The findings have significant implications for 

policies and practices aimed at more effective, sustainable, and 

equitable management of water resources in urban coastal 

areas. 

This study aims to simulate the impact of raw water 

reliability, water leakage rates, and industrial wastewater 

recycling rates on sustainable water resource development in 

urban coastal areas. Through the development of a system 

dynamics model, the study seeks to achieve a 100% water 

service level by 2040. Traditional methods, such as statistical 

analysis or mathematical modeling, often fail to capture the 

complex dynamics between various factors affecting water 

availability and quality. With their ability to simulate 

interactions and feedback loops between components, system 

dynamics offer a more accurate and effective approach to 

developing sustainable water management policies in urban 

coastal areas. 

 

 

2. SYSTEM DYNAMICS THEORY 

 

System dynamics is a theoretical framework that views 

complex systems as a set of interconnected components that 

interact and influence each other over time [20, 21]. This 

approach recognizes that systems are dynamic, nonlinear, and 

subject to feedback loops, which can lead to unintended 

consequences and emergent behavior [22]. In the context of 

water resource management, system dynamics can help 

identify the underlying structures and connections that drive 

the system's behavior and assist in designing more effective 

policies and interventions [23]. One of the key concepts in 

system dynamics is the idea of stocks and flows. Stocks 

represent the accumulation of resources or materials over time, 

while flows represent the rates of change of these stocks [24]. 

In the case of water resources, stocks might include the amount 

of water stored in reservoirs or aquifers, while flows could 

include the rates of water extraction, treatment, and 

distribution. By understanding the correlations between stocks 

and flows, system dynamics can help identify potential 

bottlenecks and constraints, as well as design more efficient 

and sustainable water management strategies [20]. 

Another important concept in system dynamics is the idea 

of feedback loops. It occurs when the output of a system is fed 

back into the system as input, creating a cycle of cause and 

effect [25]. In the context of water resource management, 

feedback loops might include the correlations between water 

extraction, water quality, and ecosystem health. For example, 

over-extraction of groundwater might lead to decreased water 

quality, affecting ecosystem health and biodiversity [26]. By 

identifying and understanding these feedback loops, system 

dynamics can help design more effective and sustainable water 

management strategies that account for the complex 

interactions between human and natural systems. System 

dynamics can also be used to model the behavior of complex 

systems over time, using techniques such as simulation 

modeling and scenario analysis [27]. These approaches can 

help identify future scenarios and outcomes, as well as 

evaluate the effectiveness of different policy interventions and 

management strategies [28]. By using system dynamics to 

model the behavior of water resource systems, researchers and 

policymakers can gain a better understanding of the complex 

interactions and connections that drive the system and design 

more effective and sustainable water management strategies. 

System dynamics provides a robust framework for 

understanding and managing complex systems, including 

water resource systems. Recognizing the interconnectedness 

and dynamics of these systems can help identify more 

effective and sustainable solutions to the water challenges 

facing urban coastal areas. Ultimately, by using system 

dynamics to model and analyze the behavior of water resource 

systems, researchers and policymakers can gain a better 

understanding of the complex interactions and connections 

that drive the system, enabling them to design more effective 

and sustainable water management strategies that support the 

well-being of human and natural systems. 

 

 

3. STUDY AREA 

 

The selected study area was the coastal city of Semarang 

and its surrounding regions, chosen for their unique 

characteristics shaped by the marine ecosystem and their 

specific challenges, including sea-level rise, saltwater 

intrusion, land subsidence, and other related issues [29]. 

Semarang City, which confronts significant challenges such as 

high tidal flooding and densely populated residential areas, 

was selected for this study due to these factors [30]. With a 

population of approximately 1.7 million, Semarang is a 

metropolitan city where most residents live in low-lying 

coastal areas, exacerbating the pressure on water resources 

[31]. This scenario is typical of northern coastal cities in Java, 

including Pekalongan, Cirebon, and Jakarta, among others 

[32]. Semarang City has a varied topography: the southern part, 

located at the foot of Mount Ungaran, rises to over 100 meters 

above sea level, while the northern part is relatively flat [33]. 

The coastal areas are predominantly inhabited by lower-

middle-class populations, who often have limited access to 

water resources. 

For the objective of this study, the focus was narrowed to 

the coastal areas influenced by the sea within the boundaries 

of the relevant sub-districts. Ten sub-districts met the selection 

criteria: Gayamsari, Genuk, Ngaliyan, Pedurungan, West 

Semarang, South Semarang, Central Semarang, East 

Semarang, North Semarang, and Tugu as presented in Figure 

1. The location selection was further confined to the 

downstream areas, as each segment with a reservoir operates 

its own purification system, necessitating a separate model for 

analysis [34]. Geographically, the study area lies primarily 

within the Garang Watershed in Central Java Province, 

situated between 105° 41' 51"-109° 33' 33" East Longitude and 

6° 45' 18"-7° 20' 45" South Latitude. This area covers 

21,277.36 hectares, encompassing Semarang City, Semarang 

Regency, and Kendal Regency, with the Garang River serving 

as the main river. The Garang River stretches 40.53 kilometers 

in length, with a straight-line distance of only 26.83 kilometers 

from Mount Ungaran to the sea.
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Figure 1. Study area 

 

 

4. MATERIALS AND METHODS 

 

Data collection for this study involved primary and 

secondary data to support the analysis of water supply 

management in Semarang City as presented in Figure 2. 

