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Abstract: In the context of escalating concerns about environmental sustainability in smart cities,
solar power and other renewable energy sources have emerged as pivotal players in the global
effort to curtail greenhouse gas emissions and combat climate change. The precise prediction of
solar power generation holds a critical role in the seamless integration and effective management
of renewable energy systems within microgrids. This research delves into a comparative analysis
of two machine learning models, specifically the Light Gradient Boosting Machine (LGBM) and K
Nearest Neighbors (KNN), with the objective of forecasting solar power generation in microgrid
applications. The study meticulously evaluates these models’ accuracy, reliability, training times, and
memory usage, providing detailed experimental insights into optimizing solar energy utilization and
driving environmental sustainability forward. The comparison between the LGBM and KNN models
reveals significant performance differences. The LGBM model demonstrates superior accuracy with
an R-squared of 0.84 compared to KNN’s 0.77, along with lower Root Mean Squared Error (RMSE:
5.77 vs. 6.93) and Mean Absolute Error (MAE: 3.93 vs. 4.34). However, the LGBM model requires
longer training times (120 s vs. 90 s) and higher memory usage (500 MB vs. 300 MB). Despite
these computational differences, the LGBM model exhibits stability across diverse time frames
and seasons, showing robustness in handling outliers. These findings underscore its suitability
for microgrid applications, offering enhanced energy management strategies crucial for advancing
environmental sustainability. This research provides essential insights into sustainable practices and
lays the foundation for a cleaner energy future, emphasizing the importance of accurate solar power
forecasting in microgrid planning and operation.

Keywords: forecasting; K Nearest Neighbors (KNN); Light Gradient Boosting Machine (LGBM);
smart cities; solar power generation

1. Introduction

The accelerating pace of urbanization coupled with the ever-increasing energy de-
mands of cities has brought forth an urgent need for innovative and sustainable solutions.
Smart cities, characterized by their integration of advanced technologies and intelligent
urban planning, aim to enhance the quality of life of their residents while minimizing their
environmental footprint. In this pursuit, renewable energy sources have emerged as pivotal
components, with solar power standing out as a beacon of clean and accessible energy [1,2].
Solar power technologies have become central to the vision of smart energy-efficient cities.
By harnessing the sun’s abundant energy, cities can significantly reduce their reliance
on fossil fuels, mitigate carbon emissions, and ensure a reliable energy supply for their
growing populations [3].

Solar power generation in smart cities encompasses a wide array of applications,
ranging from rooftop solar panels on residential buildings to expansive solar farms inte-
grated into urban landscapes. The integration of solar energy into the fabric of cities not
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only provides a source of renewable electricity but also fosters energy independence and
resilience. The decentralized nature of solar power allows for local energy production,
reducing transmission losses and increasing the overall efficiency of the energy grid [3,4].
Moreover, the advent of advanced technologies, such as artificial intelligence and smart
grid systems, has further enhanced the integration of solar power into urban environments.
These technologies enable real-time monitoring, demand-side management, and the op-
timization of energy distribution, making solar power a viable and intelligent choice for
smart cities [2,4].

Figure 1 depicts the microgrid components, showcasing renewable energy generated
from solar power. This energy is sent to the microgrid and distributed to various sources,
including energy storage systems, electronic vehicles (EVs), power generators, homes, and
utility grids. Solar light generation has emerged as a promising solution for addressing the
challenges posed by traditional energy sources and achieving environmental sustainability.
In this quest for a sustainable energy paradigm, microgrids have emerged as an essential
enabler, providing a dynamic platform for the seamless integration and optimal utilization
of solar power generation [5–7]. Whether operating independently or inter-connected
with the main power grid, microgrids offer a versatile infrastructure that empowers com-
munities and industries to embrace solar energy as a central component of their energy
ecosystem. Leveraging the potential of microgrids can unlock the full potential of solar
power, maximizing its impact and paving the way toward a more resilient, self-sufficient,
and sustainable energy landscape [7,8].
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In recent years, the deployment of solar power systems has gained significant traction,
especially in the context of microgrids. Microgrids, which are localized power distribu-
tion networks that can operate autonomously or in connection with the main grid, offer
numerous benefits including enhanced energy reliability, reduced transmission losses, and
increased resilience. Efficiently forecasting solar power generation in microgrids is crucial
for optimal operation and planning as it enables the effective integration of renewable
energy sources into the grid [7,9,10].

Solar power is a clean and renewable energy source that has the potential to play a
significant role in meeting the world’s energy needs. However, the intermittent nature of
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solar power generation can make it difficult to integrate into the grid. One way to address
this challenge is to use solar power generation forecasting to help ensure that the grid has
the necessary capacity to meet demand [11].

1.1. Research Gap

Despite significant progress in the deployment of solar power systems, particularly in
the context of microgrids, efficient forecasting of solar power generation remains crucial
for optimal operation and planning. Forecasting models, such as Light Gradient Boost-
ing Machine (LGBM) and K Nearest Neighbors (KNN), are used to predict solar power
generation [3,4,7,8]. LGBM, a machine learning algorithm, has been shown to be effec-
tive for various forecasting tasks by incorporating meteorological variables and historical
solar power generation data [8]. KNN, a non-parametric algorithm, captures the spatial
correlation between neighboring solar power plants to enhance forecast accuracy [8].

To bridge this research gap, there are a number of different forecasting models that
can be used to predict solar power generation. Two of the most popular models are LGBM
and KNN. LGBM is a machine learning algorithm that has been shown to be effective for a
variety of forecasting tasks. KNN is a non-parametric algorithm that is simple to implement
and interpret. The significance of the research problem found that the effectiveness of
LGBM lies in improving forecast accuracy by incorporating meteorological variables and
historical solar power generation data [1,2,5,12] while KNN models capture the spatial
correlation between neighboring solar power plants and enhance forecast accuracy [8,13].

However, there is a notable research gap in the comparative studies of LGBM and
KNN models, specifically for environmental sustainability [8]. While both models have
demonstrated effectiveness in different aspects, a direct comparison focusing on their impact
on environmental sustainability has not been thoroughly explored [11,12]. Addressing this
gap could provide valuable insights into the most effective forecasting methods for integrating
solar power into smart city frameworks, ultimately contributing to more sustainable urban
development. Finally, from the study of the literature, it was found that there is still a lack of
comparative studies on LGBM and KNN models for environmental sustainability.

1.2. Objective

Therefore, this research paper has the primary objective of this study to compare the
performance of the LGBM and KNN models in forecasting solar power generation within a
microgrid context. The specific objectives of this study include the following:

1. Developing accurate and reliable solar power generation forecasting models using
the LGBM and KNN algorithms;

2. Evaluating the performance of the LGBM and KNN models in terms of forecasting
accuracy, precision, and efficiency;

3. Investigating the potential of these models to aid in effective decision making for
optimal utilization of solar energy resources within microgrids;

4. Assessing the environmental benefits and implications of accurate solar power gener-
ation forecasting for reducing carbon emissions and advancing sustainability goals.

This study holds significant implications for environmental sustainability and re-
newable energy management. Comparing the LGBM and KNN models for solar power
generation forecasting provides valuable insights into the suitability and performance of
machine learning algorithms in microgrid applications. The findings of this study can
greatly assist policymakers, energy managers, and system operators in making informed
decisions regarding the integration and management of solar power generation within
microgrids. This, in turn, promotes the development of a cleaner and more sustainable
energy infrastructure.

