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ABSTRACT 
 
     Small-scale decentralized wastewater treatment facilities frequently encounter 
operational challenges due to the lack of real-time monitoring technologies, leading to 
delayed process diagnostics and unstable effluent quality. This study proposes an 
artificial intelligence (AI)-integrated optimization framework utilizing a Performance 
Prediction Index (PPI) based on biological process conditions. The PPI dynamically 
evaluates the treatment process by monitoring biomass activity and sludge settleability, 
thereby preventing over-aeration and ensuring stable effluent water quality. 
     A time-series predictive model for effluent Total Organic Carbon (TOC) and Total 
Nitrogen (TN) was developed using a tree-based machine learning. Utilizing three 
years of multivariate data (including influent characteristics, operating parameters, and 
meteorological factors), the model demonstrated high predictive accuracy for TOC and 
TN, with R2 values reaching up to 0.970. Additionally, SHapley Additive exPlanations 
(SHAP) was implemented to interpret feature importances, enhancing operational 
transparency and model interpretability. 
     To derive optimal operational guidelines, a dynamic PPI interpretation system 
was constructed using density-based spatial clustering (DBSCAN and HDBSCAN) and 
convex hull algorithms. This approach derived seasonal optimal zones characterized by 

statistically high compliance rates with strict water quality criteria (TOC removal ≥ 90% 

and TN removal ≥ 80%), effectively establishing robust operating windows. Practical 

application at a full-scale facility in Cheongsong validated the system, reducing the 
number of target effluent exceedance days for TOC and TN. These results prove that 
the AI-integrated PPI framework serves as a highly effective decision-support system 
for proactive process control and energy conservation in decentralized wastewater 
treatment plants. 

 
1) Assistant Professor 
2) Head Researcher 

mailto:khjeong@chosun.ac.kr

