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integrity. The study focuses on pH levels and Total Dissolved Solids
(TDS) as primary catalysts for internal pipe degradation, utilizing
high-fidelity secondary datasets from the Ministry of Public Works
and Housing (PUPR) and Statistics Indonesia (BPS) for the period
2020-2024. A multiple linear regression model was developed using
the Ordinary Least Squares (OLS) method to measure the sensitivity
of Non-Revenue Water (NRW) indices and repair expenditures to
chemical fluctuations. Empirical findings reveal a robust positive
correlation (r = .82) between TDS concentrations and repair costs,
with every 100 mg/L increase in TDS associated with a surge in
maintenance burden of approximately 12.4 million IDR/km annually.
Furthermore, water acidity (pH < 6.5) was identified as a critical
threshold for the acceleration of internal tuberculation and pressure-
induced fractures. The study demonstrates that chemical-induced
physical leakage accounts for approximately 64% of total technical
water losses in the most aggressive regional clusters. These results
provide a strategic tool for PDAM management to transition from
reactive maintenance to Condition-Based Maintenance (CBM),
offering significant implications for national water security and
budget optimization.

Keywords: Corrosion Modeling; Non-Revenue Water (NRW); PDAM;
Raw Water Quality; Predictive Maintenance; Infrastructure
Economics.
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1. Introduction

The deterioration of potable water distribution networks in Indonesia represents
a systemic obstacle to economic efficiency and public service reliability. A critical
metric for evaluating this technical inefficiency is Non-Revenue Water (NRW),
defined as the discrepancy between the volume of water injected into the distribution
system and the volume successfully billed to consumers [1]. While national technical
guidelines stipulate an ideal NRW ceiling of 20%, numerous PDAMs across the
archipelago consistently report figures exceeding 30% [1]. This elevated NRW is
predominantly driven by physical losses—specifically pipe fractures frequently
precipitated by progressive corrosion.

The vulnerability of a distribution network to corrosion is profoundly dictated by
the chemical profile of the treated raw water. Parameters such as pH and Total
Dissolved Solids (TDS) define the "aggressiveness index" of the fluid. Water
characterized by low pH (acidity) tends to dissolve metallic conduits, while high TDS
levels enhance electrical conductivity, thereby accelerating electrochemical oxidation
processes [3]. Regional monitoring data from the Ministry of PUPR indicates that
fluctuations in these chemical markers are rarely met with adequate infrastructural
adjustments, such as specialized pipe materials or robust cathodic protection
systems.

The scholarly significance of this study lies in transitioning from reactive to
proactive fiscal modeling. Traditionally, PDAMs have relied on reactive
maintenance, intervening only after catastrophic failures occur. By establishing a
statistical link between water chemistry and degradation rates, utility management
can forecast the technical lifespan of assets and allocate repair budgets with higher
precision. This research integrates five-year longitudinal data from BPS "Water
Supply Statistics" to validate the upward trend in operational costs relative to

deteriorating raw water quality [4].

2. Materials and Method
This study employs a quantitative methodology centered on meta-analysis of
secondary institutional datasets. The temporal scope covers 2020 through 2024 to

ensure the analysis reflects the current state of Indonesian national infrastructure.
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Data Procurement

e Comprehensive data were aggregated from three authoritative pillars:

e Ministry of PUPR: National raw water quality registries, specifically pH and
TDS metrics categorized by service regions.

e Statistics Indonesia (BPS): The "Water Supply Statistics" annual series,
providing production volumes, billing data, and the NRW index [4].

e PDAM Performance Reports (BPPSPAM): Financial data regarding

maintenance expenditures and pipeline replacement costs.

Research Variables
e Independent Variables (X): Mean pH values (X;) and TDS concentrations (X5)
within the distribution stream.
e Dependent Variables (Y): Pipeline Repair Costs per Kilometer (Y;) and the
aggregate NRW Index (Y5).

Mathematical Framework
A predictive algorithm was constructed using Ordinary Least Squares (OLS)
regression to determine the sensitivity coefficients. The foundational equation is

expressed as:
Y = By + By (pH) + Bo(TDS) + €

In this model, B represents the cost sensitivity to chemical variance. Model
robustness was verified through F-tests and t-tests at a 95% confidence interval.
Statistical software was utilized to screen for multi-collinearity between chemical

parameters to ensure non-biased coefficients [5].