Furthermore, this study contributes to the existing body of knowledge by exploring
the potential of advanced forecasting techniques to enhance the efficiency and reliability of
renewable energy systems. By evaluating the performance of the LGBM and KNN models,
this research expands our understanding of the effectiveness of different algorithms in
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predicting solar power generation. The outcomes of this study can serve as a foundation for
future research and development in the field of renewable energy forecasting and microgrid
management, fostering the advancement of sustainable energy practices.

2. Review Literature
2.1. Solar Power Generation and Microgrids

The integration of solar power generation and microgrids within the context of smart
cities has garnered significant attention in recent scholarly works. Researchers have ex-
plored innovative strategies to harness solar energy efficiently while optimizing its use
within urban microgrids, aiming to create sustainable and resilient energy infrastruc-
tures for smart cities [14]. One prevalent area of research focuses on the technological
advancements in solar panels and energy storage systems. Studies by Smith et al. [15] have
highlighted the importance of high-efficiency solar panels coupled with advanced energy
storage solutions, enabling smart cities to store surplus solar energy for later use, thereby
ensuring a stable power supply even during periods of low solar generation. Additionally,
scholars have delved into the design and optimization of microgrid architectures. Research
conducted by Li [16] emphasizes the significance of intelligent microgrid management
systems in balancing the supply–demand dynamics within smart cities. Advanced control
algorithms and real-time monitoring mechanisms are explored to efficiently integrate solar
power into microgrids, enhancing grid stability and reducing dependency on centralized
power sources. Moreover, policy and regulatory frameworks governing solar power inte-
gration in smart city microgrids have been a subject of scholarly inquiry. Anderson and
Patel [17] have analyzed the impact of supportive policies and incentives on encouraging
investments in solar infrastructure. Their findings underscore the crucial role of policy
formulation in fostering a conducive environment for the widespread adoption of solar
power generation technologies in smart cities. Furthermore, researchers have explored
case studies to evaluate the real-world implementation of solar-powered microgrids in
smart cities. The work of Kim et al. [18] provides insights into the successful deployment
of solar microgrids in urban areas, emphasizing the role of community engagement and
collaboration between stakeholders. Such case studies offer valuable lessons for other smart
cities aiming to replicate similar sustainable energy initiatives.

Smart grids play a pivotal role in the effective utilization of solar energy in smart
cities and the real-time monitoring and control enabled by smart grid technologies facilitate
seamless integration, allowing cities to manage energy distribution efficiently [19]. The
advancements in energy storage solutions, such as high-capacity batteries and innova-
tive thermal storage systems, have addressed the challenge of solar energy intermittent,
ensuring a stable power supply even during periods of low sunlight [20].

Despite the advancements, challenges persist in the integration of solar power in
smart cities. Issues such as land availability for solar farms, grid integration complexities,
and public awareness remain significant hurdles [21]. However, future research directions
should focus on enhancing energy storage technologies, optimizing grid infrastructure,
and developing effective public and business sector engagement strategies to promote solar
energy adoption in urban areas [22,23].

2.2. Solar Power Generation Forecasting Techniques

Solar power generation forecasting techniques have experienced significant advance-
ments in recent years, enabling the efficient utilization of solar energy resources within
microgrid systems. Researchers have explored various methods to forecast solar power
generation, encompassing both statistical and machine learning-based approaches. Statisti-
cal methods, such as Autoregressive Integrated Moving Average (ARIMA), exponential
smoothing, and linear regression, have been commonly employed [24]. These techniques
rely on historical data and mathematical models to make predictions; however, they may
encounter challenges in capturing the nonlinear and complex relationships inherent in
solar power generation.
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One common approach is the use of meteorological data and statistical methods for
forecasting solar power generation. Studies by Kalogirou [25] have shown that combining
historical solar irradiance data with statistical models, such as ARIMA, can yield accurate
short-term solar power forecasts. These methods consider historical weather patterns and
solar radiation levels to predict future solar power output.

The emergence of machine learning-based approaches has garnered attention in so-
lar power generation forecasting due to their capability to capture intricate patterns and
handle vast datasets. Among these approaches, artificial neural networks [26], support
vector regression (SVR) [27], random forest [18], and gradient boosting algorithms have
demonstrated promising results. By leveraging machine learning algorithms, these mod-
els enhance the accuracy and reliability of solar power generation forecasts. Moreover,
a promising technique involves the use of machine learning algorithms, specifically ar-
tificial neural networks (ANNs). Researchers like Li et al. [28] have demonstrated the
effectiveness of ANNs in capturing complex nonlinear relationships within solar power
generation data. By training neural networks on historical solar output data along with
corresponding meteorological variables, ANNs can provide accurate and real-time solar
power forecasts. Furthermore, hybrid models that combine different forecasting methods
have gained attention in recent years. For instance, the integration of Numerical Weather
Prediction (NWP) models with machine learning algorithms has been explored by several
researchers [29]. This hybrid approach leverages the strengths of both NWP models, which
provide detailed weather information, and machine learning algorithms, which can effec-
tively learn patterns from historical data. By combining these techniques, hybrid models
offer enhanced accuracy in solar power generation forecasts, especially for medium to
long-term predictions.

Artificial neural networks have proven effective in capturing nonlinear relationships
and complex patterns within solar power generation data [30]. Support vector regression,
a supervised learning algorithm, employs support vector machines to regress and forecast
solar power generation. Random forest, an ensemble learning technique, combines multi-
ple decision trees to improve prediction accuracy and handle high-dimensional data [31].
Additionally, gradient boosting algorithms, such as LGBM, leverage boosting techniques
to iteratively enhance model performance [32]. These machine learning algorithms offer
robust solutions for accurate and reliable solar power generation forecasting. By incor-
porating machine learning-based approaches into the realm of solar power generation
forecasting, researchers have unlocked the potential to harness solar energy resources more
effectively. These techniques enable the capture of intricate relationships and patterns, lead-
ing to improved accuracy in predicting solar power generation. The continued exploration
and refinement of machine learning algorithms holds promise for further advancements in
this field, facilitating the efficient planning and operation of microgrid systems [31,32].

2.3. Light Gradient Boosting Machine (LGBM)

In recent years, accurate solar power generation forecasting has garnered significant
attention as it plays a crucial role in ensuring the efficient operation and management
of microgrids. Numerous machine learning techniques have been employed to develop
forecasting models; one such technique is the LGBM.

