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Summary of Related Work
	Paper Title
	Prediction of energy consumption and evaluation of affecting factors in a full-scale WWTP using a machine learning approach

	Sources [1]
	https://www.sciencedirect.com/science/article/abs/pii/S0957582021004663

	Authors
	Faramarz Bagherzadeh, Amirreza Shojaei Nouri, Mohamad-Javad Mehrani, Suresh Thennadil

	Abstract
	[image: ]Treatment of municipal wastewater to meet the stringent effluent quality standards is an energy-intensive process and the main contributor to the costs of wastewater treatment plants (WWTPs). Analysis and prediction of energy consumption (EC) are essential in designing and operating sustainable energy-saving WWTPs. In this study, the effect of wastewater, hydraulic, and climate-based parameters on the daily consumption of EC by East Melbourne WWTP was investigated based on the data collected over six years (2014−2019). Data engineering methods were applied to combine features from different resources. To this end, four various feature selection (FS) algorithms were used to reveal the relations among those variables and to select the most relevant variables for training the machine learning (ML) models. Further, the application of artificial neural networks (ANN) and two decision tree algorithms of Gradient Boosting Machine (GBM), and Random Forest (RF) were studied to predict EC records followed by a 95 % confidence interval assessment. Results of FS algorithms revealed that total nitrogen, chemical oxygen demand (COD), and inflow-flow had the highest impact on WWTP energy consumption. Moreover, GBM had the best performance prediction among all other regression algorithms. 95 % of confidence interval showed a reasonable prediction error band (

	Summary
	In [1], the authors applied machine learning (ML) techniques: Artificial Neural Networks (ANN), Gradient Boosting Machine (GBM) and Random Forest (RF) to predict energy consumption (EC) records. 
FS algorithms used to selecting elements that impacted on WWTP energy consumption by selecting the most relevant features from the data for training the (ML) models. (ANN) and two decision tree algorithms of (GBM) with (RF) were studied to predict (EC).
GBM was recorded the best performance with reasonable prediction error band.
This research takes the East Melbourne WWTP dataset, and the dataset is a combination of open data produced by Melbourne water and Melbourne airport weather station. The dataset content this elements (Power consumption, Hydraulic, biological, and climate data are merged by the record date)



	Paper Title
	Energy consumption prediction in water treatment plants using deep learning with data augmentation

	Sources [2]
	https://www.sciencedirect.com/science/article/pii/S2590123023005558

	Authors
	Fouzi Harrou, Abdelkader Dairi, Abdelhakim Dorbane, Ying Sun

	Abstract
	Wastewater treatment plants (WWTPs) are energy-intensive facilities that play a critical role in meeting stringent effluent quality regulations. Accurate prediction of energy consumption in WWTPs is essential for cost savings, process optimization, regulatory compliance, and reducing carbon footprint. This paper introduces an efficient approach for predicting energy consumption in WWTPs, leveraging deep learning models, data augmentation, and feature selection. Specifically, Spline Cubic interpolation enriches the dataset, while the Random Forest model identifies important features. The study investigates the impact of lagged data to capture temporal dependencies. Comparative analysis of five deep learning models on original and augmented datasets from Melbourne WWTP demonstrates substantial performance improvement with augmented data. Incorporating lagged energy consumption data further enhances accuracy, providing valuable insights for effective energy management. Notably, the Long Short-Term Memory (LSTM) and Bidirectional Gated Recurrent Unit (BiGRU) models achieve Mean Absolute Percentage Error (MAPE) values of 1.36% and 1.436%, outperforming state-of-the-art methods.

	Summary
	In [2], the authors applied different deep learning models (DL): the Long Short-Term Memory (LSTM) and Bidirectional Gated Recurrent Unit (BiGRU) to predict energy consumption in WWTP. Spline Cubic interpolation was used to data augmentation to increase of row of data. Random Forests (RF) was used to feature selection. BiGRU with FS was recorded the best performance with lowest errors.
This research takes the East Melbourne WWTP dataset, and the dataset is a combination of open data produced by Melbourne water and Melbourne airport weather station. The dataset content this elements (Power consumption, Hydraulic, biological, and climate data are merged by the record date)



	Paper Title
	Unlocking the Potential of Wastewater Treatment: Machine Learning Based Energy Consumption Prediction

	Sources [3]
	https://www.mdpi.com/2073-4441/15/13/2349

	Authors
	Yasminah Alali, Fouzi Harrou, Ying Sun

	Abstract
	Wastewater treatment plants (WWTPs) are energy-intensive facilities that fulfill stringent effluent quality norms. Energy consumption prediction in WWTPs is crucial for cost savings, process optimization, compliance with regulations, and reducing the carbon footprint. This paper evaluates and compares a set of 23 candidate machine-learning models to predict WWTP energy consumption using actual data from the Melbourne WWTP. To this end, Bayesian optimization has been applied to calibrate the investigated machine learning models. Random Forest and XGBoost (eXtreme Gradient Boosting) were applied to assess how the incorporated features influenced the energy consumption prediction. In addition, this study investigated the consideration of information from past data in improving prediction accuracy by incorporating time-lagged measurements. Results showed that the dynamic models using time-lagged data outperformed the static and reduced machine learning models. The study shows that including lagged measurements in the model improves prediction accuracy, and the results indicate that the dynamic K-nearest neighbors model dominates state-of-the-art methods by reaching promising energy consumption predictions.