 

 
 

Figure 2. Sampling framework employed in the study 

 

4.1 Study variables 

 

The study focused on sustainable water supply management, 

specifically minimizing groundwater use and transitioning to 

surface or spring water to ensure long-term sustainability. 

Several key variables were identified and analyzed to achieve 

this goal. Raw water reliability was assessed by evaluating 

water availability during dry seasons, with an 80% reliability 

threshold from sources within Semarang City serving as the 

benchmark. Another crucial variable, water resource 

development, aimed to determine the raw water capacity 

needed to achieve 100% service coverage, emphasizing the 

importance of infrastructure planning and resource allocation. 

The study also examined industrial wastewater recycling, 

measuring the percentage of water that could be recycled and 

reused, thereby reducing overall water demand, particularly in 

industrial sectors. Water leakage control was another 

important variable, targeting reductions in leakage rates within 

the water distribution network, which is essential for 

improving system efficiency and minimizing water losses. 

Maintenance costs were analyzed to assess the financial 

sustainability of the water management system, calculated 

based on the volume of water sold and the associated 

maintenance costs per unit. Additionally, the study considered 

sustainable water supply, representing the total volume of raw 

water available for various uses, including domestic, industrial, 

and commercial purposes. Finally, well projections were 

included to estimate the number of active residential and 

industrial wells, which is crucial for assessing dependence on 

groundwater and progress toward reducing this reliance. These 

variables were modeled quantitatively using a system 

dynamics approach to predict trends and evaluate their impacts 

over time. 

 

4.2 Data collection 

 

Primary data were collected through in-depth interviews 

with key informants selected purposively based on their 

involvement and understanding of the program aimed at 

ensuring equal access to clean water. The informants included 

officials from drinking water companies and members of the 

deep-well user community in Semarang City. These primary 

data were analyzed qualitatively to critically assess the results 

of the system dynamics modeling under various potential 

scenarios. 

Secondary data were sourced from relevant publications by 

government agencies, particularly the Semarang City Water 

Works and the Central Statistics Agency. Secondary data were 

compiled into a trend series, focusing on literature from the 

last 10 years (2013-2023), primarily sourced from the Scopus 

database. 

 

4.3 Data processing 

 

This study employed quantitative and qualitative methods 

for data processing. Quantitative data processing involved 

using the collected data as inputs for system dynamics 

simulations, which were essential for modeling various water 

management scenarios and predicting their outcomes. 

Community survey results were analyzed statistically to 

understand public perceptions and usage patterns. Software 

tools such as Powersim Studio and Microsoft Excel were 

utilized to develop and calibrate the system dynamics model. 

Excel was primarily used for preprocessing, cleaning, and 

organizing empirical data, including population statistics, 

household water consumption rates, historical water 

production data, and infrastructure coverage by district. These 

datasets were then transferred to Powersim to serve as baseline 

or exogenous inputs. In Powersim, key dynamic variables, 

such as projected water demand, raw water availability, 

household connection growth, groundwater extraction rates, 

and non-revenue water, were simulated over time using 

feedback loops, stock-flow relationships, and causal linkages. 

Parameters such as system leakage rate, per capita 
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consumption, industrial wastewater recycling percentage, and 

the rate of groundwater-to-surface water conversion were 

modeled endogenously, enabling the simulation to estimate 

their evolution under different intervention scenarios. 

Static or manually input variables included historical 

population data (2012-2021), baseline infrastructure capacity 

(e.g., treatment plant throughput), and fixed cost coefficients 

for water maintenance. Dynamic variables were modeled 

using differential equations and interlinked feedback 

mechanisms, accounting for physical infrastructure constraints 

and behavioral responses (e.g., connection rates responding to 

improvements in water availability). To operationalize the 

system dynamics modeling, empirical data were 

systematically converted into model variables through 

normalization, parameterization, and trend-based estimation 

techniques. For instance, raw water reliability was quantified 

as the percentage of time that raw water supply from surface 

or spring sources met monthly demand without interruption, 

based on a historical time series (2012-2021). A reliability 

threshold of 80% was established in line with Indonesian water 

utility standards. The model represented these parameters as 

functions that varied over time, depending on population 

changes, industry size, and raw water availability. Scenario-

specific assumptions were incorporated into these base 

functions to reflect expected variations in reliability under 

pessimistic, moderate, and aggressive intervention scenarios. 

Similarly, other empirical indicators (e.g., population 

served, well utilization rate, and non-revenue water) were 

converted into flows or stocks by calculating monthly or 

annual rates and embedding them in system behavior 

equations. Calibration was performed by comparing model 

outputs with historical trends to ensure the simulated system 

behavior aligned with observed data patterns. 

To enhance transparency and replicability, Table 1 

summarizes the key parameters used in the model, including 

their initial values, assumed constants, and sensitivity ranges 

applied during scenario testing. These parameters were 

derived from empirical data involving government reports or 

estimated based on literature and expert consultations. 