LGBM, a powerful gradient boosting framework, has gained popularity due to its
efficiency and accuracy in solving a wide range of machine learning problems. By com-
bining multiple weak predictive models known as decision trees, LGBM creates a robust
predictive model. It employs a gradient-based learning algorithm and exhibits exceptional
performance with large datasets and high-dimensional feature spaces. Several studies have
investigated the application of LGBM for solar power generation forecasting. For example,
the study devised an LGBM-based model to forecast solar power generation in a remote
area microgrid [32]. This model demonstrated superior accuracy compared to traditional
forecasting methods. Similarly, the study utilized LGBM to forecast solar power generation
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in a large-scale photovoltaic power plant and showcased its effectiveness in capturing
intricate temporal patterns [33]. Figure 2 shows the LGBM model.
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These findings highlight LGBM as a promising algorithm for solar power generation
forecasting. It exhibits high accuracy, even when confronted with noisy data, and enables
real-time forecasting of solar power generation. The utilization of LGBM for solar power
generation forecasting holds the potential to contribute to the environmental sustainability
of microgrids. By accurately predicting solar power generation, microgrids can operate
more efficiently and reduce their reliance on fossil fuels. This, in turn, aids in minimizing
greenhouse gas emissions and enhancing air quality. In addition to the aforementioned
studies, further research has explored the application of LGBM in solar power generation
forecasting. For instance, Wu et al. [34] investigated the impact of various feature engi-
neering techniques on the performance of LGBM models in solar power forecasting. Their
results demonstrated the importance of feature selection and preprocessing methods in
enhancing forecasting accuracy.

Furthermore, the study proposed a hybrid model that combines LGBM with other
machine learning algorithms to improve the accuracy and robustness of solar power
generation forecasting [35]. Their findings indicated that the hybrid model outperforms
individual models in capturing complex patterns and achieving accurate predictions.
Moreover, recent research [24] focused on the interpretability of LGBM models in solar
power generation forecasting. They introduced a novel feature importance measure for
LGBM, shedding light on the relative significance of different features in the forecasting
process [36].
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Another notable study [18,27] explored the potential of LGBM for solar power gen-
eration forecasting in urban areas. Their research emphasized the adaptability of LGBM
models to different geographical locations and highlighted the importance of incorporating
spatial data for accurate solar power forecasts [37]. Furthermore, Li, et al. [28] investigated
the impact of incorporating weather data in LGBM models for solar power generation
forecasting. Their results indicated that the inclusion of weather variables significantly
improves the accuracy and reliability of forecasts, particularly in regions with high weather
variability [38].

In summary, the application of LGBM in solar power generation forecasting has
garnered considerable attention due to its efficiency, accuracy, and ability to handle complex
patterns. With ongoing research focusing on various aspects of LGBM modeling, including
feature engineering, interpretability, hybrid models, and the incorporation of weather
and spatial data, the potential of LGBM in forecasting solar power generation is further
solidified. The adoption of LGBM models in microgrids contributes to environmental
sustainability by enabling efficient operations, reduced reliance on fossil fuels, and a
sub-sequent decrease in greenhouse gas emissions, thus improving air quality.

2.4. K Nearest Neighbors (KNN)

KNN is a widely adopted non-parametric machine learning algorithm employed in
both regression and classification tasks, including solar power generation forecasting. The
essence of KNN lies in its utilization of historical data from similar instances, referred
to as nearest neighbors, to predict the target variable [39]. The fundamental assumption
underlying KNN is that instances sharing similar features are likely to exhibit similar target
values. This principle forms the basis of KNN’s simplicity and interpretability, making it
an attractive choice for forecasting applications. Unlike other algorithms, KNN does not
impose any specific assumptions regarding the data distribution, allowing it to effectively
handle nonlinear relationships [39,40]. Figure 3 shows the KNN model.
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Nevertheless, the performance of KNN heavily hinges on two critical factors: the
appropriate selection of the number of neighbors (K) and the choice of a suitable distance
metric for similarity calculation. Determining the optimal value of K is crucial, as a small
value may lead to excessive sensitivity to noise and result in overfitting, while a large value
can smooth out important patterns and lead to underfitting. Additionally, selecting an
appropriate distance metric, such as Euclidean or Manhattan distance, is vital to accurately
measure the similarity between instances. The choice of distance metric depends on the
characteristics of the dataset and the problem at hand [41].
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Several research papers have explored the application of KNN in solar power genera-
tion forecasting and have proposed various enhancements to its performance. For instance,
Shi et al. [42] combined KNN with fuzzy C-means clustering to improve short-term solar
power generation forecasting. Zhao et al. [43] introduced an optimized feature selection
algorithm to enhance the accuracy and efficiency of KNN-based forecasting. Raza, et al. [44]
conducted a comparative analysis of machine learning techniques, including KNN, for
solar power generation forecasting, providing insights into the strengths and weaknesses
of KNN compared to other algorithms. Dong et al. [45] proposed an optimized feature
selection method to enhance the performance of KNN for solar power prediction. Ding
et al. [46] presented an improved KNN model with a novel method to determine the opti-
mal number of neighbors, thus enhancing its predictive accuracy. These studies contribute
to our understanding of the application of KNN in solar power generation forecasting. By
considering various techniques, optimizations, and feature selection methods, researchers
aim to improve the performance and accuracy of KNN-based models for more reliable and
precise solar power generation forecasts.

2.5. Comparative Studies on Solar Power Generation Forecasting

Numerous comparative studies have been conducted in recent years to evaluate and
compare the performance of different forecasting techniques for solar power generation.
These studies primarily focus on incorporating the latest advancements in the field. The main
objective of these studies is to identify the most accurate and reliable models for forecasting
solar power generation, thereby improving the planning and operation of microgrids.

One such study was conducted by Zhang et al. [7]. A comparative study of machine
learning algorithms was proposed for solar power generation forecasting, which compared
multiple machines learning algorithms, including LGBM, KNN, artificial neural networks
(ANN) and support vector regression (SVR). The analysis involved evaluating the accuracy,
precision, and reliability of these algorithms. Similarly, Wai and Lai [47] performed a
comparative analysis of machine learning algorithms for solar power generation forecasting
in microgrid systems. They investigated the performance of various techniques, including
LGBM, KNN, artificial neural networks, and decision trees, with the aim of determining
the most effective model in terms of accuracy and computational efficiency [48].

Wang et al. [41] contributed to the literature with their comparative analysis of different
machine-learning algorithms for solar power generation forecasting. They compared
techniques such as LGBM, KNN, artificial neural networks, and support vector regression,
focusing on evaluating the predictive performance of these algorithms and identifying the
most suitable model for accurate solar power generation forecasting.

In the context of distributed energy systems, Gbémou et al. [35] conducted a comparative
study to assess and compare the performance of various machine learning algorithms, includ-
ing LGBM, KNN, artificial neural networks, and support vector regression, for forecasting
solar power generation. Their research shed light on the strengths and weaknesses of each
algorithm, providing insights for selecting appropriate models in distributed energy systems.

These comparative studies, along with others, offer valuable insights into the perfor-
mance and effectiveness of different machine -learning algorithms for solar power generation
forecasting. By evaluating and comparing these techniques, researchers and practitioners
can make informed decisions when selecting forecasting models for microgrids, ultimately
improving the planning, operation, and utilization of solar energy resources.

2.6. Rayong Smart Cities: Thailand

This areas’ area is located at Rayong, a prominent industrial center in Thailand, and
has undertaken numerous smart city initiatives aimed at improving urban life. These
initiatives, spanning transportation, energy management, and healthcare, have employed
innovative approaches. Simultaneously, renewable energy projects have played a pivotal
role in significantly reducing the city’s carbon footprint [49]. However, the journey toward
developing smart cities in Rayong has been accompanied by challenges. Critical issues
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such as data security, citizen privacy, and the establishment of necessary technological
infrastructure demand careful consideration and effective solutions [49].

