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ABSTRACT

In water distribution networks, residual chlorine decays as water residence time increases,
raising the risk of water quality standard violations, particularly at dead-end nodes with long water
ages. This study defines the allowable water age (Service Life, SL) for drinking water using auto-
drain monitoring data from D-Block in Y City, and proposes an integrated real-time prediction and
operation framework based on a machine learning soft sensor.

A Gray Box soft sensor combining a physics-based White Box (OLS) and a Gradient
Boosting Machine (GBM) was trained on 143,976 field measurements, achieving RMSE = 0.074
mg/L and R? = 0.869 under 5-fold cross-validation (61.9% improvement over White Box alone).
To evaluate the counterargument that additional chlorination can extend SL, EPANET-MSX
simulations were conducted for four nodes across a range of residence times (1 = 1.95-67.32h)
under base (S1, Co = 0.81 mg/L) and additional chlorination (S2, C., = 1.20 mg/L) scenarios.
Results showed that at nodes with 1 = 37.66h, residual chlorine was completely depleted
regardless of additional chlorination, while THMs and HAAs increased by 22-35% under S2.
Disinfection by-product kinetics were based on literature parameters, with qualitative validation
using field THMs data (3-year average: 22.75 pg/L); quantitative calibration was constrained by
measurement location and timing limitations.

The allowable water age was extended to a composite criterion SL = min(SL_CL,
SL_THMs, SL_HAAs), and a three-stage real-time auto-drain operation system was proposed
(immediate drain: SL_rt < 1.0h / alert: 1.0-3.0h / normal: = 3.0h). The framework achieves water
quality safety and discharge reduction simultaneously using existing smart water network
infrastructure without additional investment.
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