 

 

5. RESULTS AND DISCUSSION 

 

5.1 Causal loop diagram of the water supply system 

 

A Causal Loop Diagram (CLD) is a visual tool used in 

system dynamics modeling to map the correlations between 

variables within a system [35]. It consists of variables 

connected by arrows that indicate the direction of causality, 

with each arrow labeled with a "+" or "-" sign to denote 

whether the correlation is positive or negative. CLDs can be 

categorized into two main types of loops: reinforcing (R) loops 

and balancing (B) loops. Reinforcing loops are characterized 

by positive feedback, where an initial change in a variable 

leads to further changes in the same direction, creating a self-

reinforcing cycle. Conversely, balancing loops are 

characterized by negative feedback, where an initial change in 

a variable induces changes in the opposite direction, creating 

a self-correcting cycle. 

The CLD of the water supply system in Semarang City 

serves as a powerful tool for analyzing the complex 

correlations between various factors impacting the water 

supply system. By adopting a system dynamics approach, the 

CLD offers a comprehensive understanding of the feedback 

loops driving the system’s behavior and highlights potential 

leverage points for intervention to improve the sustainability 

of the water supply system. The CLD consists of four 

interconnected feedback loops that influence the system's 

overall behavior. 

 

 
 

Figure 3. Causal loop diagram of sustainable coastal water supply 
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The first loop, B1, illustrates the interaction between the 

urban water supply network and the total urban water demand. 

This interaction leads to a gap in the supply of clean water 

extracted from underground sources. According to Lo and 

Purnomo [36], the use of private wells in coastal areas is a 

significant concern, as it can result in over-extraction of 

groundwater and land subsidence [36]. Analyzing this loop 

enables policymakers to devise strategies to encourage 

residents to switch to the municipal water supply, such as 

through educational campaigns or economic incentives. 

The second loop, B2, demonstrates the correlation between 

industrial efficiency, the decline in the number of deep wells, 

and the increase in customer connections. This loop indicates 

that an increase in household connections will reduce reliance 

on private wells, thereby alleviating pressure on the water 

supply system. According to Carrard and Foster [10], 

increasing household connections is crucial in reducing the 

strain on water supply systems, as it promotes more efficient 

water use [10]. 

The third loop, R1, shows that increased water sales by the 

water company lead to higher maintenance costs, which, in 

turn, reduce water loss. Maintenance costs are critical in 

determining the sustainability of water supply systems, as they 

significantly impact the system's overall efficiency [37]. 

Policymakers can use this analysis to identify strategies for 

reducing maintenance costs, such as the adoption of more 

efficient technologies or the optimization of maintenance 

schedules. 

The third loop, B3, represents the interaction between the 

urban water supply, raw water intake, and the river's carrying 

capacity, as depicted in Figure 3. It underscores the importance 

of considering the river's capacity when determining the 

sustainable water supply for cities. River capacity is a key 

factor in ensuring the sustainability of urban water supplies, as 

it impacts the resilience of the overall system [38]. 

 

5.2 Stock and flow diagram (SFD) 

 

The management of water supply and demand is a complex 

task that requires a deep understanding of the underlying 

system dynamics [39]. In the coastal area of Semarang, the 

water supply company is responsible for providing water to 

the local population, industries, and commercial areas. 

However, the increasing demand for water coupled with the 

limited supply has created a significant challenge. To address 

this challenge, a system dynamics approach was applied to 

develop the SFD of the water supply and demand system. The 

SFD is an effective tool for analyzing complex systems and 

identifying leverage points for improvement [40]. The SFD 

was built based on the CLD, capturing the connections 

between various components of the system, including water 

supply, demand, and infrastructure [41]. 

Figure 4 shows that the SFD consisted of 23 variables, 28 

constants, and 5 stocks, representing the different components 

of the system. The model was initialized with data from 2012 

and ran over a period of 14 years, from 2012 to 2023. The SFD 

is designed to simulate the system's behavior over time, 

considering the various feedback loops and interactions among 

the different components. The SFD demonstrates a goal-

seeking behavior in the system, where the system seeks to 

achieve a balance between water supply and demand [42]. The 

model shows that the system operated within a negative 

feedback loop, where the difference between water supply and 

demand drove the system to adjust and attempt to reach 

equilibrium. This feedback loop is a fundamental feature of the 

system, as it enables the water supply company to respond to 

fluctuations in demand and adjust its supply accordingly. The 

SFD also identifies several leverage points for improving the 

system, including the development of alternative water 

sources, the enhancement of water efficiency, and the 

reduction of NRW [43]. These interventions can help increase 

the water supply, decrease demand, and improve the overall 

sustainability of the system [44]. 

 

5.3 Validity test 

 

Visual validation was performed by comparing empirical 

data with the simulation results generated by the model. The 

primary goal was to assess the alignment between the 

simulated behavior and observed reference patterns, 

particularly focusing on key components such as population 

growth, increases in production capacity by the water 

company, the number of household connections, and the rate 

of water leakage. The model’s simulation successfully 

captured these trends. 

Additionally, the model accurately reflected the significant 

increase in the water supply company's water processing 

capacity, driven by government initiatives such as the 

construction of the Jatibarang Reservoir in 2018. This 

development boosted the supply by 1,000 liters per second. 

Improvements to the Klambu-Kudu raw water pipeline system 

also enhanced the reliability of the Kudu Water Treatment 

Plant, increasing its supply capacity to 1,250 liters per second. 

