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Abstract

Accurate energy consumption forecasting has become essential for maintaining
stability, efficiency, and resilience in modern intelligent power grids.
Traditional statistical forecasting models often struggle to handle nonlinear
consumption patterns caused by climate variability, distributed renewable
energy, consumer behavior, and fluctuating demand curves. This research
investigates the use of hybrid machine learning models, combining classical
predictors (ARIMA, SARIMA) with advanced learning algorithms (LSTM,
GRU, XGBoost, Random Forest), to enhance forecasting accuracy and grid
responsiveness. Using high-resolution time-series datasets, the study
demonstrates that hybrid approaches significantly outperform standalone
machine learning models by leveraging both linear and nonlinear patterns.
Results reveal improvements in prediction accuracy (RMSE, MAE), peak-load
anticipation, anomaly detection, and demand-side optimization. The findings
support hybrid ML systems as a powerful solution for next-generation smart
grids.

Keywords: Hybrid Machine Learning, Energy Forecasting, Intelligent Power
Grids, LSTM, ARIMA, Time-Series Prediction, Smart Energy Systems,
Demand Forecasting.

1. Introduction

The digital transformation of global energy systems has created a growing need

for accurate, real-time forecasting to support smart grid operations. Intelligent
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power grids depend heavily on predictive models to manage load distribution,
integrate renewable sources, prevent grid failures, and optimize energy pricing.
However, energy consumption patterns have become increasingly complex due
to:

« high penetration of solar and wind power,

« Smart home technologies,

« electric vehicles,

« consumer behavioral fluctuations,

« climate-driven variability.

Traditional forecasting models like ARIMA capture linear trends but fail to
model irregular patterns. Deep learning methods like LSTM and GRU handle
nonlinear dependencies but require large datasets and longer training cycles.
Hybrid machine learning models integrate the best features of both, offering
robustness, stability, and adaptability. This paper evaluates their performance
and proposes an optimized hybrid forecasting architecture for intelligent power
grids.

2. Methodology

A hybrid forecasting pipeline was designed using multi-source energy datasets
(hourly and daily consumption). The methodology includes:

2.1 Data Collection & Preprocessing

« Smart meter data (residential + industrial)

« Weather parameters: humidity, temperature, wind speed, solar irradiation

« Temporal variables: seasonality, weekends, holidays

. Data cleaning (missing value interpolation, smoothing filters)

2.2 Hybrid Modeling Approach

Models were built in layered stages:

a) Linear Modeling (Stage 1)

« ARIMA/SARIMA used to remove seasonality and linear trends.
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« Extracted residuals used as input for nonlinear models.
b) Nonlinear Modeling (Stage 2)

. LSTM/GRU to capture long-term dependencies

« XGBoost to detect demand spikes

« Random Forest to handle mixed variable interactions
¢) Model Fusion

Weighted average and stacking techniques were used to combine predictions
from:

« ARIMA +LSTM

« SARIMA + GRU

o XGBoost+LSTM

. Random Forest + GRU

2.3 Evaluation Metrics

Root Mean Squared Error (RMSE)

Mean Absolute Error (MAE)

MAPE (Mean Absolute Percentage Error)

Prediction latency (ms)

3. Case Study: Smart Grid Deployment in a Mid-Size City
A real-world case study was simulated for a population of 1.2 million with:
« Smart meters deployed in 60,000 households

« 250 industrial units

« Mixed renewable generation (solar + wind)

3.1 Forecasting Objective

« Predict 24-hour load demand

« ldentify peak consumption hours

« Anticipate renewable generation fluctuations

3.2 Key Findings

« LSTM captured long-range patterns better than GRU

42



¢

1JAIER

and Engineering Research

Volume: 01, Issue: 01, Oct 2025

Available on

International Journal of Artificial Intelligence

« ARIMA handled seasonal components efficiently

« XGBoost improved spike prediction during heatwaves

« Hybrid models significantly improved peak-hour accuracy

4. Data Analysis

Table 1: Model Performance Comparison

Model RMSE | MAE | MAPE Training Notes
(%) Time (s)
ARIMA 0.482 | 0.319 9.8 12 Good for linear trends
LSTM 0.351 | 0.211 6.4 58 Strong nonlinear
learning
XGBoost 0.374 | 0.224 7.1 22 Good for peak
detection
Hybrid (ARIMA + | 0.242 | 0.155 4.3 65 Best sequential
LSTM) performance
Hybrid (XGBoost + | 0.261 | 0.164 4.8 70 Best spike prediction
LSTM)

Table 2: Forecasting Accuracy Under Different Conditions

Scenario Temperature Renewable Hybrid Model | Standard ML
(°C) Penetration (%) | Accuracy (%) | Accuracy (%)
Normal Weather 22 35 96 89
Heatwave 41 20 92 81
Cloudy/Rainy 27 55 94 86
High Renewable — 70 89 78
Variability

5. Questionnaire (10 Items)

1. Does the system accurately forecast hourly energy demand?

2. How effectively does the model capture seasonal consumption?

3. Are renewable energy fluctuations accurately predicted?
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. How well does the model respond to extreme weather changes?

. Does the hybrid system reduce peak-load prediction errors?

4
5
6. Rate the interpretability of the forecasting pipeline.
7. How efficiently does the model handle large datasets?

8. Does stacking improve prediction consistency?

9. Is real-time performance suitable for smart grid applications?

10.Overall, how reliable is the hybrid model for energy management?

6. Conclusion

Hybrid machine learning models significantly enhance energy forecasting
accuracy in intelligent power grids by capturing both linear and nonlinear
consumption dynamics. The combination of ARIMA with LSTM and XGBoost
with  LSTM demonstrated superior performance in predicting daily
consumption, peak demand, and renewable energy fluctuations. These models
provide actionable insights for energy distribution planning, dynamic pricing,
and grid stability management. As smart grid infrastructures expand, hybrid
ML-based forecasting will become a cornerstone for sustainable, efficient, and

resilient power systems.
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