
Citation: Kanagarathinam, K.; Aruna,

S.K.; Ravivarman, S.; Safran, M.;

Alfarhood, S.; Alrajhi, W. Enhancing

Sustainable Urban Energy

Management through Short-Term

Wind Power Forecasting Using LSTM

Neural Network. Sustainability 2023,

15, 13424. https://doi.org/10.3390/

su151813424

Academic Editor: Mohamed

A. Mohamed

Received: 28 July 2023

Revised: 1 September 2023

Accepted: 5 September 2023

Published: 7 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Enhancing Sustainable Urban Energy Management through
Short-Term Wind Power Forecasting Using LSTM
Neural Network
Karthick Kanagarathinam 1,* , S. K. Aruna 2, S. Ravivarman 3 , Mejdl Safran 4 , Sultan Alfarhood 4,*
and Waleed Alrajhi 4

1 Department of Electrical and Electronics Engineering, GMR Institute of Technology, Rajam 532127, India
2 Department of Computer Science and Engineering, School of Engineering and Technology,

CHRIST (Deemed to be University), Bangalore 560029, India; aruna.sk@christuniversity.in
3 Department of Electrical and Electronics Engineering, Vardhaman College of Engineering,

Shamshabad 501218, India; ravivarman@vardhaman.org
4 Department of Computer Science, College of Computer and Information Sciences, King Saud University,

P.O. Box 51178, Riyadh 11543, Saudi Arabia; mejdl@ksu.edu.sa (M.S.); 441101485@student.ksu.edu.sa (W.A.)
* Correspondence: karthick.k@gmrit.edu.in (K.K.); sultanf@ksu.edu.sa (S.A.)

Abstract: Integrating wind energy forecasting into urban city energy management systems offers
significant potential for optimizing energy usage, reducing the carbon footprint, and improving
overall energy efficiency. This article focuses on developing a wind power forecasting model using
cutting-edge technologies to enhance urban city energy management systems. To effectively manage
wind energy availability, a strategy is proposed to curtail energy consumption during periods of low
wind energy availability and boost consumption during periods of high wind energy availability.
For this purpose, an LSTM-based model is employed to forecast short-term wind power, leveraging
a publicly available dataset. The LSTM model is trained with 27,310 instances and 10 wind energy
system attributes, which were selected using the Pearson correlation feature selection method to
identify crucial features. The evaluation of the LSTM-based forecasting model yields an impressive R2

score of 0.9107. The model’s performance metrics attest to its high accuracy, explaining a substantial
proportion of the variance in the test data. This study not only contributes to advancing wind power
forecasting, but also holds promise for sustainable urban energy management, enabling cities to make
informed decisions in optimizing energy consumption and promoting a greener, more resilient future.

Keywords: urban city energy management systems; wind energy forecasting; LSTM; short-term
wind power forecasting

1. Introduction

The integration of urban city energy management systems has become increasingly
important for the optimization of urban services such as energy, transportation, and public
safety [1]. These systems use advanced technologies like sensors, data analytics, and
AI to collect and process data in real-time, allowing city managers to make data-driven
decisions that improve the efficiency and sustainability of urban services [2]. One area
where urban city energy management systems can make a significant impact is in the
optimization of energy usage, reduction of carbon footprint, and improvement of overall
energy efficiency [3]. Wind energy is a renewable energy source that can contribute to these
goals, but its intermittent and variable nature can create instability in the power grid [4].

Renewable wind energy plays a vital role in meeting global energy demands, with
the Global Wind Energy Council reporting a total capacity of 743 GW by the end of
2020. Growth projections indicate an average yearly increase of 12.7% over the next five
years, leading to an estimated total capacity of 1.4 TW by the end of 2026. The need for
wind energy stems from the critical need to address greenhouse gas emissions and tackle
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climate change. Wind energy, being a sustainable and eco-friendly power source, has
the potential to diminish reliance on fossil fuels, contributing to the pursuit of carbon
neutrality. Additionally, wind energy can improve energy security and promote sustainable
development. The increasing demand for wind energy is driven by supportive government
policies, decreasing costs of wind power generation, and growing public awareness of
environmental issues. Wind energy forecasting refers to predicting the overall energy that
can be harnessed from wind sources over a certain period, often encompassing multiple
wind turbines or a wind farm. On the other hand, wind power forecasting narrows down
the focus to predicting the actual electrical power output from individual wind turbines or
a wind farm. In this article, the active power has been predicted using the historical data
from the wind turbine dataset.

The wind power generated by the wind turbine’s rotor (Pr) is expressed as follows:

Pr = 0.5 ρπ R2Cp(λ, β)v3 (1)

where ρ denotes the density of the air in kg/m3, R indicates the rotor radius in meters,
v denotes the wind speed in meter/second, Cp is the rotor power coefficient, which is a
function of the pitch angle β and tip speed ratio λ. As indicated in Equation (1), factors
such as air density (ρ), rotor radius (R), wind speed (v), and other parameters influence
the power output of a wind turbine. These factors play a critical role in determining the
efficiency of wind energy conversion.