The visual comparison in Figure 5 demonstrates that the model 

successfully replicated the empirical trends in water leakage 

rates, capturing fluctuations over the observed period, 

particularly the spike in leakage rates in 2020 due to increased 

network pressure. Over the ten-year period, water leakage 

rates fluctuated around 40%. This variability was affected by 

factors such as the increased pressure in the existing network 

following the integration of the Jatibarang water supply, which 

contributed to higher leakage rates in 2020. Furthermore, the 

water supply company's policy of continuous service delivery 

also played a role in this trend. Meanwhile, Figure 6 illustrates 

the model's ability to accurately simulate the increasing trend 

of household connections over time, reflecting the expansion 

of service coverage and infrastructure improvements made by 

the water supply system. The number of household 

connections consistently rose over the decade, in alignment 

with the increasing availability of water. The expansion of 

service into new areas and improvements in already-served 

regions were effectively mirrored in the model. A summary of 

the empirical and simulated data used for visual validation is 

presented in Appendix Table A. 

Statistical validation was conducted by calculating the 

Mean Absolute Error (MAE) for the variables under study, 

including population growth, the water supply system’s 

production capacity, the number of household connections, 

and the water leakage rate. The MAE values were calculated 

using Microsoft Excel, which facilitated data preprocessing 

and error calculation by comparing empirical values with 

simulated outputs. The software’s formula-based environment 

allowed for transparent, step-by-step calculations of the 

absolute deviations and their average. 

The results indicated that the MAE for the population of 

Semarang City was 1.89%; for Water work’s capacity, it was 

3.49%; for the rate of water leakage, it was 5.76%; and for 

household connections, it was 7.05%. All these values were 
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within the acceptable limits for model validity, with thresholds 

defined as less than 10% for controlled variables (such as those 

in a factory or laboratory setting) and less than 30% for less 

controlled variables (such as those affected by climate or 

market conditions). Based on these validation results, the 

water resource development model for the coastal areas of 

Semarang was deemed valid, successfully replicating the 

actual system's performance. Therefore, it is considered 

suitable for use in further intervention scenarios. This robust 

validation process ensures that researchers can account for 

uncertainties in real-world situations, enabling more realistic 

assessments of algorithm performance. 

However, several limitations of the validation process 

should be acknowledged. Certain input variables, such as 

groundwater conversion rates and reductions in non-revenue 

water, were derived from assumptions or expert judgment due 

to the limited availability of disaggregated local data. 

Moreover, the model is moderately sensitive to specific 

parameters, including leakage rates and household connection 

growth, which could impact long-term projections under 

unexpected future conditions. While the model provides a 

reliable approximation of system behavior, its outputs should 

be interpreted cautiously and refined as more precise or 

updated data become available. 

 

 
 

Figure 4. Stock and flow diagram model-Business as usual 
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Figure 5. Comparison graph of modeling results with 

empirical data for the water leakage rate process 
Source: Author, 2025 

 

 
 

Figure 6. Comparison graph of modeling results with 

empirical data for household connections 
Source: Author, 2025 

 

5.4 Prediction of water demand discrepancy 

 

Semarang City, located in Indonesia, faces a significant 

challenge in meeting its water demands due to rapid 

population growth, industrialization, and urbanization. 

Correspondingly, the present study aimed to analyze the water 

demand and supply gap in Semarang City, employing a system 

dynamics approach. The model simulated the city's water 

system, incorporating factors such as population growth, water 

supply, demand, and the carrying capacity of the nearby river. 

According to the projections, the population of Semarang City 

was expected to reach 1,018,791 people by 2024, with a 

growth rate of 0.14% per year (see Figure 7). This growth was 

affected by government policies aimed at mitigating flooding 

and tidal flooding (rob), as well as the development of 

industrial areas [5]. The increasing population would lead to a 

rise in water demand, which was projected to reach 88 million 

m³/year by 2040. This surge in demand was driven by the 

expanding needs of the population, industry, and commercial 

sectors. The water demand projection indicated a significant 

increase in the industrial and commercial sectors, accounting 

for approximately 60% of the total water demand by 2040. 

This rise was attributed to the rapid industrialization and 

urbanization of the city, which led to an increase in the number 

of factories, offices, and other commercial establishments. The 

residential sector would account for around 30% of the total 

water demand, while the remaining 10% would be attributed 

to sectors such as agriculture and public services. 

 

 
 

Figure 7. The water demand gap under the business-as-usual 

scenario 

 

The model results presented in Figure 7 illustrate the 

growing discrepancy between water supply and demand under 

the business-as-usual scenario. The gap, which widened 

significantly after 2027, reflects the combined pressures of 

population growth and limited infrastructure improvements, 

underscoring the urgency for intervention strategies. The 

water supply from the nearby river was limited, with a carrying 

capacity of 70 million m³/year. This capacity was determined 

by the river's dependable flow, representing the amount of 

water that could reliably be supplied during the dry season. 

The river's carrying capacity was expected to reach a critical 

point by 2027, with a 90% exploitation rate of the river's 

dependable flow [45]. This highlights the need for water 

resource development, such as the construction of dams and 

reservoirs, to store water during the rainy season for use during 

the dry season. The water demand and supply gap was 

projected to widen further due to the increasing population and 

water demand, potentially leading to over-extraction of 

groundwater. This, in turn, would exacerbate the existing 

problems of land subsidence and flooding [46]. The gap was 

expected to reach approximately 18 million m³/year by 2040, 

constituting about 25% of the total water demand, as shown in 

Figure 7. This gap must be addressed through a combination 

of water conservation measures, water recycling, and new 

water sources. The model also predicted a significant decrease 

in the number of wells in Semarang City by 2027, dropping 

from 250 to 210 due to the over-extraction of groundwater. 