Rayong’s smart city initiatives signify a transformative step toward enhanced urban
living. While challenges persist, the positive socio-economic impact and increased citizen
engagement demonstrate the potential for continued growth and development in the realm
of smart cities. Within the Rayong Smart City project, Ban Chang (Figure 4) has undergone
significant development as a new area incorporating various smart technologies. These
include smart energy, education, communication, water quality, street lighting, healthcare,
parking, transportation, and water management systems. This shift is due to the decision
to utilize clean energy sources, specifically solar cells, within the town. Furthermore, there
are plans to install wind turbines to generate additional electricity from wind and solar
energy. These initiatives are aimed at establishing an alternative and sustainable energy
supply for the community. Currently, the calculated capacity stands at 15 megawatts,
which is deemed sufficient for the town’s needs. The envisioned population for this new
town is approximately 15,000 people. Each household will be equipped with smart meters,
enabling precise monitoring of energy consumption. This technology will facilitate effective
control and management of electricity usage, providing an additional avenue for regulating
power consumption within the community [50].
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3. Methodology
3.1. Research Framework

Figure 5 presents the research framework, encompassing four essential steps, designed
to enhance solar power integration within microgrids for efficient energy management in
smart cities, as follows:
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This comprehensive research framework showcases a systematic approach to harness-
ing solar power within microgrids. By emphasizing data quality, advanced processing
techniques, feature extraction, and rigorous model evaluation, this framework contributes
significantly to the advancement of sustainable energy solutions in smart cities.

1. Microgrid sensors are transmitted to the central electricity system.
2. Data Processing: upon acquiring the data, the second step involves rigorous process-

ing. This includes noise removal and clustering techniques to refine the collected data,
ensuring accuracy and reliability for further analysis;

3. Feature Extraction and Learning: in this crucial phase, the processed data undergo
feature extraction, where relevant attributes are identified. Subsequently, machine
learning algorithms are employed for training and learning. This step is pivotal in
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understanding patterns and trends within the data, enabling informed predictions
and decision models;

4. Model Evaluation: the final stage assesses the effectiveness of the developed models.
Here, test data is employed to evaluate the performance of the LGBN model. Ad-
ditionally, the outcomes are compared with those of the KNN model, providing a
comprehensive evaluation of the model’s efficiency and accuracy.

3.2. Data Collection and Preprocessing

The data were collected from solar power generation from the microgrid system
located in Ban Chang Rayong smart city, Thailand. The dataset includes information on
solar irradiance, temperature, and various meteorological factors known to influence solar
power generation. Additionally, we obtained corresponding power generation data from
the microgrid’s solar energy system.

The dataset comprises 9459 entries with each containing variables such as solar irradi-
ance, ambient temperature, humidity, wind speed, visibility, pressure, and cloud ceiling.
These variables are crucial as they directly or indirectly impact solar power generation.
The data also includes timestamps to track changes over time. By conducting careful data
collection and preprocessing, which involved handling missing values, normalizing vari-
ables, and addressing outliers, we aimed to obtain a reliable and high-quality dataset for
our study. These steps were crucial in ensuring the accuracy and validity of the subsequent
analysis and modeling processes.

3.2.1. Preprocessing Methods

Once the data was collected, we proceeded with the preprocessing phase to ensure the
reliability and quality of the dataset. This involved several steps:

- Handling missing values: missing values were handled using interpolation and
imputation techniques to maintain data continuity and completeness;

- Normalization: variables were normalized to ensure a consistent scale, facilitating
better performance in machine learning algorithms. Normalization was achieved
using min–max scaling, transforming the data into a range between 0 and 1;

- Outlier detection and treatment: potential outliers were identified using statistical
methods, such as the Z-score, and treated appropriately to prevent skewed analysis.

3.2.2. Mathematical Descriptions

Let X represent the raw data matrix where Xij denotes the value of the j-th feature for
the i-th sample. The normalization of feature j is performed as

[X′
ij =

Xij − min
(
Xj

)
max

(
Xj

)
− min

(
Xj

) ] (1)

where min
(
Xj

)
and max

(
Xj

)
are the minimum and maximum values of feature j, re-

spectively. The standard deviation (σ) and mean (µ) for each feature were calculated to
understand the dispersion and central tendency:

[µj =
1
n∑n

i=1 Xij] (2)

[σj =

√
1
n∑n

i=1

(
Xij − µj

)2
] (3)

Figure 6 illustrates the distribution of power output (in watts) from the microgrid’s
solar energy system. The histogram provides insights into the frequency and range of
power outputs observed during the data collection period, highlighting the typical power
generation levels and any notable variations.
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3.3. Feature Selection and Engineering

In this phase, we perform feature selection and engineering techniques to extract
the most informative and influential factors for solar power generation forecasting. This
involves conducting statistical analyses and exploring correlation patterns between the
collected meteorological and power generation variables. Through this process, we iden-
tify key features that significantly impact solar power generation, thereby enhancing the
predictive accuracy of our models.

The following is a summary of the correlation values based on the provided matrix
(Figure 7):

Sustainability 2024, 16, x FOR PEER REVIEW 13 of 29 
 

positive correlation with PowerOutput (0.58), suggesting a significant positive relation-
ship between AmbientTemp and PowerOutput. 

Visibility: Visibility displays weak positive correlations with Time (0.01), Month 
(0.06), Hour (0.03), and PowerOutput (0.20), indicating slight positive relationships with 
these variables. 

Pressure: Pressure exhibits a weak negative correlation with Time (−0.05) and a weak 
positive correlation with Humidity (0.43). It also shows a weak positive correlation with 
PowerOutput (0.07), indicating a slight positive relationship. 

PowerOutput: PowerOutput displays a weak positive correlation with Time (0.08), a 
weak negative correlation with Month (−0.02), and a moderate positive correlation with 
AmbientTemp (0.58), indicating a notable positive relationship with AmbientTemp. 

 
Figure 7. The correlation matrix provides information about the relationships between variables. 

This summary provides an overview of the correlation values between the variables. 
Positive correlations indicate a direct relationship (both variables increase or decrease to-
gether), while negative correlations suggest an inverse relationship (one variable increases 
as the other decreases). The strength of the correlation is determined by the magnitude of 
the correlation coefficient, ranging from −1 to 1. By preprocessing the data and focusing 
on non-redundant and meaningful features, our analysis provides a clearer understand-
ing of the factors influencing solar power generation. This rigorous approach ensures the 
reliability and accuracy of our subsequent modeling efforts. 

3.4. Light Gradient Boosting Machine (LGBM) Model 
The LGBM model, a powerful gradient boosting algorithm, is employed as one of the 

forecasting models in our comparative analysis. LGBM leverages boosting techniques to 
iteratively optimize the model’s performance. With its ability to handle large-scale 

Figure 7. The correlation matrix provides information about the relationships between variables.



Sustainability 2024, 16, 6087 13 of 29

Time: There is a strong positive correlation between Time and Hour (1.00), indicating
that they are highly correlated.

Month: Month shows a weak negative correlation with Time (−0.01) and Hour (−0.01),
suggesting a slight decrease in correlation with these variables.

Hour: Similar to Time, Hour exhibits a strong positive correlation with Time (1.00),
indicating a high degree of correlation between the two variables.

Humidity: Humidity shows a negative correlation with Time (−0.19), indicating a weak
negative relationship. It also demonstrates a negative correlation with AmbientTemp (−0.57)
and PowerOutput (−0.40), suggesting a stronger negative relationship with these variables.