Alongside the constant parameters, wind speed emerges as a pivotal variable that
directly impacts the power output of a wind turbine. The dataset includes wind speed as
one of the features in our wind power forecasting model. Moreover, we have taken into
consideration an additional nine parameters to formulate the wind power prediction, and
this is explained in the subsequent sections.

Wind energy forecasting plays a crucial role in enhancing the operation of urban
city energy management systems. It enables the anticipation of changes in wind power
output, facilitating grid adjustments to ensure stability and reliability [5]. This forecasting
is particularly valuable for short-term wind power prediction, empowering grid operators
to proactively respond to variations in wind power output to maintain grid stability [6]. Ac-
curate wind power forecasting also empowers energy providers to optimize their resource
management, minimizing the reliance on costly backup power sources. Furthermore, it
facilitates real-time energy trading in electricity markets, contributing to a cleaner and more
sustainable energy future while reducing dependence on traditional energy sources [7].

Deep learning techniques have proven to be exceptionally proficient in wind power
forecasting to reveal intricate patterns and correlations within extensive and intricate
datasets, a challenge that conventional methods may find difficult to address [8]. Wind
power prediction plays a vital role in various timeframes, encompassing very short-term in-
tervals (few minutes to half an hour) for activities like regulation, real-time grid operations,
turbine control, and market clearing. Similarly, short-term periods (ranging from 30 min to
6 h) are employed for load dispatch planning and making well-informed choices regarding
load management. Medium-term durations (ranging from 6 h to 1 day) play a critical
role in ensuring the stability of electricity markets, facilitating energy trading, and making
well-informed decisions regarding online and offline generating capacity. On the other
hand, long-term periods (spanning from 1 day to a month) are utilized for determining
reserve requirements, establishing maintenance schedules, optimizing operational costs,
and efficiently managing power system operations.

The motivation driving this research is rooted in the urgent need to transition towards
sustainable energy practices to counter the escalating challenges posed by climate change
and depleting fossil fuel reserves. The imperative to reduce greenhouse gas emissions and
enhance energy efficiency has led to a growing emphasis on harnessing renewable energy
sources like wind power. However, the inherent variability of wind energy necessitates
advanced forecasting models to enable its efficient integration into urban energy systems.
The research is further motivated by the potential to revolutionize urban energy manage-
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ment, reduce reliance on non-renewable sources, and pave the way for a cleaner and more
sustainable energy future.

The significance of this research is two-fold. Firstly, the accurate wind power forecast-
ing model empowers urban energy managers to optimize energy consumption patterns,
reducing costs and the carbon footprint. Secondly, by promoting wind energy integration
into urban energy management, this research aligns with renewable energy goals and
sustainable development, contributing to greener and more resilient cities.

In this article, a short-term wind power forecasting model has been proposed using
LSTM neural networks based on historical data. By accurately forecasting wind power,
urban city energy management systems can better manage their energy resources, reduce
their carbon footprint, and promote a cleaner and more sustainable energy future.

Literature Review

Chen, Q. and Folly, K.A. [9] developed a short-term wind power forecasting model
to optimize power systems with significant wind power integration. To achieve this, they
introduced a novel approach called “mixed input features-based cascade-connected arti-
ficial neural network” (ANN). This approach aimed to improve forecasting accuracy by
incorporating input features from neighboring stations while effectively addressing overfit-
ting issues. As a result, their proposed method showed promising results in enhancing the
performance of ANNs.

Li, Z. et al. [10] presented an approach for short-term wind power forecasting, which
combines Extreme Learning Machines (ELM) with error correction models. This innova-
tive approach resulted in remarkable advancements in the accuracy of ultra-short-term
forecasting.

Kramer, O. and Gieseke, F. [11] conducted a study exploring the potential of Support
Vector Regression (SVR) in wind energy prediction using data from the NREL western
wind resource dataset and the available windmill infrastructure. The research focused
on parameterizing the loss function of SVR and aimed to establish the reliability of wind
forecasts at both micro and macro levels. The performance of the SVR-based wind energy
forecast was evaluated for individual wind grid points and entire wind parks, while also
determining the optimal amount of historical data required for precise prediction.

Y. Kassa et al. [12] introduced an adaptive neuro-fuzzy inference system (ANFIS) tech-
nique for forecasting one-day-ahead hourly wind power generation. Given the intermittent
and unpredictable nature of wind energy, precise wind power forecasting is crucial to
ensure a dependable power supply. The proposed ANFIS approach exhibited superior
performance compared to BP neural network-based and hybrid GA-BP NN-based models
in terms of both accuracy and reliability. The evaluation was conducted using practical
data from a wind turbine in a microgrid located in Beijing.