This decrease could be attributed to government efforts to 

reduce groundwater extraction and promote the use of surface 

water. However, the over-extraction of groundwater remains a 

significant concern, as it can lead to land subsidence, flooding, 

and saltwater intrusion into the aquifer. The water distribution 

system in Semarang City also encounters challenges, with a 
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high water loss rate of 45% [47]. This inefficiency can lead to 

increased maintenance costs and potentially result in more 

customers being disconnected from the water supply. The 

distribution system needs to be improved by replacing old 

pipes, installing new meters, and implementing a more 

efficient billing system. 

The increasing water demand and supply gap, coupled with 

the limited carrying capacity of the nearby river, necessitate 

the development of sustainable water resources, such as dams 

and reservoirs. Additionally, efforts to reduce groundwater 

extraction and improve the efficiency of the water distribution 

system are crucial to mitigating the water scarcity issue in 

Semarang City. Based on the findings of this study, several 

recommendations are proposed to enhance water resource 

management in urban coastal areas. Developing sustainable 

water resources, such as dams and reservoirs, is essential to 

increasing the water supply and reducing reliance on 

groundwater. Water conservation measures, including water-

saving appliances and rainwater harvesting, can effectively 

reduce water demand. Moreover, improving the efficiency of 

the water distribution system is necessary, which can be 

achieved by replacing old pipes, installing new meters, and 

implementing a more efficient billing system. Promoting the 

use of surface water while reducing groundwater extraction is 

also recommended to prevent land subsidence and flooding. 

Ultimately, developing a comprehensive water management 

plan that incorporates these strategies is vital for ensuring the 

long-term sustainability of the water supply system. 

 

5.5 Formulating strategic scenarios for sustainable water 

resource development 

 

The CLD presented offers a comprehensive visualization of 

the complex dynamics involved in managing sustainable water 

resources in urban coastal areas such as Semarang City. At the 

core of the diagram is the goal of achieving a Sustainable 

Urban Water Supply. This central objective is affected by 

several critical factors, including the river carrying capacity, 

which is directly impacted by the raw water extraction rate. As 

water is extracted, the river’s ability to sustain a continuous 

and reliable water supply diminishes, making it essential to 

carefully balance extraction with the river's natural capacity. 

One of the significant challenges highlighted in the diagram is 

the NRW, which refers to water lost before it reaches 

customers due to leaks, theft, or inefficiencies. High levels of 

NRW not only waste valuable resources but also undermine 

the overall effectiveness of the water supply system. To 

address this, reducing NRW through infrastructure upgrades, 

such as replacing aging pipes and implementing smart water 

management systems, is vital. This effort is closely linked to 

the system’s overall efficiency and long-term sustainability.

 

 
 

Figure 8. Stock and flow diagram: Acceleration of the urban water system subsystem, NRW declining subsystem, and public 

intervention subsystem 
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The diagrams as presented in Figure 8 and Figure 9 

underscore the importance of water resource development, 

including the creation of new water sources or the 

enhancement of existing ones to meet the growing demand. 

Without significant investment in this area, the current water 

infrastructure might fail to meet the city’s future needs, 

potentially leading to a severe water crisis. Additionally, the 

projected coastal city water demand, which accounts for future 

water needs based on population growth and industrial 

activities, highlights the necessity for proactive water resource 

management. Several balancing loops within the CLD 

illustrate the intricate interactions between various system 

components. 

Over-extraction of groundwater can significantly reduce the 

river’s carrying capacity, leading to long-term environmental 

degradation and threatening the sustainability of the water 

supply. Therefore, strict regulations and careful management 

practices are essential to maintain a balance between water 

extraction and the health of natural water sources. The diagram 

also emphasizes the importance of increasing household 

connections to reduce reliance on private wells, particularly in 

coastal areas. Expanding household connections can help 

mitigate issues like land subsidence and saltwater intrusion, 

which are exacerbated by excessive groundwater extraction. 

Strategic scenario formulation is critical in managing and 

developing sustainable water resources, particularly in regions 

facing complex environmental and urban challenges like 

Semarang City. This process involves creating potential 

scenarios based on current data, trends, and uncertainties, 

followed by developing strategies to mitigate risks or 

capitalize on opportunities presented by each scenario. The 

objective is to ensure that water resources are managed in a 

way that is adaptable to future changes and continues to meet 

the needs of the population. 

The pessimistic scenario projected growth based on 

historical data, relying on existing infrastructure. In this 

scenario, the Jragung Dam was expected to become 

operational in 2024, increasing the supply capacity by 500 

liters per second (l/s) and extending services to the eastern part 

of Semarang. The distribution network construction was 

expected to take an additional three years to be completed in 

2027. The water leakage rate was targeted to be reduced to 

38%, consistent with the rate observed in 2018. This reduction 

assumed the water company could decrease leakage through 

pressure and supply management without major pipeline 

renovations. The groundwater conversion rate was projected 

to remain at approximately 12%, reflecting the current 

situation. Recycled water usage was forecasted at 10%, with 

potential reductions through efficiency improvements and 

industrial rainwater harvesting. 