AmbientTemp: AmbientTemp exhibits a positive correlation with Time (0.16), Month
(0.21), and Hour (0.17), indicating a weak positive relationship. It also shows a strong
positive correlation with PowerOutput (0.58), suggesting a significant positive relationship
between AmbientTemp and PowerOutput.

Visibility: Visibility displays weak positive correlations with Time (0.01), Month (0.06),
Hour (0.03), and PowerOutput (0.20), indicating slight positive relationships with these variables.

Pressure: Pressure exhibits a weak negative correlation with Time (−0.05) and a weak
positive correlation with Humidity (0.43). It also shows a weak positive correlation with
PowerOutput (0.07), indicating a slight positive relationship.

PowerOutput: PowerOutput displays a weak positive correlation with Time (0.08), a
weak negative correlation with Month (−0.02), and a moderate positive correlation with
AmbientTemp (0.58), indicating a notable positive relationship with AmbientTemp.

This summary provides an overview of the correlation values between the variables.
Positive correlations indicate a direct relationship (both variables increase or decrease
together), while negative correlations suggest an inverse relationship (one variable increases
as the other decreases). The strength of the correlation is determined by the magnitude of
the correlation coefficient, ranging from −1 to 1. By preprocessing the data and focusing
on non-redundant and meaningful features, our analysis provides a clearer understanding
of the factors influencing solar power generation. This rigorous approach ensures the
reliability and accuracy of our subsequent modeling efforts.

3.4. Light Gradient Boosting Machine (LGBM) Model

The LGBM model, a powerful gradient boosting algorithm, is employed as one of the
forecasting models in our comparative analysis. LGBM leverages boosting techniques to
iteratively optimize the model’s performance. With its ability to handle large-scale datasets
and capture complex relationships, LGBM offers a promising solution for accurate solar
power generation forecasting. We implement the LGBM model using the preprocessed
dataset and tune the model’s hyperparameters to maximize its predictive capability.

The LGBM model is employed as one of the key forecasting models in our compara-
tive analysis due to its efficiency and high performance in handling large-scale datasets.
LGBM is a powerful gradient-boosting algorithm that iteratively optimizes the model’s
performance by combining multiple weak learners to form a strong predictor. Its ability to
capture complex relationships and its scalability make it a promising solution for accurate
solar power generation forecasting.

3.4.1. Model Implementation and Hyperparameter Tuning

We implemented the LGBM model using the preprocessed dataset. To ensure the
model’s optimal performance, we performed hyperparameter tuning. The key hyperpa-
rameters and their settings are as follows (Table 1).



Sustainability 2024, 16, 6087 14 of 29

Table 1. The key hyperparameters and their settings.

Hyperparameter Description Value

num_leaves Maximum number of leaves in one tree. Higher
values increase complexity. 31

max_depth Maximum depth of the tree. Controls overfitting. −1

learning_rate Step size shrinkage used in updating to prevent
overfitting. 0.05

n_estimators Number of boosting rounds. 1000

feature_fraction Fraction of features used in each boosting round.
Helps in avoiding overfitting. 0.8

bagging_fraction Fraction of data used in each boosting round. 0.8
bagging_freq Frequency for bagging. 5

min_data_in_leaf Minimum number of data points allowed in a
leaf. Helps prevent overfitting. 20

lambda_l1 L1 regularization term on weights. 0.1
lambda_l2 L2 regularization term on weights. 0.1

3.4.2. Dataset Division

The dataset is divided into training and testing sets to evaluate the model’s perfor-
mance. We used a 20–80 split, where 80% of the data are used for training the model and
the remaining 20% are used for testing. This division ensures that the model is trained
on a substantial portion of the data while being tested on an unseen subset to validate its
generalization capability.

Loss Function: the primary loss function used in our LGBM model is the MAE, defined
as follows:

MAE =
1
n∑n

i=1|yi − ŷi| (4)

where

n is the number of data points;
yi is the actual value;
ŷi is the predicted value.

MAE is chosen for its simplicity and its ability to provide an unbiased estimation of
the prediction errors. It measures the average magnitude of the errors in a set of predictions,
without considering their direction, thus giving a clear picture of the model’s accuracy.

Mathematical Explanation: LGBM utilizes gradient boosting to minimize the loss
function iteratively. The algorithm follows these steps:

1. Initialization: start with an initial prediction, typically the mean of the target variable;
2. Compute residuals: calculate the residuals, which are the differences between the

actual and predicted values;
3. Fit a weak learner: fit a weak learner (e.g., a decision tree) to the residuals;
4. Update prediction: update the prediction by adding the new weak learner’s prediction,

scaled by the learning rate;
5. Repeat: repeat steps 2–4 for a predetermined number of iterations or until convergence.

The mathematical formulation for the gradient boosting process in LGBM is given by

Fm(x) = Fm−1(x) + ηhm(x) (5)

where

Fm(x) is the prediction at iteration m;
η is the learning rate;
hm(x) is the weak learner at iteration m.

By iteratively refining the model and minimizing the residuals, LGBM efficiently captures
complex patterns in the data, leading to accurate and robust solar power generation forecasts.
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Model Valuation

The performance of the LGBM model is evaluated using the test dataset. The MAE
and other relevant metrics such as Root Mean Squared Error (RMSE) and R-squared

(
R2)

are computed to assess the accuracy and reliability of the model.

3.4.3. The LGBM Model

1. Input: preprocessed dataset containing historical solar power generation data and
relevant meteorological factors;

2. Split the dataset into training and testing sets;
3. Initialize the LGBM model with default hyperparameters;
4. Iterate the following steps until convergence or a specified number of iterations:

4.1 Compute the gradients of the loss function with respect to the model’s predictions;
4.2 Update the model’s predictions by adding a new weak learner (tree) that

minimizes the loss function;
4.3 Update the weights of the training samples based on the loss function and the

new weak learner’s performance;

5. Tune the hyperparameters of the LGBM model using techniques such as grid search
or Bayesian optimization;

6. Train the LGBM model on the training set using the tuned hyperparameters;
7. Evaluate the model’s performance on the testing set using appropriate evaluation

metrics (e.g., mean squared error and mean absolute error);
8. Repeat steps 4–7 for different configurations of hyperparameters to find the optimal

combination;
9. Select the LGBM model with the best performance based on the evaluation metrics;
10. Output: the trained LGBM model for solar power generation forecasting in the

microgrid context.

3.4.4. The LGBM Algorithms

The algorithm of the LGBM model for solar power generation forecasting in the
microgrid context apply to the following:

Input: the preprocessed dataset containing historical solar power generation data and
relevant meteorological factors.

Output: the trained LGBM model for solar power generation forecasting in the micro-
grid context.