Tu, C.-S. et al. [13] introduced a model for short-term wind power forecasting that
relies on historical marine weather and wind power data. To enhance computing efficiency,
they divided the dataset into clusters using a data regression algorithm. The team con-
structed a regression model based on the principles of the least squares support vector
machine (LSSVM) and further optimized LSSVM parameters using enhanced bee swarm
optimization. The study emphasized the challenges posed by the intermittent and uncertain
nature of wind power, highlighting the importance of accurate wind power forecasting for
efficient power system operation and reliability. When compared to other tested models, the
proposed method demonstrated superior performance and showed potential for large-scale
wind power grid integration.

Pang, M. et al. [14] proposed an innovative wind speed forecasting model that utilizes a
broad learning system (BLS). This model employed enhanced variational mode decomposi-
tion (EVMD) and subseries reconstruction (SR) techniques, surpassing traditional methods.
By adaptively dividing subseries based on sample entropy and characterizing their com-
plexity as high or low entropy, wind speed forecasts for the reconstructed subseries were
generated using the EVMD-SR-BLS-ARIMA hybrid wind speed prediction model.
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Najeebullah et al. [15] focuses on machine-learning (ML)-based short-term wind power
prediction using a hybrid model. The dataset includes real-time wind speed, humidity,
temperature, and wind power values from 2007 to 2011. The ML model employs SVR,
Meta-Heuristic Neural Networks (MHNN), and Enhanced Particle Swarm Optimization
(EPSO). They achieved a standard deviation of error of 0.0766 for the test set.

Alkesaiberi et al. [16] focuses on efficient wind power prediction using machine
learning methods. Three datasets from different sources are used: France, Turkey, and
Kaggle. Wind turbine data, including variables like wind speed and direction, are analyzed.
Static and dynamic models are tested, with dynamic models utilizing past data information
performing better. Including meteorological variables enhances prediction accuracy. Kernel-
driven models (SVR, GPR) and ensemble learning models (Boosting, Bagging, XGBoost, RF)
are compared. Results show that dynamic GPR and ensemble models provide satisfactory
predictions, with an R2 of around 0.95 on average.

Table 1 provides the various wind power prediction models and methods employed.

Table 1. Wind power prediction models.

Proposed by Method Findings

Lima, J.M. et al. [17] Statistic Model
Kalman filters improve wind power forecasting.
Second implementation of the filter removes power
prediction bias.

Pan Zhao et al. [18] ANN Normalized Root Mean Square Error (NRMSE) was
found to have an average value of 16.47%

Javad T. and Samira S. [19]
A three-layer backpropagation training
method from the Multilayer Perceptron
algorithm

The MLP and RBF networks achieved their best MSE
evaluation efficiency at 77 and 70 epochs with values
of 0.000103 and 0.000353, respectively.

Yongning Zhao et al. [20] Bidirectional mechanism with forward
and backward models

Persistence method has lowest NMAE, bidirectional
model performs best in terms of NRMSE.

Pei Du et al. [21] hybrid forecasting model based on
multi-objective optimization

Hybrid model has lower mean absolute percent
errors compared to other models, with average
values of 5.0116%, 7.7877%, and 10.6968% for one,
two and three-step ahead, respectively

Most of the reported works use limited input features to develop the prediction model
and claim higher performance. In this article, a short-term wind power forecasting model
has been proposed using LSTM neural networks based on historical data. By accurately
forecasting wind power, urban city energy management systems can better manage their
energy resources, reduce their carbon footprint, and promote a cleaner and more sustainable
energy future. Our research pays particular attention to the data pre-processing phase,
where we emphasize the removal of outliers. By strategically removing outliers from the
dataset, our LSTM model achieves a higher level of stability and accuracy. This approach
results in a more reliable and trustworthy wind power forecasting model compared to
methods that may not account for outlier removal comprehensively.

The major contributions of the article are

3 The article leverages state-of-the-art technologies such as LSTM neural networks,
which have demonstrated remarkable proficiency in handling complex patterns and
correlations within extensive datasets. LSTM’s ability to capture long-term dependen-
cies makes it particularly suitable for accurate wind power forecasting.

3 To enhance the accuracy of the model, the article employs the Pearson correlation
technique for feature selection. This approach ensures that only crucial features are
considered, resulting in improved forecasting performance.

3 The article implements effective data pre-processing techniques, including outlier
removal, to guarantee that the LSTM model is trained on a representative dataset. By
removing outliers, the model achieves a higher level of stability and accuracy. Also,
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the article offers insightful observations regarding daily and monthly trends in wind
energy generation and related features.

3 The article underscores the practical application of the proposed model in urban city
energy management systems. Precise wind power prediction plays a critical role
in optimizing energy consumption, reducing the carbon footprint, and promoting a
cleaner and more sustainable energy future.