3. Result
The empirical analysis reveals a multidimensional relationship between hydro-
chemical stressors and the financial burden of network maintenance. The data
synthesis indicates that infrastructural degradation is not merely a function of pipe

age, but is significantly accelerated by the chemical aggressiveness of the raw water

supply.
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pH-Induced Acidification and Metallic Fatigue

Longitudinal data from the Ministry of PUPR confirms that primary distribution
mains, particularly those exceeding a 15-year operational threshold, exhibit acute
vulnerability when the pH remains consistently below 6.5. In such acidic
environments, the protective passivity layer of metallic pipes is compromised. The
resulting internal oxidation in cast iron and galvanized steel conduits facilitates the
formation of tubercles jagged, corrosive encrustations that accumulate on the inner
walls.

These tubercles create a dual-threat mechanism: they significantly reduce the
hydraulic diameter of the pipe, increasing friction losses, and simultaneously trigger
localized pressure surges. Under these conditions, the structural integrity of the pipe
is breached, leading to the high-frequency bursts observed in Cluster C (Kalimantan),
where the average pH of 5.8 correlates with the highest repair costs of 172.10 million
IDR/km.

TDS Conductivity and Electrochemical Acceleration

Analysis of the Total Dissolved Solids (TDS) highlights its role as a catalyst for
electrochemical corrosion. High TDS levels increase the electrical conductivity of the
water, which facilitates the flow of electrons between anodic and cathodic sites on the
pipe surface.

In jurisdictions where TDS values exceeded 500 mg/L, maintenance
expenditures were recorded at 15-22% higher than in "soft water" regions (TDS < 150
mg/L). This is evident in Cluster A (Sumatra), where a TDS of 450 mg/L corresponds
to ahigh NRW index of 32.4%. The high mineral content accelerates "pitting corrosion,"
where small, deep holes penetrate the pipe wall long before the overall thickness has

been significantly reduced.

Statistical Correlation and Predictive Modeling

The relationship between chemical parameters and financial outcomes was
quantified using the Pearson Correlation Coefficient. The statistical computation
yielded anr = .82 for the nexus between TDS and repair expenditures, and r =
—.76 for the relationship between pH and NRW. These values signify a potent,

statistically significant correlation (p < .05).
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Table 1. Correlation of Water Quality Parameters with PDAM Operational Costs
(Processed Data 2020-2024)

Sample Avg pH Avg TDS NRW Index Repair Cost
Region (mg/L) (%) (Million
IDR/Km)
Cluster A 6.2 450 32.4 145.50
(Sumatra)
Cluster B 7.1 210 24.1 88.20
(Java)
Cluster C 5.8 380 38.7 172.10
(Kalimantan)
Cluster D 74 150 215 72.40
(Sulawesi)
Total/Average 6.63 297.5 29.18 119.55

Source: Synthesized from BPS and PUPR Institutional Reports (2024)

The regression model confirms that for every 100 mg/L increase in TDS, there is
an associated surge in the maintenance burden of approximately 12.4 million IDR
per kilometer annually. Furthermore, the model predicts that maintaining a neutral
pH (7.0-7.5) could potentially reduce physical water losses (NRW) by up to 18%
across the tested clusters.

Impact on Non-Revenue Water (NRW) Metrics

The "Value of Water" loss is not purely represented by repair invoices but by
the volume of unbilled water escaping through corrosion-induced micro-fractures.
In regions with high TDS and low pH, the NRW index consistently stays above the
national target. The cumulative data suggests that chemical-induced leakage
accounts for approximately 64% of the total physical losses recorded in the BPS
"Water Supply Statistics" for the 2020-2024 period.

4. Discussion
The empirical evidence established in this study confirms that hydro-chemical

stressors are primary drivers of infrastructure fatigue in Indonesian water utilities.
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The findings support the initial hypothesis that raw water aggressiveness,

specifically low pH and high TDS, creates a statistically significant increase in both

the Non-Revenue Water (NRW) index and operational repair expenditures [6].