Steps:

1. Split the dataset into training and testing sets;
2. Initialize the LGBM model with default hyperparameters;
3. Iterate the following steps until convergence or a specified number of iterations;
4. Compute the gradients of the loss function with respect to the model’s predictions;
5. Update the model’s predictions by adding a new weak learner (tree) that minimizes

the loss function;
6. Update the weights of the training samples based on the loss function and the new

weak learner’s performance;
7. Tune the hyperparameters of the LGBM model using techniques such as grid search

or Bayesian optimization;
8. Train the LGBM model on the training set using the tuned hyperparameters;
9. Evaluate the model’s performance on the testing set using appropriate evaluation

metrics (e.g., mean squared error and mean absolute error);
10. Repeat steps 3–6 for different configurations of hyperparameters to find the optimal

combination;
11. Select the LGBM model with the best performance based on the evaluation metrics.
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3.4.5. Pseudocode

def train_lgbm_model(dataset):
# Split the dataset into training and testing sets.
train_set, test_set = split_dataset(dataset)
# Initialize the LGBM model with default hyperparameters.
lgbm_model = LGBMRegressor()
# Train the LGBM model on the training set.
lgbm_model.fit(train_set.features, train_set.targets)
# Evaluate the model’s performance on the testing set.
test_mse = lgbm_model.score(test_set.features, test_set.targets)
return lgbm_model, test_mse

def tune_lgbm_model(dataset):
# Define the hyperparameter space to search.
hyperparameter_space = {

’num_leaves’: [16, 32, 64],
’learning_rate’: [0.01, 0.05, 0.1],
’n_estimators’: [100, 200, 300]

}
# Perform grid search to find the optimal hyperparameters.
best_model, best_mse = tune_hyperparameters(lgbm_model, dataset, hyperparameter_space)
return best_model, best_mse

def select_lgbm_model(dataset):
# Train and evaluate the LGBM model with different hyperparameter configurations.
models = []
mses = []
for hyperparameter_configuration in hyperparameter_space:

model, mse = train_lgbm_model(dataset, hyperparameter_configuration)
models.append(model)
mses.append(mse)

# Select the LGBM model with the best performance on the testing set.
best_model_index = min(range(len(mses)), key=lambda i: mses[i])
best_model = models[best_model_index]
return best_model

# Train and tune the LGBM model.
lgbm_model, best_mse = train_lgbm_model(dataset)
lgbm_model = tune_lgbm_model(dataset)
# Select the best LGBM model.
lgbm_model = select_lgbm_model(dataset)
return lgbm_model

3.5. K Nearest Neighbors (KNN) Model

The KNN model, a non-parametric machine learning algorithm, serves as the second
forecasting model in our comparison. KNN relies on historical data from similar instances,
known as nearest neighbors, to predict solar power generation. Due to its simplicity and
interpretability, KNN has been widely used in various forecasting tasks. We implement
the KNN model with the preprocessed dataset, considering various values for the number
of neighbors (K) and different distance metrics to identify the optimal configuration for
accurate solar power generation forecasting.

3.5.1. Algorithm and Implementation Details

1. Input: the preprocessed dataset containing historical solar power generation data and
relevant meteorological factors;



Sustainability 2024, 16, 6087 17 of 29

2. Dataset division: the dataset is split into training and testing sets using a 20–80 split,
ensuring 80% of the data are used for training the model, and 20% for testing to
evaluate generalization capability;

3. Model initialization: initialize the KNN model;
4. Prediction process: for each instance in the testing set:

• Calculate the distances between the instance and all instances in the training set
using a chosen distance metric (e.g., Euclidean or Manhattan);

• Select the K Nearest Neighbors based on the calculated distances;
• Retrieve the target values (solar power generation) of the K Nearest Neighbors;
• Predict the target value of the instance by aggregating the target values of the K

Nearest Neighbors (e.g., averaging for regression tasks and majority voting for
classification tasks);

5. Model evaluation: evaluate the performance of the KNN model on the testing set
using appropriate evaluation metrics such as MSE, MAE, and R-squared (R2);

6. Hyperparameter tuning: perform hyperparameter tuning to identify the optimal num-
ber of neighbors (K) and distance metric (e.g., Euclidean, Manhattan, and Chebyshev)
using grid search or other optimization techniques;

7. Selecting the best model: select the KNN model configuration with the best perfor-
mance based on evaluation metrics.

3.5.2. Hyperparameter Settings and Dataset Division (Table 2)

Loss Functions and Mathematical Descriptions:
MSE: measures the average of the squares of the errors, providing a good measure of

variance in the predicted values.

[MSE =
1
n∑n

i=1(yi − ŷi)
2] (6)

MAE: measures the average absolute differences between predicted and actual values,
it is less sensitive to outliers than MSE.

[MAE =
1
n∑n

i=1|yi − ŷi|] (7)

R-squared (R2): indicates the proportion of the variance in the dependent variable that
is predictable from the independent variables.

[R2 = 1 − ∑n
i=1(yi − ŷi)

2

∑n
i=1(yi − y)2 ] (8)

Table 2. Hyperparameter settings and dataset division.

Hyperparameter Description

Number of Neighbors Values tested: 1, 3, 5, 7, 9

Distance Metric Euclidean, Manhattan, Chebyshev

Dataset Division 80% training, 20% testing

3.5.3. The Algorithm for the KNN Model

1. Input: preprocessed dataset containing historical solar power generation data and
relevant meteorological factors;

2. Split the dataset into training and testing sets;
3. Initialize the KNN model;
4. For each instance in the testing set, do the following steps:
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4.1 Calculate the distances between the instance and all instances in the training
set using a chosen distance metric (e.g., Euclidean and Manhattan);

4.2 Select the K Nearest Neighbors based on the calculated distances;
4.3 Retrieve the target values (solar power generation) of the K Nearest Neighbors;
4.4 Predict the target value of the instance by aggregating the target values of the

K Nearest Neighbors (e.g., averaging for regression tasks and majority voting
for classification tasks);

5. Evaluate the performance of the KNN model on the testing set using appropriate
evaluation metrics (e.g., mean squared error and mean absolute error);

6. Repeat steps 4–5 for different values of K and distance metrics to identify the optimal
configuration;

7. Select the KNN model with the best performance based on the evaluation metrics;
8. Output: the trained KNN model for solar power generation forecasting in the micro-

grid context.

3.5.4. KNN Algorithms

The algorithm of the KNN model for solar power generation forecasting in the micro-
grid context to the following:

Input: preprocessed dataset containing historical solar power generation data and
relevant meteorological factors.

Output: The trained KNN model for solar power generation forecasting in the micro-
grid context.

Steps:

1. Split the dataset into training and testing sets;
2. Initialize the KNN model;
3. For each instance in the testing set, do the following steps;
4. Calculate the distances between the instance and all instances in the training set using

a chosen distance metric (e.g., Euclidean and Manhattan);
5. Select the K Nearest Neighbors based on the calculated distances;
6. Retrieve the target values (solar power generation) of the K Nearest Neighbors;
7. Predict the target value of the instance by aggregating the target values of the K

Nearest Neighbors (e.g., averaging for regression tasks and majority voting for classi-
fication tasks);

8. Evaluate the performance of the KNN model on the testing set using appropriate
evaluation metrics (e.g., mean squared error and mean absolute error);

9. Repeat steps 3–4 for different values of K and distance metrics to identify the optimal
configuration;

10. Select the KNN model with the best performance based on the evaluation metrics.

3.5.5. Pseudocode

def train_knn_model(dataset, k, distance_metric):
# Split the dataset into training and testing sets.
train_set, test_set = split_dataset(dataset)
# Initialize the KNN model.
knn_model = KNeighborsRegressor(n_neighbors=k, metric=distance_metric)
# Train the KNN model on the training set.
knn_model.fit(train_set.features, train_set.targets)
# Evaluate the model’s performance on the testing set.
test_mse = knn_model.score(test_set.features, test_set.targets)
return knn_model, test_mse

def tune_knn_model(dataset):
# Define the hyperparameter space to search.
hyperparameter_space = {