3 The integration of wind power forecasting into urban city energy management sys-
tems can significantly contribute to addressing greenhouse gas emissions and climate
change. The model’s accurate predictions facilitate the efficient utilization of wind
energy, leading to reduced reliance on fossil fuels and fostering sustainable develop-
ment.

2. Materials and Methods

The proposed methodology block diagram is presented in Figure 1, which consists of
several stages, including data pre-processing, Pearson correlation, outlier removal, LSTM
model development, and performance evaluation. The subsequent sections elaborate on
each stage and describe how the model was developed.
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Figure 1. Proposed LSTM-based wind power prediction.

2.1. Data

The wind energy system dataset is adopted from a public database [22] and it contains
118,224 instances and 22 attributes. The dataset used for analysis includes recordings taken
at 10 min intervals from January 2018 to March 2020, making it suitable for short-term
forecasting purposes. The first attribute is “Date”, which is of object type and contains the
date of each observation. The rest of the features contain numerical data of float64 type,
except for two object type columns: “WTG”, which stands for wind turbine generator and
“TurbineStatus”. As shown in Table 2, each attribute represents various measurements
related to wind turbine operation, including ambient temperature, blade pitch angle,
gearbox oil temperature, wind direction, and wind speed. While some attributes might
not have an immediately apparent relationship to wind power prediction, it is important
to consider that wind turbine operation is influenced by a range of environmental and
operational factors.
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Table 2. Wind power dataset.

Attribute Count

Ambient Temperature 93,817

Bearing Shaft Temperature 62,518

Blade1 Pitch Angle 41,996

Blade2 Pitch Angle 41,891

Blade3 Pitch Angle 41,891

Control Box Temperature 62,160

Gearbox Bearing Temperature 62,540

Gearbox Oil Temperature 62,438

Generator RPM 62,295

Generator Winding1 Temperature 62,427

Generator Winding2 Temperature 62,449

Hub Temperature 62,406

Main Box Temperature 62,507

Nacelle Position 72,278

Reactive Power 94,748

Rotor RPM 62,127

Turbine Status 62,908

Wind Direction 72,278

Wind Speed 94,595

Active Power 94,750

Attributes like “Bearing Shaft Temperature”, “Gearbox Bearing Temperature”, “Gear-
box Oil Temperature”, and “Generator Winding Temperature” might not directly represent
wind speed or active power, but they can provide valuable insights into the operational
conditions of the wind turbine. Changes in these temperatures could be indicative of factors
such as mechanical stress, friction, and wear. While higher wind speeds might contribute
to increased temperatures in certain turbine components due to enhanced mechanical
activity, it is essential to recognize that multiple interacting factors contribute to these
temperature variations. Moreover, the thermal behavior of these components can also affect
their efficiency and overall performance. To validate the impact of these attributes on short
term wind power forecasting, Pearson correlation was utilized to identify attributes that
exhibit significant correlations with the target variable, i.e., Active Power.

Some of the columns have missing values, indicated by “Non-Null Count” being less
than the total number of entries in the dataset. The missing values may need to be handled
before analyzing the data.

2.2. Data Pre-Processing

Deep learning models rely on having comprehensive data to effectively capture the
patterns and dependencies among features and the target variable. Missing values can
lead to incomplete data, which may result in a biased or inaccurate model [23]. Missing
values can also affect the performance of some evaluation metrics such as mean squared
error (MSE) or mean absolute error (MAE), which are commonly used to evaluate the
performance of regression models [24]. Therefore, it is decided to remove missing or null
values from the dataset before training a deep learning model to avoid these issues. After
removing the missing and null values, the dataset has 32,728 instances.
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2.3. Pearson Correlation

When developing a deep learning-based regression model, it is essential to select
relevant features. The Pearson correlation coefficient [25] between the target variable and
each feature can be calculated to identify the highly correlated features that can be used
in the regression model, thus improving its accuracy and performance. The Pearson’s
correlation coefficient (r) can be expressed as shown in Equation (2).

rpq =
n ∑ piqi − (∑ pi ∗ ∑ qi)√

n ∑ pi
2 − (∑ pi) 2 ∗

√
n ∑ qi

2 − (∑ qi) 2
(2)

where, rxy = the Pearson correlation coefficient for the variables x and y;
n = the total number of observations;
pi = p’s value (for ith observation);
qi = q’s value (for ith observation).

2.4. Outlier Removal

Outliers can arise from errors in data collection, measurement inaccuracies, or other
anomalies within the data. Outlier removal is the process of identifying and removing
these data points from the dataset [26].

Outlier removal is an important step in deep-learning-based model development
because outliers can have a significant influence on the model performance. Outliers can
lead to incorrect model training, inaccurate predictions, and reduced model accuracy. By
removing outliers, the model can be trained on a more representative dataset and can lead
to improved model performance. Additionally, removing outliers can reduce the variability
in the data, leading to a more stable model. Figure 2a,b shows the Box Plot of before outlier
removal and after outlier removal of the dataset.