 

 
 

Figure 9. Stock and flow diagram: Acceleration of deep well reduction, industry efficiency subsystem, and projection of demand 
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The medium scenario represented a realistic projection of 

the water company's growth, taking into account the current 

state of infrastructure, financial constraints, human resources, 

and standard practices in Indonesia. Following the completion 

of the Jragung Dam in 2027, the water company could 

potentially extract an additional 300 l/s from the West Canal 

Barrage. However, the water treatment technology must adapt 

to seasonal brackish conditions. The leakage rate was 

projected to reach 33%, aligning with the national average for 

water companies in 2018. Significant efforts would be 

required to reduce leakage, including extensive pipeline 

renovations. The groundwater conversion rate remained at 

12%, and recycled water usage was expected to increase to 

32%. This increase could be achieved through centralized 

water treatment systems in industrial zones, particularly if the 

cost of clean water surpasses the cost of recycled water 

treatment. 

The aggressive scenario outlined an ideal growth projection 

for the water company based on advanced theories, policies, 

and standards from developed countries. The water supply 

sources remained consistent with the medium scenario, 

drawing from the Jragung Dam and the Brackish Water 

Reverse Osmosis (BWRO) system at the West Canal Barrage. 

The leakage rate was ambitiously targeted at 20%, aligning 

with national goals. This reduction would require 

comprehensive pipeline overhauls, advanced control systems, 

and highly skilled human resources. Recycled water usage was 

projected to reach 40%, with the goal of implementing 

extensive water recycling across all industries in Semarang. 

These scenarios were built upon previous studies addressing 

water resource challenges in urban areas. The pessimistic 

scenario aligns with historical approaches, which often relied 

on existing infrastructure and minimal interventions. However, 

it contrasts with studies emphasizing the need for proactive 

measures to mitigate future water crises, such as those by 

Stephan and Stephan [4], who highlighted the risks of 

maintaining the status quo in water management. The medium 

scenario reflects a more balanced approach, similar to 

strategies discussed by Molle and Closas [17], who advocated 

for realistic yet ambitious targets in water management, 

considering local conditions and constraints. The emphasis on 

reducing leakage to the national average mirrors efforts in 

other regions to optimize existing systems rather than solely 

focusing on new infrastructure. The aggressive scenario is 

inspired by the standards seen in developed countries, as 

discussed by Leal Filho et al. [14]. It represents an idealistic 

approach, pushing the boundaries of current capabilities in 

Indonesia. While ambitious, it draws parallels with 

international best practices in water resource management, 

where advanced technologies and comprehensive system 

overhauls are employed to achieve significant improvements 

in sustainability and efficiency. To enhance the clarity and 

comparability of these scenarios, Table 1 presents a side-by-

side summary of the main assumptions, intervention strategies, 

and projected outcomes for each scenario. This comparative 

view provides a valuable reference for decision-makers 

evaluating the potential impacts of each strategic path. 

 

Table 1. Stock and flow diagram of an effective service delivery model for accelerating equitable access to sustainable urban 

drinking water 

 

Output 
Intervention 

Variable 

Parameter Value Intervention Value Policy Basis 

Initial Final   

Pessimistic scenario  

Public participation 
Subsidy cost, 

education 
0 0 0 

In accordance with the annual growth rate 

of PERUMDAM at 4.2% 

Leakage rate Water leakage level 44.75% 38% 6.75% The value achieved in 2018 

Industrial intervention Water sharing 0% 0% 0% In accordance with the existing conditions 

Medium scenario  

Public participation 
Subsidy cost, 

education 
0 

25% of annual 

growth 
25% of 4.2% 

An additional 25% subsidy from the 4.2% 

annual growth rate 

Leakage rate Water leakage level 44.75% 33% 11.75% 
The average water loss rate of 

PERUMDA in Indonesia in 2018 

Industrial intervention Water sharing 0% 10% 10% 
In accordance with SIPA regulations for 

the community 

Aggressive scenario  

Public participation 
Subsidy cost, 

education 
0 

50% of annual 

growth 
50% of 4.2% 

The rubber dam on the flood canal is 

already available and requires 

optimization study 

Leakage rate Water leakage level 44.75% 20% 24.75% The national target set by the government 

Industrial intervention Water sharing 0% 25% 25% 
The implementation of corporate sharing 

principles with the community 

5.6 Model outcomes and implications for sustainable water 

resource management 

 

The simulation model for Semarang City's water resource 

management provides valuable insights into projected water 

demand, supply, and the corresponding gaps across three 

scenarios: pessimistic, medium, and aggressive. The model 

results, detailed in the supplementary material, illustrate how 

varying intervention levels impact water resources' 

sustainability over time. The projections reveal a consistent 

increase in water demand across all scenarios. In the 

pessimistic scenario, water demand was expected to rise from 

approximately 81 million cubic meters in 2012 to over 87 

million cubic meters by 2040. The medium scenario followed 

a similar trajectory, with slight variations due to more 

optimistic assumptions about population growth and industrial 

demand. Despite its higher efficiency targets, the aggressive 

scenario also showed an increase in demand, albeit at a slower 

pace. Water supply projections indicate a more varied outcome 

across the scenarios. The pessimistic scenario showed a 

modest increase in supply, constrained by limited 

infrastructure improvements and conservative management 
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practices. By 2040, the supply would reach approximately 

79.5 million cubic meters, resulting in a persistent shortfall. In 

contrast, the medium scenario anticipated significant 

infrastructure enhancements, such as the completion of the 

Jragung Dam in 2027 and the use of additional water sources, 

which would increase the supply to around 88.2 million cubic 

meters by 2040. The aggressive scenario represents the most 

optimistic projection, forecasting a supply of nearly 100 

million cubic meters by 2040, driven by extensive 

technological adoption, including the BWRO system. 

