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In this study, a data-driven framework is developed to model and forecast electricity
energy consumption (EEC) in countries with diverse economic, social, and climate
characteristics. Five input variables including population (POP), gross domestic
product (GDP), energy imports (IMP), energy exports (EXP), and annual average air
temperature (TEMP) are used to model EEC. Annual data from 1991 to 2020 are
employed for training and evaluation. Four machine learning algorithms, namely ANN,
Ridge, Stack, and Stack-PSO, are implemented and assessed using MSE, MAE, R2,
and MAPE. The results show that while the standalone ANN and Ridge models
achieve acceptable accuracy, they exhibit lower stability and weaker generalization
compared with ensemble-based approaches. The Stack model, constructed by
combining the outputs of ANN and Ridge, yields noticeable improvements across the
error metrics. The results demonstrated that the Stack-PSO model consistently
outperformed the other models across the majority of cases. The R2 values for this
model ranged from 0.974 to 0.997 across the surveyed countries. The lowest MSE was
recorded for China at 0.00015, while for Iran, the Stack-PSO model achieved an MSE
of 0.00042 and an R2 of 0.996. Furthermore, the lowest MAPE was observed in the
United States at 2.5%, underscoring the high precision of the proposed model in
minimizing forecasting errors. Subsequently, the superior model was employed to
forecast electrical energy consumption up to the 2035 horizon. The findings indicate a
generally increasing consumption trend in most countries; however, growth intensity
varied significantly, with some cases exhibiting a moderate growth pattern or
approaching relative stability.
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1. Introduction

The rapid growth in electricity energy consumption over the past few decades, driven by economic
development, population growth, urban expansion, and structural changes in demand patterns, has
become one of the major challenges for energy planning at both national and international levels.
Since annual electricity consumption reflects the level of economic and social activity, as well as
climatic conditions, in each country, accurate forecasting plays a critical role in macro-level decision-
making, power-sector infrastructure development, and long-term energy policy formulation. Given the
nonlinear and multidimensional relationships between economic, demographic, commercial, and
climatic variables and electricity consumption, data-driven frameworks and machine learning
approaches have increasingly been considered effective tools for modeling these complexities.

In this study, with the aim of improving the accuracy of electricity energy consumption (EEC)
forecasting in selected countries, an ensemble-based machine learning framework is proposed that
examines the simultaneous effects of economic, demographic, commercial, and climatic drivers. The
performance of standalone models is compared with that of an optimized stacking model enhanced by
particle swarm optimization, and its ability to reduce prediction errors and improve explanatory power
is evaluated. Furthermore, using the superior model, electricity energy consumption is projected to
2035 to provide an analytical basis for long-term energy planning and policy-making.

2. Proposed Model

The In this study, an ensemble-based machine learning framework is developed to forecast EEC in
selected countries. As illustrated in Fig. 1, the proposed architecture comprises several main stages:
data preprocessing, training base learners, meta-model construction, hyperparameter optimization, and
final prediction generation. Five input variables-population (POP), gross domestic product (GDP),
energy imports (IMP), energy exports (EXP), and annual average temperature (TEMP) are considered
as explanatory features, while electricity energy consumption is defined as the target variable. To
eliminate scale differences among variables, the data are standardized before model training.

At the first level of the stacking structure, two base models, namely an artificial neural network and
ridge regression, are trained independently to capture nonlinear and linear patterns embedded in the
data. The outputs of these base learners are then used as inputs to a second-level meta-learner,
implemented through a regression model, which combines the predictions in a data-driven manner. To
enhance predictive accuracy and minimize forecasting errors, particle swarm optimization is employed
to tune the hyperparameters of the base models, with MSE defined as the primary objective function.
Furthermore, to project future input variables within the forecasting horizon, a NARX model is used,
and the standardized outputs are fed into the trained ensemble model. By integrating heterogeneous
learners and metaheuristic optimization, a coherent and robust framework for electricity energy
consumption forecasting is established.
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Fig. 1. Proposed model framework for electricity energy consumption forecasting.

3. Results

The test-phase performance of the Stack-PSO model is illustrated in Fig. 2. The blue curve depicts the
actual EEC, whereas the red curve shows the model forecasts over the test period. As shown, close
agreement is observed between the observed and forecasted values across all investigated countries,
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indicating that the proposed model has a strong capability to reproduce previously unseen data. The
limited deviation between the two curves, particularly for China, Turkey, and Iran, suggests that the
underlying growth patterns are captured with high fidelity. Overall, the visual comparison corroborates
the quantitative evaluation, demonstrating that the optimized ensemble framework not only improves
error-based metrics but also provides coherent and accurate estimates of electricity energy
consumption.
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Fig. 2. Comparison of Actual and Forecasted Values over the Test Period Using the Stack-PSO Model.

4. Discussion and Conclusion

Overall, the results indicated that although the ANN and Ridge models achieved acceptable
performance in many cases and reported R? values above 0.95, they showed limitations when
confronted with more complex relationships and cross-country heterogeneity.The stack model, by
combining the outputs of the base learners, enabled simultaneous reductions in MSE and MAE and
improved forecast stability. However, the best performance was achieved with the Stack-PSO model,
which integrated a stacking framework with particle swarm optimization for hyperparameter tuning; as
a result, the lowest MSE values and R? values close to 0.99 were obtained in most cases. These
findings suggest that coupling ensemble learning with metaheuristic optimization can extract nonlinear
relationships among the influential drivers with higher accuracy while maintaining appropriate
sensitivity to the dominant predictors. Overall, the proposed approach provides a flexible framework
for forecasting electricity energy consumption and may serve as a supportive tool for long-term
planning and policy-making in the power sector.
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