The interquartile range (IQR) of each feature has been calculated, which is the range
between the first and third quartile of the data. Equations (3) and (4) are used to calculate
the lower and upper bounds for each column:

Lower bound = Q1 − 1.5·IQR (3)

Upper bound = Q3 + 1.5·IQR (4)

Equation (3) calculates the lower bound for outlier removal. Q1 represents the first
quartile, which is the value below which 25% of the data fall. By subtracting 1.5 times the
IQR from Q1, we define a threshold below which data points are considered outliers.

Equation (4) calculates the upper bound for outlier removal. Q3 represents the third
quartile, which is the value below which 75% of the data fall. By adding 1.5 times the IQR
to Q3, we define a threshold above which data points are considered outliers.

These thresholds, calculated based on the quartiles and the interquartile range, help
identify and remove outliers from the dataset, ensuring that the deep learning model is
trained on a representative and accurate dataset. Removing outliers contributes to a more
stable and accurate model, as it reduces the impact of erroneous data points on the training
process and the final predictions.
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2.5. Data Analysis

After the removal of outliers, the total number of instances reduces to 27,310. LSTM
models are particularly sensitive to the distribution and patterns within the data. Outliers
can disrupt the underlying temporal dependencies and patterns that LSTM models excel at
capturing. Eliminating outliers allows the LSTM model to focus on learning meaningful
temporal relationships within the data without being influenced by extreme values that
might not repeat in the future.

Figure 3 provides valuable insights into the daily and monthly trends of all features.
The bearing shaft temperature exhibits a peak from May to mid-September, followed
by a decline in October. This temperature pattern can be attributed to higher ambient
temperatures and increased solar radiation during the summer months. These factors can
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contribute to elevated temperatures in various wind turbine components, including the
bearing shaft. Elevated temperatures can lead to increased friction and heat generation
within the bearings, resulting in higher temperatures. As the weather cools down in
October, ambient temperatures decrease, leading to a reduction in bearing temperatures.
This trend is consistent with most other features, as highly correlated attributes were
considered during the model’s development.
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Furthermore, wind power generation experiences its highest output during July and
August, followed by a notable drop in October. Weather systems, such as high-pressure
areas and temperature gradients, play a role in influencing wind speeds. During the
summer, specific weather patterns can lead to increased wind speeds. These enhanced
wind speeds subsequently improve wind turbine efficiency, contributing to higher power
generation. The analysis of mean monthly data reveals the long-term dependency of other
aspects of electrical power generation, while mean daily active power output data captures
daily fluctuations, providing crucial short-term dependency information.

In the plot representing the period from May to September, which corresponds to the
annual peak power generation, there is a dip in wind speed and related features observed
in mid-July and August, as evident from the daily mean plot. Wind turbines are designed
to operate optimally within specific wind speed ranges. The consistent wind speeds during
July and August falling within this optimal range can enable turbines to harness more wind
energy, resulting in higher power output.

These insights provide a deeper understanding of the intricate interplay of various fac-
tors influencing power generation trends. This understanding can be pivotal in optimizing
energy management strategies and addressing fluctuations in power generation, ultimately
contributing to more efficient and sustainable energy practices.

2.6. LSTM Model Development

The LSTM model has been employed for wind power prediction using time series
data. Figure 4 displays the proposed LSTM model. Initially, the data are pre-processed by
extracting the target variable, normalizing it, and splitting it into training and testing sets
with 70:30 ratio, respectively. The time step is defined as 60, and the training and testing
data are created accordingly.
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The LSTM model architecture [27] is constructed using Keras’ sequential model, which
includes two LSTM layers, each with 50 units, along with a dense output layer. The model
is built using the Adam optimizer and utilizes the MSE loss function.

The model performance has been assessed using various metrics like MAE, MSE, and
root mean squared error. By leveraging this approach, real-time wind power generation
prediction becomes possible, assisting energy companies in optimizing their operations
and reducing costs.

Equations (5)–(10) show in concise form the forward pass of an LSTM cell with a forget
gate. The lowercase variables represent vectors. These equations define the LSTM model’s
complex mechanism for controlling information flow, which makes it suitable for handling
long-term dependencies in sequential data [28].

ft = σg

(
W f xt + U f ht−1 + b f

)
(5)

it = σg(Wixt + Uiht−1 + bi) (6)

Ot = σg(Woxt + Uoht−1 + bo) (7)

C̃t = σc(Wcxt + Ucht−1 + bc) (8)

Ct = ft � ct−1 + it � C̃t (9)

ht = Ot � σh(Ct) (10)

Equation (5) calculates the forget gate. σg is the sigmoid activation function, W f and
U f are the input and previous hidden state weights, and b f is the bias term. Equation (6)
computes the input gate to update the cell state. it is input gate output, and it determines
how much of the C̃t should be added to the cell state. Equation (7) calculates the output
gate. Ot is the output of the output gate. Equation (8) computes the new candidate cell state
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C̃t. Equation (9) computes the new cell state Ct by compounding the output of the forget
gate and the new candidate cell state C̃t. Equation (10) computes the new hidden state ht
by applying the output gate to the cell state Ct and passing it through a tanh activation
function. The output is then multiplied element-wise with the output gate Ot .