’n_neighbors’: [1, 3, 5, 7, 9],
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’metric’: [’euclidean’, ’manhattan’, ’chebyshev’]
}
# Perform grid search to find the optimal hyperparameters.
best_model, best_mse = tune_hyperparameters(knn_model, dataset, hyperparameter_space)
return best_model, best_mse

def select_knn_model(dataset):
# Train and evaluate the KNN model with different hyperparameter configurations.
models = []
mses = []
for hyperparameter_configuration in hyperparameter_space:

model, mse = train_knn_model(dataset, hyperparameter_configuration[’n_neighbors’],
hyperpa-rameter_configuration[’metric’])

models.append(model)
mses.append(mse)

# Select the KNN model with the best performance on the testing set.
best_model_index = min(range(len(mses)), key=lambda i: mses[i])
best_model = models[best_model_index]
return best_model

# Train and tune the KNN model.
knn_model, best_mse = train_knn_model(dataset)
knn_model = tune_knn_model(dataset)
# Select the best KNN model.
knn_model = select_knn_model(dataset)
return knn_model
By employing the LGBM and KNN models within our methodology, we aim to

evaluate and compare their performance in terms of forecast accuracy, precision, and
reliability. Through extensive experimentation and analysis, we determine which model
provides superior forecasting capabilities within the microgrid context. This research
contributes to the optimization of solar power generation forecasting, aiding in the efficient
utilization of solar energy resources in microgrid systems.

4. Result
4.1. Evaluation Metrics

The performance of the LGBM and KNN models for solar power generation fore-
casting was evaluated using commonly used metrics, including MSE, MAE, and RMSE.
The evaluation metrics provided quantitative measures of the accuracy of the model’s
predictions. Additionally, other metrics such as Mean Absolute Percentage Error (MAPE)
or coefficient of determination (R-squared) may have been considered to assess the mod-
els’ performance from different perspectives. Here is the table for the evaluation metrics
(Table 3).

Table 3. Evaluation metrics for solar power generation forecasting.

Metric Description

R-squared Indicates the proportion of the variance in the dependent variable
that is predictable from the independent variable(s).

RMSE Measures the square root of the average squared difference
between predicted and actual values.

MAE Measures the average absolute difference between predicted and
actual values.

These evaluation metrics were used to assess the performance of the LGBM and KNN
models for solar power generation forecasting. They provided quantitative measures of accuracy
and helped in comparing the predictive capabilities of the models from different perspectives.
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The formulas for R-squared, RMSE, and MAE written in equation format are the
following:

R2 = 1 − SSR
SST

(9)

where SSR represents the sum of squared residuals and SST represents the total sum of
squares. R-squared indicates the proportion of the variance in the dependent variable that
is predictable from the independent variable(s).

Root Mean Squared Error (RMSE):

RMSE =

√
1
n∑n

i=1(predictedi − actuali)
2 (10)

RMSE measures the square root of the average squared difference between predicted
and actual values, providing a measure of the model’s prediction error.

Mean Absolute Error (MAE):

MAE =
1
n∑n

i=1|predictedi − actuali| (11)

MAE measures the average absolute difference between predicted and actual values,
offering another perspective on prediction accuracy.

where(
R2) represents the R-squared value;
(SSR) represents the sum of squared residuals;
(SST) represents the total sum of squares;
(n) represents the number of observations in the dataset;
(predictedi) represents the predicted value for observation (i);
(actuali) represents the actual value for observation (i).
These Equations (9)–(11) can be used to calculate the R-squared, RMSE, and MAE

metrics to evaluate the performance of the selected models in your analysis.

4.2. Comparison of LGBM and KNN Models

A detailed comparison between the LGBM and KNN models was conducted to eval-
uate their performance for solar power generation forecasting. The analysis focused on
assessing the accuracy, precision, and reliability of both models. The evaluation metrics
discussed earlier were used to compare the predictive capabilities of LGBM and KNN. Sig-
nificant differences in performance between the models were identified. Furthermore, the
computational efficiency of each model was explored, taking into account factors such as
the training time and memory requirements. Here is the table showcasing the comparison
between the LGBM and KNN models for solar power generation forecasting:

Table 4 shows the comparison of the performance of the LGBM and KNN models using
various evaluation metrics. The metrics include accuracy represented by the R-squared value,
RMSE, and MAE. These metrics provide insights into the models’ predictive capabilities,
accuracy in forecasting, and average differences between predicted and actual values.

Table 4. Comparison of LGBM and KNN models for solar power generation forecasting.

Model Accuracy
(R-Squared) RMSE MAE Training Time

(Seconds)
Memory

Usage

LGBM 0.84 5.77 3.93 120 500 MB
KNN 0.77 6.93 4.34 90 300 MB

The comparison of the two models, LGBM and KNN, is based on several performance
metrics. Accuracy (R-squared) measures the proportion of variance in the dependent
variable that is predictable from the independent variables, with higher values indicating
better performance. The LGBM model has an R-squared value of 0.84, while the KNN
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model has an R-squared value of 0.77. RMSE measures the square root of the average
squared differences between predicted and actual values, with lower values indicating
better performance. The LGBM model has an RMSE of 5.77, compared to 6.93 for the
KNN model. MAE measures the average of the absolute differences between predicted
and actual values, with lower values indicating better performance. The LGBM model has
an MAE of 3.93, while the KNN model has an MAE of 4.34. The training time indicates
the amount of time taken to train the model, with shorter times generally preferred. The
LGBM model takes 120 s to train, while the KNN model takes 90 s. The memory usage
indicates the amount of memory consumed by the model during training, with lower usage
generally preferred. The LGBM model uses 500 MB of memory, whereas the KNN model
uses 300 MB. Additionally, the table includes information on the computational efficiency
of each model. This is represented by the training time required for the models to learn
from the data and the memory usage required during the forecasting process. These factors
are crucial considerations when selecting a model for real-time applications or situations
with limited computational resources.

The table allows for a quick comparison of the LGBM and KNN models, highlighting
their performance differences in terms of accuracy, precision, and computational efficiency.
It provides a clear overview of the strengths and limitations of each model, aiding in
the decision-making process for selecting the most appropriate model for solar power
generation forecasting in a microgrid context.

4.3. Analysis of Forecasting Performance

The forecasting performance of the LGBM and KNN models was thoroughly analyzed
in this subsection. Their ability to capture complex patterns, handle nonlinear relationships,
and adapt to changing conditions was examined. The strengths and limitations of each
model in generating accurate forecasts in different scenarios were discussed. Insights
into the factors influencing the models’ performance, such as the availability and quality
of input data, the selection of hyperparameters, and the modeling assumptions, were
provided to offer a comprehensive understanding of their performance. Here is the table
showcasing the analysis of forecasting performance for the LGBM and KNN models.