The gap between water demand and supply is a critical 

indicator of the system's sustainability. In the pessimistic 

scenario, the gap remained significant throughout the 

projection period, with a shortfall of approximately 7.9 million 

cubic meters by 2040. The medium scenario narrowed this gap, 

achieving balance by 2039. The aggressive scenario, however, 

eliminated the gap by 2036 and resulted in a surplus, indicating 

a highly sustainable water management strategy. Furthermore, 

NRW represents losses due to leaks and inefficiencies and is a 

critical factor across all scenarios. In the pessimistic scenario, 

NRW was reduced to 38% by 2040, reflecting minimal 

improvements. The medium scenario achieved a reduction to 

33%, aligning with national averages. The aggressive scenario 

set an ambitious target of 20%, requiring significant 

investments in infrastructure and management systems. These 

reductions in NRW directly contributed to the increased 

availability of water in the medium and aggressive scenarios. 

The results of this study underscore the importance of 

strategic investments in infrastructure and technology for 

sustainable water resource management. The persistent 

shortfall in the pessimistic scenario highlights the risks of 

underinvestment and reliance on existing infrastructure, which 

is insufficient to meet the growing demand in Semarang City. 

This scenario aligns with findings from studies such as those 

by Stephan and Stephan [4], who warned of the dangers of 

maintaining the status quo in water management, particularly 

in rapidly urbanizing regions. The medium scenario represents 

a more balanced approach, combining realistic investments 

with targeted improvements in efficiency. This scenario 

mirrors strategies discussed by Molle and Closas [17], who 

advocated for the adoption of practical yet forward-thinking 

water management practices. The alignment of the medium 

scenario's NRW target with national averages also reflects 

broader trends in water management within Indonesia, where 

efforts to reduce water losses are increasingly prioritized. 

The aggressive scenario demonstrates the potential of 

adopting advanced technologies and comprehensive 

infrastructure overhauls to achieve long-term sustainability. 

The projected surplus in water supply by 2036 in this scenario 

is indicative of the benefits of a proactive approach, as also 

highlighted by Leal Filho et al. [14], who emphasized the role 

of technological innovation in addressing global water 

challenges. The ambitious NRW reduction target in this 

scenario underscores the critical role of efficiency in water 

management, as reducing losses is often more cost-effective 

than expanding supply. However, the aggressive scenario also 

raises important considerations regarding the financial and 

operational feasibility of such an approach. The significant 

increase in maintenance costs projected for this scenario, 

particularly between 2032 and 2040, reflects the substantial 

investments required to achieve these targets. This aligns with 

the findings that reducing NRW to minimal levels requires 

considerable financial and human resources, making it a 

challenging yet crucial goal for water utilities. 

In terms of real-world feasibility, the pessimistic and 

medium scenarios are more aligned with current trends and 

institutional capacities in Semarang. The pessimistic scenario 

reflects business-as-usual growth and assumes minimal capital 

investment, while the medium scenario incorporates realistic, 

policy-aligned improvements in infrastructure and 

management. The aggressive scenario, although technically 

possible, presents significant implementation challenges. 

Achieving an NRW rate of 20% by 2040 would require 

substantial capital investment, robust regulatory enforcement, 

advanced metering infrastructure, and continuous capacity 

building within water companies. While some Indonesian 

cities have made progress in NRW reduction through 

international partnerships and performance-based contracts, 

replicating such success in Semarang will depend on sustained 

political will, cross-sector collaboration, and external funding. 

Therefore, while the aggressive scenario is aspirational and 

practical for long-term strategic planning, the medium 

scenario represents a more actionable pathway under current 

resource constraints. 

As shown in Figure 10, the model projected a decline in 

active wells across all scenarios, reflecting the anticipated 

reduction in groundwater reliance. The aggressive scenario 

predicted the sharpest reduction, aligning with policy efforts 

to transition toward surface water use. 

Several key barriers could impede the realization of the 

aggressive scenario. Financially, the scenario demands 

sustained high levels of capital investment in pipeline 

rehabilitation, advanced metering systems, and industrial-

scale water recycling infrastructure, resources that might 

exceed current municipal or utility-level budgets. 

Institutionally, water companies would require enhanced 

technical capacity, strengthened regulatory frameworks, and 

improved inter-agency coordination to execute such complex 

interventions. Additionally, limitations in data quality, 

monitoring systems, and skilled personnel could undermine 

efforts to implement performance-based water loss 

management or operate high-efficiency treatment 

technologies. Technical challenges related to maintaining 

membrane filtration systems, managing high-salinity inputs 

for reuse, and ensuring system resilience during climatic 

variability also pose considerable risks. 