2.7. Performance Metrics

The evaluation of the regression model’s effectiveness was conducted through met-
rics [29] including MAE, MSE, Root Mean Squared Error (RMSE), and the R-squared value.
The calculation of MAE is based on Equation (11).

MAE =

∣∣(yi − yp
)∣∣

n
(11)

The MSE is determined using Equation (12).

MSE =
∑
(
yi − yp

)2

n
(12)

The RMSE is determined using Equation (13).

RMSE =

√
∑
(
yi − yp

)2

n
(13)

Here, yi and yp are the actual and predicted values for “n” number of instances.
R-Squared (R2) or coefficient of determination is calculated by Equation (14).

R2 = 1 − ∑
(
yi − yp

)2

∑(yi − yi)
2 (14)

Here, yi is mean of all the actual values.

3. Results and Discussion

The Pearson correlation matrix for the preprocessed dataset has been shown in
Figure 5. The results show the Pearson correlation matrix of all the features and the features
that have a correlation coefficient greater than 0.5 has been selected with the target variable.
These features are considered important as they have a strong relationship with the target
variable and are likely to have a significant impact on the prediction accuracy of the model.
In this case, the selected features are “BearingShaftTemperature”, “GearboxBearingTemper-
ature”, “GearboxOilTemperature”, “GeneratorRPM”, “GeneratorWinding1Temperature”,
“GeneratorWinding2Temperature”, “ReactivePower”, “RotorRPM”, “WindSpeed”, “Ac-
tivePower”. These 10 features can be used as input variables for the deep learning model.
Here, the Active Power will be the target variable.

The trained LSTM regression model encapsulates the learned patterns and correlations
from the historical wind energy data. In this research work, the dataset was initially divided
into a 70:30 ratio for training and testing. Out of the total 27,310 instances remaining after
the outlier removal process, 19,117 instances were used for training, and 8193 instances
were allocated for the test set. These test inputs will have the same attributes (features) that
were used during training, such as wind speed, temperature, generator RPM, etc. Next,
feed the test data into the loaded LSTM model. The model’s forward pass involves passing
the input data through the layers, applying the learned weights and biases, and generating
predictions. Once the model generates predictions, the resulting active power value will be
compared with the actual active power value present in the test set.
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The LSTM regression model was assessed with the test dataset, employing several
performance metrics including MAE, MSE, RMSE, and R2. Figure 6 illustrates the plot of
the loss function during training.
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Figure 6. LSTM loss curve.

To monitor the training process, the model is trained for 50 epochs with a batch size
of 32, and the loss curve is plotted. Following training, the model is utilized to make
predictions on the test data, and the obtained results are compared to the actual data using
visual plots.

The model achieved an MAE of 107.132, MSE of 22,910.49, RMSE of 151.36, and an
R2 score of 0.9108 in the test data. Figure 7 illustrates the output of the LSTM regression
model on the test set, showing a close alignment between the predicted and actual values
of wind power, indicating the model’s effectiveness.
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Figure 8 displays the residual plot, demonstrating that the residuals are randomly
scattered around the horizontal line, indicating the absence of systematic errors or het-
eroscedasticity in the model. Additionally, Figure 9 depicts the plot of actual versus
predicted wind power generation values, showcasing a strong linear relationship between
the two, affirming the model’s accuracy in prediction. The dotted line provides a visual
reference for how well the model’s predictions align with the actual data. Figure 10 presents
the residual density plot, indicating that the residuals are approximately normally dis-
tributed, reflecting the model’s well-calibrated nature in accurately predicting wind power
generation.
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The LSTM regression model developed in this study has proven its capability to
accurately predict wind power generation based on historical data. The high accuracy and
ability to explain a substantial proportion of variance in the test data make it a valuable
tool for city managers to optimize energy consumption and minimize waste. For instance,
the model’s predictions can help identify periods of high energy consumption, enabling
proactive measures to reduce grid load. Moreover, the model’s capability to forecast energy
demand for different timeframes allows for the efficient utilization of renewable energy
sources and a reduction in non-renewable sources.