Comparative Analysis with Previous Studies

A strong correlation was identified between high TDS levels and accelerated
corrosion (r = 0.82). This finding is consistent with previous studies, which argue that
water with high electrical conductivity facilitates rapid electron transfer at the metal-
liquid interface [7]. This study extends that perspective by quantifying the financial
impact within the Indonesian context, where a 100 mg/L increase in TDS translates
to an additional 12.4 million IDR/km in maintenance costs. Furthermore, the
observed pipe failures in acidic environments (Cluster C) corroborate the research
which identified pH levels below 6.5 as a critical threshold for the dissolution of

protective passivity layers in metallic distribution conduits [8].

Implications for Infrastructure and Economy

The implications of these findings extend beyond chemistry to the broader
economic sustainability of PDAMs. While utility management traditionally focuses
on "commercial losses" (such as meter inaccuracies or theft), this research indicates
that "technical losses" caused by chemically-induced physical fractures are systemic
and predictable [9]. By neglecting the Langelier Saturation Index (LSI) and other
corrosivity markers provided by the Ministry of PUPR, utilities are forced into a cycle
of reactive maintenance. This study suggests that transitioning to a predictive model
could optimize budget allocations, shifting funds from emergency repairs to planned

infrastructural upgrades, such as the adoption of non-corrosive HDPE pipes [10].

Broad Context and Strategic Policy

In the broadest context, the high NRW rates observed (average 29.18%) represent
a significant threat to national water security. If PDAMs cannot control leakage
caused by internal corrosion, the goal of 100% access to safe drinking water becomes
tinancially unfeasible. This study advocates for a policy shift at the Ministry of PUPR
to include "Water Aggressiveness Zoning" in national plumbing codes. By matching
pipe material specifications to regional raw water chemistry, the government can

effectively lower the national NRW average toward the 20% target.
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Future Research Directions

While this study utilized robust secondary data from 2020-2024, future research
should integrate real-time sensor data from SCADA systems to validate these
correlations at the neighborhood (Zonal Meter Area) level. Additionally,
investigating the synergistic effects of high pressure and chemical corrosion through
machine learning algorithms could further refine the accuracy of repair cost
predictions. Future studies might also explore the impact of residual chlorine levels

on pipe degradation, which was not covered in the current TDS/pH scope [11].

5. Conclusions

This study established a robust predictive framework correlating hydro-chemical
water parameters with the economic sustainability of municipal water infrastructure
in Indonesia. By synthesizing secondary data from the Ministry of PUPR and BPS
(2020-2024), the research demonstrates that the aggressive nature of raw water
specifically characterized by low pH and high Total Dissolved Solids (TDS) serves as
a primary driver for pipeline failure and the subsequent escalation of Non-Revenue
Water (NRW) indices.

Critical Summary of Findings

The empirical evidence confirms that the physical degradation of water networks
is not merely a consequence of asset age but is significantly accelerated by
electrochemical stressors. The analysis revealed that regions with high TDS
concentrations (Cluster A and C) suffer from a 15-22% increase in maintenance
expenditures compared to neutral-water regions [12]. Furthermore, the statistical
model identified a critical pH threshold of 6.5, below which metallic conduits
experience rapid tuberculation and pressure-induced fractures.

By establishing an r = .82 correlation between TDS and repair costs, this research
has moved the body of scientific knowledge forward by shifting the NRW discourse
from purely commercial mismanagement to a technical, hydro-chemical perspective.
It provides a quantifiable link between river quality monitoring and utility fiscal
health, allowing for a more nuanced understanding of "technical water loss" in

tropical, peatland-heavy regions like Kalimantan and Sumatra [13].
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Research Limitations

Despite the significant correlations found, this study is subject to certain

limitations. First, the use of macro-level secondary data from BPS and PUPR may

mask localized micro-climates within specific distribution zones. Second, the model

primarily focuses on pH and TDS, while other corrosive catalysts such as Dissolved

Oxygen (DO), residual chlorine levels, and microbiological activity (Sulfat-Reducing

Bacteria) were not fully integrated due to data scarcity in official reports. Finally, the

generalization of costs should be treated with caution, as regional labor rates and

material availability fluctuate across the Indonesian archipelago.

Suggestions and Recommendations

Based on the research implications, the following recommendations are proposed

for both practitioners and the academic community:
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