	Summary
	In [3], the authors applied different machine learning models (ML): Random Forest and XGBoost (eXtreme Gradient Boosting) were used to evaluate the impact of the included features on predicting energy consumption.
Bayesian optimization used to assess machine-learning models to develop efficient (EC) predictions. (RF) and XGBoost were used to identify key variables impacting the models' predictive performance.
(KNN) model recorded the best methods for energy consumption predictions.
This research used the open data produced by Melbourne water and Melbourne airport weather station



	Paper Title
	Energy and Materials-Saving Management via Deep Learning for Wastewater Treatment Plants

	Sources [4]
	https://ieeexplore.ieee.org/abstract/document/9233427

	Authors
	Jianhui Wang; Keyi Wan; Xu Gao; Xuhong Cheng; Yu Shen; Zheng Wen

	Abstract
	With the increasing public attention on sustainability, conservation of energy and materials has been a general demand for wastewater treatment plants (WWTPs). To meet the demand, efficient optimal management and decision mechanism are expected to reasonably configure resource of energy and materials. In recent years, advanced computational techniques such as neural networks and genetic algorithm provided data-driven solutions to overcome some industrial problems. They work from the perspective of statistical learning, mining invisible latent rules from massive data. This paper proposes energy and materials-saving management via deep learning for WWTPs, using real-world business data of a wastewater treatment plant located in Chongqing, China. Treatment processes are modeled through neural networks, and materials cost that satisfies single indexes can be estimated on this basis. Then, genetic algorithm is selected as the decision scheme to compute overall cost that is able to simultaneously satisfy all the indexes. Empirically, experimental results evaluate that with the proposed management method, total energy and materials cost can be reduced by 10%-15%.

	Summary
	In [4], the authors proposed hybrid model based on principal component analysis-convolutional neural network-long-short-term memory neural network (PCA-CNN-LSTM) (PCA-CNN-LSTM) to predict energy and materials-saving management using private wastewater treatment plant dataset that collected from China from 2018 to
2019. Genetic algorithm is used to select the best architecture of DL model
This research takes the WWTP in Chongqing as the research object, and the research data content is the daily data of the WWTP, including influent conditions, flow, effluent value, energy consumption, materials consumption, etc.



	Paper Title
	Utility companies strategy for short-term energy demand forecasting using machine learning based models

	Sources [5]
	https://www.sciencedirect.com/science/article/abs/pii/S221067071731096X

	Authors
	Tanveer Ahmad, Huanxin Chen

	Abstract
	Summary: This paper presents machine learning based models applied for forecasting the future energy requirement of water source heat pumps. From the model analysis, four machine learning based models were accrued which are: i) CDT; ii) FitcKnn; iii) LRM; and iv) Stepwise-LRM. The input parameters include the environment data, power usage data of the water source heat pump, hour-type/day-type, and the output, (the output being the net electricity usage of the water source heat pump). The forecasting session is divided into two parts: i) weekly; and ii) monthly to measure the model’s performance for short and medium-term perceptive. The performance evaluation statistics expandability for assessing the model’s performance are the MAE, RMSE, and MAPE. As a result, the MAPE and MAE for the subsequent month energy forecasting of the ML models; (CDT, FitcKnn, LRM, and Stepwise-LRM) are 0.044%, 0.051%, 0.776%, 0.343% and 7.523, 1.766, 12.317, 5.969 respectively. To verify the accuracy of the forecasts given by the proposed models, four existed validation methods – the BRNN, LMA, TB and GPR are applied and the forecasting performance and efficiency contrasted with the proposed machine learning models. The outcomes from this analysis can accommodate to recognize the significance of climatic variables on power usage within a building background and enhance the forecasting efficiency of short and medium-term energy forecasting with inadequate climatic data, power efficiency retrofit, and facilities for investment by utilities, industrial and commercial consumers.

	Summary
	In [5], the authors presented machine learning models: Four models are developed:  CDT, FitcKnn, LRM and Stepwise-LRM to forecast the future energy requirements.
The authors validated accuracy, were compared with four another models (BRNN, LMA, TB, and GPR) showing that the proposed ML models effectively capture the impact of climatic variables on energy usage.