The results suggest that the LSTM regression model can be an instrumental asset
in the development of renewable energy systems and energy grid planning, contribut-
ing to more efficient and sustainable energy management practices. Table 3 provides a
comprehensive comparison of the performance of the proposed LSTM-based wind power
forecasting approach with existing research studies that employed different models. The
Mean Absolute Error (MAE) and Root Mean Squared Error (RMSE) are used as evaluation
metrics to assess the accuracy of the forecasting models. The models from Ryu et al. [30]
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encompass different variants of ARIMA and other regression techniques. Notably, our pro-
posed LSTM approach consistently outperforms all models from Ryu et al. in terms of both
MAE and RMSE. This underscores the superiority of the LSTM model in capturing complex
patterns and dependencies within wind power data. Comparing our results with those of
Mora et al. [31], who explored different LSTM architectures, reveals that our LSTM approach
achieves substantially lower MAE and RMSE values. This outcome reinforces the efficacy
of our approach in wind power forecasting. The lower MAE and RMSE values achieved
by our proposed approach demonstrate its high accuracy and predictive capabilities. By
leveraging LSTM’s ability to capture long-term dependencies and its feature selection
techniques, our model achieves superior performance in comparison to previous studies.

Table 3. Comparison of proposed approach with existing work.

Research Work Model MAE RMSE

Ryu et al. [30]

Autoregressive integrated moving average
(ARIMA)—single time-series model 684.24 2847.11

seasonal ARIMA 521.46 2704.04

ARIMA—Generalised auto regressive conditional
heteroskedasticity 1447.70 17,429.79

Multiple linear regression with weather information 150.54 33.62

SVR 145.08 30.72

Mora et al. [31]

Vanilla LSTM (forecasting steps 1) 200.49 269.64

Stacked LSTM 188.01 259.76

Bidirectional LSTM 197.26 267.95

Autoencoder LSTM 211.41 289.27

Proposed Approach LSTM 107.132 151.36

4. Conclusions

Integrating wind power forecasting into urban city energy management systems is sig-
nificant for optimizing energy usage, reducing the carbon footprint, and improving overall
energy efficiency. The proposed LSTM-based model for short-term wind power forecasting,
which was developed and evaluated using a publicly available dataset, achieved a MAE of
107.132, MSE of 22,910.49, RMSE of 151.36, and an R2 score of 0.9108 for the test set. The
results of this study can be utilized by city managers to optimize energy consumption and
reduce waste, as well as to forecast energy demand for different times of the day or year.
It has been found that the LSTM regression model can be valuable in the development of
renewable energy systems and the planning of energy grids.

Looking towards the future, there are several exciting directions for further exploration
and enhancement. Continual advancements in deep learning techniques, such as novel
LSTM architectures or hybrid models, could potentially yield even higher predictive
accuracy and efficiency. Furthermore, integrating real-time data sources and leveraging
advancements in data assimilation techniques can lead to dynamic and adaptive wind
power forecasting systems that react swiftly to changing conditions. Expanding the scope
of forecasting models to encompass other renewable sources, such as solar energy, and
effectively combining their predictions could offer a comprehensive view of urban energy
availability.
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Springer: Berlin/Heidelberg, Germany, 2011; Volume 87. [CrossRef]

12. Kassa, Y.; Zhang, J.H.; Zheng, D.H.; Wei, D. Short term wind power prediction using ANFIS. In Proceedings of the 2016 IEEE
International Conference on Power and Renewable Energy (ICPRE), Shanghai, China, 21–23 October 2016; pp. 388–393. [CrossRef]

13. Tu, C.-S.; Hong, C.-M.; Huang, H.-S.; Chen, C.-H. Short Term Wind Power Prediction Based on Data Regression and Enhanced
Support Vector Machine. Energies 2020, 13, 6319. [CrossRef]

14. Pang, M.; Zhang, L.; Zhang, Y.; Zhou, A.; Dou, J.; Deng, Z. Ultra-Short-TermWind Speed Forecasting Using the Hybrid Model of
Subseries Reconstruction and Broad Learning System. Energies 2022, 15, 4492. [CrossRef]

15. Aneela Zameer, N.; Syed Gibran Javed, A.K. Machine Learning based short term wind power prediction using a hybrid learning
model. Comput. Electr. Eng. 2015, 45, 122–133. [CrossRef]

16. Alkesaiberi, A.; Harrou, F.; Sun, Y. Efficient Wind Power Prediction Using Machine Learning Methods: A Comparative Study.
Energies 2022, 15, 2327. [CrossRef]

17. Lima, J.M.; Guetter, A.K.; Freitas, S.R.; Panetta, J.; de Mattos, J.G. A Meteorological–Statistic Model for Short-Term Wind Power
Forecasting. J. Control Autom. Electr. Syst. 2017, 28, 679–691. [CrossRef]

18. Zhao, P.; Wang, J.; Xia, J.; Dai, Y.; Sheng, Y.; Yue, J. Performance evaluation and accuracy enhancement of a day-ahead wind
power forecasting system in China. Renew. Energy 2012, 43, 234–241. [CrossRef]

19. Taghinezhad, J.; Sheidaei, S. Prediction of operating parameters and output power of ducted wind turbine using artificial neural
networks. Energy Rep. 2022, 8, 3085–3095. [CrossRef]