The projection results presented in Figure 11 illustrate that 

customer connections increased steadily across all scenarios, 

with the most substantial growth observed in the aggressive 

scenario. This trend supports the expected improvements in 

service coverage and water access reliability associated with 

more ambitious intervention strategies. Empirical evidence 

from other urban water utilities demonstrates the feasibility of 

implementing similar strategies under appropriate institutional 

conditions. For example, the Phnom Penh Water Supply 

Authority (PPWSA) in Cambodia successfully reduced its 

NRW from over 70% in the early 1990s to less than 10% by 

2010 through a combination of full metering, targeted leakage 

control, capacity building, and governance reform. In the 

context of water reuse, Singapore’s Public Utilities Board 

(PUB) has achieved global recognition for its NEWater 

initiative, supplying over 40% of the country’s water demand 

using advanced membrane technologies and rigorous quality 

control. Closer to Indonesia, Surabaya City has implemented 

decentralized wastewater recycling systems to support 

industrial operations and reduce reliance on centralized supply. 

These international examples indicate that ambitious 

performance improvements in water management, such as 
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NRW reduction and large-scale recycled water use, are 

attainable when supported by coherent policy frameworks, 

adequate investment, and stakeholder engagement. Semarang 

may leverage such models to design context-sensitive 

strategies that balance ambition with implementation 

feasibility. 

 

 
 

Figure 10. Projection graph of the number of wells under 

pessimistic, medium, and aggressive scenarios 
Source: Author, 2025 

 

 
Figure 11. Projection graph of customer connections under 

pessimistic, medium, and aggressive scenarios 
Source: Author, 2025 

 

 

6. CONCLUSION 

 

This study explored the complex dynamics of water 

resource management in Semarang City, an urban coastal area 

confronting significant environmental and infrastructural 

challenges. Through the development and simulation of a 

system dynamics modeling, the research provides critical 

insights into how various factors, such as raw water reliability, 

water leakage rate, and industrial wastewater recycling, 

affected the sustainability of the city's water resources. The 

novelty of this study lies in its integrated approach, which 

combined multiple variables into a single dynamic model, 

offering a holistic understanding of water management in a 

coastal urban context. The results indicate that the current 

trajectory, represented by the pessimistic scenario, would be 

insufficient to meet the future water demand of Semarang City, 

leading to a significant supply-demand gap by 2040. However, 

the study also identified viable pathways to mitigate this 

impending crisis. Key findings demonstrate that moderate 

investments in infrastructure and efficiency improvements 

(medium scenario) could achieve a balanced water supply by 

2039. In contrast, aggressive strategies involving advanced 

technologies and comprehensive reforms could meet future 

demands and create a surplus by 2036. 

These findings highlight the importance of adopting a 

proactive and integrated approach to water resource 

management in Semarang City, considering the long-term 

impacts of current policies and infrastructure investments. 

Policymakers and water managers are encouraged to 

implement the strategies identified in the medium and 

aggressive scenarios to secure a sustainable water future for 

the city. The study's comprehensive approach and detailed 

scenario simulations provide a valuable framework for 

informed decision-making and policy formulation, 

contributing to the broader discourse on urban water 

management in coastal regions. Furthermore, this study offers 

a robust framework that can be adapted to other coastal cities 

facing similar challenges. 
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APPENDIX 

 

Appendix Table A. Statistical validation of sustainable coastal water supply model 

 

Year 

Total Population of 

Semarang City (people) 

PERUMDA Capacity 

(m³/year) 

Change in Water Leakage 

Rate Value (5) 

Household 

Connection (HC) 

Reference 

Data 

Simulation 

Data 

Reference 

Data 

Simulation 

Data 

Reference 

Data 

Simulation 

Data 

Reference 

Data 

Simulation 

Data 

2042



 

2012 1.013.103 1.013.103 
102.555.0

72 

102.555.0

72 
43.3 43.3 94.042 94.042 

2013 1.016.970 1.013.306 
103.217.3

28 

105.567.4

91 
41.8 43.4 108.401 99.534 

2014 1.013.103 1.013.508 
105.109.4

88 

108.492.3

54 
42 43.5 117.042 104.760 

2015 1.022.800 1.013.711 
108.389.2

32 

111.334.1

24 
41.2 43.6 123.899 109.733 

2016 1.024.201 1.013.914 
112.142.0

16 

114.097.0

32 
40.1 43.6 126.388 114.465 

2017 1.105.831 1.014.117 
115.106.4

00 

116.785.0

88 
39.14 43.7 133.180 118.969 

2018 1.050.230 1.014.319 
106.780.8

96 

119.402.0

93 
38.73 43.8 133.494 123.256 

2019 1.067.320 1.014.522 
106.339.3

92 

121.950.5

18 
39.1 43.9 135.260 127.334 

2020 1.011.151 1.014.725 
125.639.4

24 

124.432.4

34 
42.94 44.0 136.399 131.211 

2021 1.010.842 1.014.928 
127.310.8

32 

126.849.7

41 
44.8 44.1 137.877 134.894 

Aver

age 
1.033.555 1.014.015 

111.259.0

08 

115.146.5

95 
41 44 124.598 115.820 

MEA 1.89%  3.49%  5.76%  -7.05%  
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