	Paper Title
	A Study to Target Energy Consumption in Wastewater Treatment Plant using Machine Learning Algorithms

	Sources [6]
	https://www.sciencedirect.com/science/article/abs/pii/B9780323885065502333

	Authors
	Akash Das, Piyush Kumar Kumawat, Nitin Dutt Chaturvedi

	Abstract
	Wastewater treatment plants (WWTPs) are one of the world's largest municipal-level electricity users. Understanding the structure of the energy cost of WWTP is a challenge for planners, and its calculation could result in substantial saving capacity and cost estimation. The wastewater contains various organic materials, and the purpose of WWTP is to process these parameters to the appropriate parameter level. These input parameters are related to the demand for electricity but are challenging to model. The study utilizes some of the advanced machine learning models trained on real-world data to predict the energy consumptions of WWTPs. Four machine learning algorithms were leveraged on the available dataset to identify the model of best fit. The models' performance is evaluated based on standard metrics of mean absolute error (MAE), and root mean square error (RMSE). It shows that GRU is the model of best fit and is recommended for further future analysis.

	Summary
	In [6], the authors used four machine learning models: support vector machines (SVM), artificial neural network (ANN), long-short term memory (LSTM), and gated recurrent network (GRU) to predict energy consumption (EC). 
Rolling window approach used to segmented data into a window size of 15 with three input features to conclude the best predict algorithm.
GRU was showed the best fit for future analysis.
This research takes the set of historical data adapted from Li et al, and the research data content influencing factors (inflow rate, COD removal, and TN removal), including subsequent energy consumption.



	Paper Title
	Statistical regression modeling for energy consumption in wastewater treatment

	Sources [7]
	https://www.sciencedirect.com/science/article/abs/pii/S100107421732795X

	Authors
	Yang Yu, Zhihong Zou, Shanshan Wang

	Abstract
	Wastewater treatment is one of critical issues faced by water utilities, and receives more and more attentions recently. The energy consumption modeling in biochemical wastewater treatment was investigated in the study via a general and robust approach based on Bayesian semi-parametric quantile regression. The dataset was derived from a municipal wastewater treatment plant, where the energy consumption of unit chemical oxygen demand (COD) reduction was the response variable of interest. Via the proposed approach, the comprehensive regression pictures of the energy consumption and truly influencing factors, i.e., the regression relationships at lower, median and higher energy consumption levels were characterized respectively. Meanwhile, the proposals for energy saving in different cases were also facilitated specifically. First, the lower level of energy consumption was closely associated with the temperature of influent wastewater, and the chroma-rich wastewater also showed helpful in the execution of energy saving. Second, at median energy consumption level, the COD-rich wastewater played a determinative role in the reduction of energy consumption, while the higher quality of treated water led to slightly energy intensive. Third, the higher level of energy consumption was most likely to be attributed to the relatively high temperature of wastewater and total nitrogen (TN)-rich wastewater, and both of the factors were preferably to be avoided to alleviate the burden of energy consumption. The study provided an efficient approach to controlling the energy consumption of wastewater treatment in the perspective of statistical regression modeling, and offered valuable suggestions for the future energy saving.

	Summary
	In [7], the authors used machine learning: Bayesian semi-parametric regression model with the Partial Linear Single-Index Model (PLSIM) to address energy consumption in biochemical wastewater treatment. It estimates quantiles across low, median, and high energy levels using the Asymmetric Laplace Distribution (ALD) in a Bayesian framework and uses the Indicator Model Selection (IMS) technique to find pertinent factors.



	Paper Title
	Machine Learning-Based Energy Consumption Estimation of Wastewater Treatment Plants in Greece

	Sources [8]
	https://www.mdpi.com/1996-1073/16/21/7408

	Authors
	Panagiotis Karadimos and Leonidas Anthopoulos

	Abstract
	Amidst a global discourse on energy resources, it is imperative to provide decision makers with a comprehensive overview of energy consumption (EC) associated with various projects, particularly wastewater treatment plants (WWTPs). Ensuring compliance with stringent effluent quality criteria in the treatment of municipal wastewater necessitates a substantial EC, representing a predominant factor contributing to the operational expenses incurred by WWTP. Machine learning (ML) techniques can contribute to the estimation of the WWTPs’ EC, which requires efficient and accurate data. This article uses data from several municipal WWTP projects in Greece, which are examined in order to produce EC estimation models. Data were first statistically analyzed, according to the context of project attributes and the context of EC, and correlation analysis identified the appropriate predictive project variables. Then, the attribute selection function in Waikato Environment for Knowledge Analysis 3.8.4 (WEKA 3.8.4) software emphasized the most effective subset of variables. The extracted variables from the combination of the correlation analysis and the WEKA attribute function were used as input neurons for the construction of neural network (NN) models, in the Fast Artificial Neural Network Tool 1.2 (FANN Tool 1.2). The optimum NN model resulted in a mean squared error (MSE) of 8.99899 × 10−5 and was based on treatment capacity, flow rate, influent load, and served population as its inputs. Notably, the research highlights the potential generalizability of these models in Greece and beyond the Greek context, offering valuable tools for stakeholders to inform decision making, allocate resources efficiently, and improve energy-efficient designs, resulting in cost savings and sustainability benefits.