20. Zhao, Y.; Ye, L.; Li, Z.; Song, X.; Lang, Y.; Su, J. A novel bidirectional mechanism based on time series model for wind power
forecasting. Appl. Energy 2016, 177, 793–803. [CrossRef]

21. Du, P.; Wang, J.; Yang, W.; Niu, T. A novel hybrid model for short-term wind power forecasting. Appl. Soft Comput. 2019, 80,
93–106. [CrossRef]

https://doi.org/10.1016/j.techfore.2022.121915
https://doi.org/10.1186/s42162-020-00108-6
https://doi.org/10.3390/smartcities5040071
https://doi.org/10.1016/j.esr.2020.100539
https://doi.org/10.1016/j.heliyon.2022.e11263
https://doi.org/10.1016/j.renene.2019.04.135
https://doi.org/10.1016/j.energy.2021.122099
https://doi.org/10.1155/2020/9250937
https://doi.org/10.3389/fenrg.2021.634639
https://doi.org/10.1186/s41601-016-0016-y
https://doi.org/10.1007/978-3-642-19644-7_29
https://doi.org/10.1109/ICPRE.2016.7871238
https://doi.org/10.3390/en13236319
https://doi.org/10.3390/en15124492
https://doi.org/10.1016/j.compeleceng.2014.07.009
https://doi.org/10.3390/en15072327
https://doi.org/10.1007/s40313-017-0329-8
https://doi.org/10.1016/j.renene.2011.11.051
https://doi.org/10.1016/j.egyr.2022.02.065
https://doi.org/10.1016/j.apenergy.2016.03.096
https://doi.org/10.1016/j.asoc.2019.03.035


Sustainability 2023, 15, 13424 18 of 18

22. Available online: https://www.kaggle.com/datasets/theforcecoder/wind-power-forecasting?select=Turbine_Data.csv (accessed
on 27 July 2023).

23. Linardatos, P.; Papastefanopoulos, V.; Kotsiantis, S. Explainable AI: A Review of Machine Learning Interpretability Methods.
Entropy 2021, 23, 18. [CrossRef]

24. Emmanuel, T.; Maupong, T.; Mpoeleng, D.; Semong, T.; Mphago, B.; Tabona, O. A survey on missing data in machine learning. J.
Big Data 2021, 8, 140. [CrossRef]

25. Kanagarathinam, K.; Sankaran, D.; Manikandan, R. Machine learning-based risk prediction model for cardiovascular disease
using a hybrid dataset. Data Knowl. Eng. 2022, 140, 102042. [CrossRef]

26. ur Rehman, A.; Belhaouari, S.B. Unsupervised outlier detection in multidimensional data. J. Big Data 2021, 8, 80. [CrossRef]
27. Laghrissi, F.; Douzi, S.; Douzi, K.; Hssina, B. Intrusion detection systems using long short-term memory (LSTM). J. Big Data 2021,

8, 65. [CrossRef]
28. Sekar, K.; Kanagarathinam, K.; Subramanian, S.; Venugopal, E.; Udayakumar, C. An Improved Power Quality Disturbance

Detection Using Deep Learning Approach. Math. Probl. Eng. Hindawi 2022, 2022, 7020979. [CrossRef]
29. Li, G.; Zrimec, J.; Ji, B.; Geng, J.; Larsbrink, J.; Zelezniak, A.; Engqvist, M.K. Performance of Regression Models as a Function of

Experiment Noise. Bioinform. Biol. Insights 2021, 15, 11779322211020315. [CrossRef]
30. Ryu, J.-Y.; Lee, B.; Park, S.; Hwang, S.; Park, H.; Lee, C.; Kwon, D. Evaluation of Weather Information for Short-Term Wind Power

Forecasting with Various Types of Models. Energies 2022, 15, 9403. [CrossRef]
31. Mora, E.; Cifuentes, J.; Marulanda, G. Short-Term Forecasting of Wind Energy: A Comparison of Deep Learning Frameworks.

Energies 2021, 14, 7943. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://www.kaggle.com/datasets/theforcecoder/wind-power-forecasting?select=Turbine_Data.csv
https://doi.org/10.3390/e23010018
https://doi.org/10.1186/s40537-021-00516-9
https://doi.org/10.1016/j.datak.2022.102042
https://doi.org/10.1186/s40537-021-00469-z
https://doi.org/10.1186/s40537-021-00448-4
https://doi.org/10.1155/2022/7020979
https://doi.org/10.1177/11779322211020315
https://doi.org/10.3390/en15249403
https://doi.org/10.3390/en14237943

	Introduction 
	Materials and Methods 
	Data 
	Data Pre-Processing 
	Pearson Correlation 
	Outlier Removal 
	Data Analysis 
	LSTM Model Development 
	Performance Metrics 

	Results and Discussion 
	Conclusions 
	References