	Summary
	In [8], the authors used Machine learning (ML) techniques: neural network (NN) models, in the Fast Artificial Neural Network Tool (FANN) to produce forecast EC. 
The relevant predictive factors were found using correlation analysis after the data were initially statistically examined in accordance with the context of EC and features.
Waikato Environment for Knowledge Analysis (WEKA) used as feature selection after statistically analyzed of data.
This research takes the WWTP in Greece as the research object, and the research data encompasses data from municipals worked in Greece, including Flow rate, Treatment capacity, Served population, Influent load, Sludge treatment line, etc.





Synthesis Matrix
	Paper
	Methods
	Advantages 
	dataset 
	Results 

	[1]
	The authors applied machine learning (ML) techniques: Artificial Neural Networks (ANN), Gradient Boosting Machine (GBM) and Random Forest (RF) to predict energy consumption (EC) records.
	FS algorithms used to selecting elements that impacted on WWTP energy consumption by selecting the most relevant features from the data for training the (ML) models. (ANN) and two decision tree algorithms of (GBM) with (RF) were studied to predict (EC).
	East Melbourne WWTP dataset
	GBM was recorded the best performance with reasonable prediction error band.

	[2]
	The authors applied different deep learning models (DL)
	The Long Short-Term Memory (LSTM) and Bidirectional Gated Recurrent Unit (BiGRU) to predict energy consumption in WWTP. Spline Cubic interpolation was used to data augmentation to increase of row of data. Random Forests (RF) was used to feature selection.
	East Melbourne WWTP dataset
	BiGRU with FS was recorded the best performance with lowest errors.

	[3]
	The authors applied different machine learning models (ML)
	Random Forest and XGBoost (eXtreme Gradient Boosting) were used to evaluate the impact of the included features on predicting energy consumption.
Bayesian optimization used to assess machine-learning models to develop efficient (EC) predictions. (RF) and XGBoost were used to identify key variables impacting the models' predictive performance.

	Melbourne water and Melbourne airport weather station
	(KNN) model recorded the best methods for energy consumption predictions.

	[4]
	The authors proposed to use deep learning and genetic algorithm (GA) for WWTPs:
	Neural networks algorithm (NNA) used to treatment processes and estimate the cost.
Genetic Algorithm (GA) selected as optimization technique used to choosing the fittest cost.
	WWTP in Chongqing
	With the proposed computational techniques, total energy and material costs can be reduced by 10%-15%

	[5]
	The authors presented machine learning models

	Four models are developed:  CDT, FitcKnn, LRM and Stepwise-LRM to forecast the future energy requirements.
	Melbourne dataset
	The authors validated accuracy, were compared with four another models (BRNN, LMA, TB, and GPR) showing that the proposed ML models effectively capture the impact of climatic variables on energy usage.

	[6]
	The authors used four machine learning models
	Support vector machines (SVM), artificial neural network (ANN), long-short term memory (LSTM), and gated recurrent network (GRU) to predict energy consumption (EC). 
Rolling window approach used to segmented data into a window size of 15 with three input features to conclude the best predict algorithm.
	This research takes the set of historical data adapted from Li et al, and the research data content influencing factors (inflow rate, COD removal, and TN removal), including subsequent energy consumption.
	GRU was showed the best fit for future analysis.


	[7]
	The authors used machine learning
	Bayesian semi-parametric regression model with the Partial Linear Single-Index Model (PLSIM) to address energy consumption in biochemical wastewater treatment.
	Melbourne dataset
	It estimates quantiles across low, median, and high energy levels using the Asymmetric Laplace Distribution (ALD) in a Bayesian framework and uses the Indicator Model Selection (IMS) technique to find pertinent factors.

	[8]
	The authors used Machine learning (ML) techniques

	Neural network (NN) models, in the Fast Artificial Neural Network Tool (FANN) to produce forecast EC. 
(WEKA) used as feature selection after statistically analyzed of data.
	This research takes the WWTP in Greece as the research object, and the research data encompasses data from municipals worked in Greece, including Flow rate, Treatment capacity, Served population, Influent load, Sludge treatment line, etc.
	The relevant predictive factors were found using correlation analysis after the data were initially statistically examined in accordance with the context of EC and features.
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