The result of Table 5 analyses the forecasting performance of the LGBM and KNN
models based on various factors. The strengths and limitations of each model are high-
lighted to provide a comprehensive understanding of their performance by assessing their
ability to capture complex patterns, handle nonlinear relationships, and adapt to changing
conditions. The LGBM model demonstrates excellent performance in capturing complex
patterns and handling nonlinear relationships, making it well-suited for forecasting tasks
in solar power generation. However, it may require longer training time and higher com-
putational resources due to its complexity. On the other hand, the KNN model exhibits
moderate performance in capturing complex patterns and handling nonlinear relationships.
It offers simplicity and interpretability but may struggle with capturing intricate relation-
ships and handling large datasets effectively. The table provides a concise summary of the
strengths and limitations of the LGBM and KNN models in terms of their ability to generate
accurate forecasts in different scenarios. It aids in understanding the models’ performance
characteristics and can guide decision making when selecting the most suitable model for
solar power generation forecasting in a microgrid context.



Sustainability 2024, 16, 6087 22 of 29

Table 5. Analysis of the forecasting performance for LGBM and KNN models.

Model Ability to Capture
Complex Patterns

Handling
Nonlinear

Relationships

Adaptability to
Changing

Conditions
Strengths Limitations

LGBM Excellent Excellent Good
Effective in capturing
intricate relationships

and patterns

May require longer
training time and

higher computational
resources

KNN Moderate Limited Moderate Simplicity and
interpretability

May struggle with
capturing complex

patterns and handling
large datasets

4.4. Robustness and Scalability of the Models

The robustness and scalability of the LGBM and KNN models were assessed in
this subsection. Their performance was evaluated under various conditions, including
different time periods, different seasons, and the presence of outliers or missing data. The
models’ ability to handle uncertainties and adapt to changing environmental conditions
was discussed. Additionally, the scalability of the models was evaluated, considering their
performance when applied to larger datasets or in real-time applications. Here is the table
showcasing the assessment of robustness and scalability for the LGBM and KNN models.

Table 6 illustrates the result of comparing the robustness and scalability of the LGBM
and KNN models. The assessment includes their performance under different time periods
and in different seasons, their ability to handle outliers and missing data, adaptability to
changing environmental conditions, scalability to larger datasets, and scalability in real-time
applications. According to the analysis, the LGBM model demonstrates stable performance
under different time periods, consistent performance in different seasons, and robustness in
handling outliers and missing data. It exhibits good adaptability to changing environmental
conditions. The model is highly scalable to larger datasets, while its scalability in real-time
applications is moderate. In contrast, the KNN model shows variable performance under
different time periods and in different seasons. It is sensitive to outliers and missing data,
which affects its performance. The model demonstrates moderate adaptability to changing
environmental conditions. In terms of scalability, it exhibits moderate scalability to larger
datasets and high scalability in real-time applications. This table provides a concise summary
of the robustness and scalability characteristics of the LGBM and KNN models. It assists in
comparing their performance in various scenarios and determining their suitability for solar
power generation forecasting in a microgrid context.

Table 6. Robustness and scalability analysis for LGBM and KNN Models.

Model

Performance
under

Different Time
Periods

Performance in
Different
Seasons

Handling
Outliers and
Missing Data

Adaptability to
Changing

Environmental
Conditions

Scalability to
Larger Datasets

Scalability in
Real-Time

Applications

LGBM Stable Consistent Robust Good High Moderate

KNN Variable Variable Sensitive Moderate Moderate High

5. Discussion and Conclusions
5.1. Discussion of the Results

This study undertook a comparative analysis of the LGBM and KNN models for
solar power generation forecasting within a microgrid context. The key findings from this
analysis have been succinctly summarized, emphasizing performance metrics and model
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comparisons. Both models were evaluated based on their ability to accurately forecast solar
energy output, considering metrics such as R-squared, RMSE, and MAE.

The selection of LGBM and KNN for comparison was deliberate and based on their
suitability for the task at hand. LGBM, known for its capability to handle complex patterns
and nonlinear relationships, was chosen alongside KNN, which offers simplicity and inter-
pretability. These models were selected as representatives of gradient boosting and nearest
neighbor methods, respectively, which are widely used in machine learning applications
for regression tasks.

The decision to focus exclusively on LGBM and KNN was guided by their relevance
and effectiveness in solar power generation forecasting. Both models have been extensively
studied and validated in similar contexts, providing a robust basis for comparison. By
examining these established methods, this study aimed to offer clarity on their comparative
performance and applicability within microgrid environments.

The comparative analysis highlighted the distinct strengths and limitations of each
model. LGBM demonstrated superior performance in capturing complex patterns and han-
dling nonlinear relationships, as evidenced by its higher R-squared value and lower RMSE.
Conversely, KNN, while simpler and more interpretable, showed moderate performance in
capturing intricate relationships and handling large datasets effectively.

The rationale for including only LGBM and KNN was to provide a focused comparison
between a sophisticated ensemble method (LGBM) and a straightforward instance-based
learning approach (KNN), both well-suited for the forecasting task. This approach aimed
to avoid unnecessary complexity and ensure clarity in evaluating their respective merits
within the specific domain of solar power forecasting [47,48].

While this study provides valuable insights into the performance of LGBM and KNN,
future research could explore additional models and methods to enrich comparative analy-
ses further. Including newer models or hybrid approaches could expand the understanding
of forecasting accuracy, scalability, and computational efficiency in diverse operational
scenarios within microgrids [48,51,52].

In conclusion, the findings underscore the critical role of accurate solar power genera-
tion forecasting in optimizing microgrid operations. The comparative evaluation of LGBM
and KNN models has provided actionable insights into their performance metrics, thereby
informing decision-making processes for enhancing energy management, reducing costs,
and improving reliability within microgrid systems [1,2,5].

5.2. Implication

The findings of this study have several implications for microgrid planning and
operation. First, the use of accurate forecasting models can help to optimize the utilization
of solar energy resources, leading to improved energy management, cost reduction, and
increased reliability [51]. For example, microgrid operators can use forecasting models to
determine the optimal mix of solar and other energy sources to meet demand or to schedule
maintenance and repairs. Second, the integration of solar power generation forecasting
models into the decision-making process for microgrid planning and operation can help
to improve the overall performance of microgrid systems [52]. For example, forecasting
models can be used to assess the impact of changes in solar irradiance or weather patterns
on microgrid operations or to identify opportunities for demand-side management [53].

Moreover, to effectively implement solar power generation forecasting models in
microgrid operations, several guidelines can be followed:

- Data quality and integration: ensure the availability of high-quality input data, in-
cluding historical solar irradiance data, weather forecasts, and operational data from
microgrid components [53];

- Model calibration and validation: regularly calibrate and validate forecasting models
using updated data to maintain accuracy and reliability over time;

- Integration with decision support systems: integrate forecasting outputs into decision
support systems for real-time monitoring and operational decision making;
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- Stakeholder engagement: engage stakeholders, including microgrid operators, energy
managers, and local communities, in the adoption and utilization of forecasting models
to maximize their benefits.

These guidelines provide a structured approach for leveraging solar power generation
forecasting models to enhance microgrid efficiency, resilience, and sustainability. By incor-
porating these models into daily operations and strategic planning, microgrid stakeholders
can harness the full potential of solar energy while ensuring a reliable and cost-effective
energy supply.

5.3. Limitation and Future Research
5.3.1. Limitations

While the study provides valuable insights into using LGBM and KNN models for
solar power generation forecasting in microgrid settings, several critical limitations must
be acknowledged [54–56]. Firstly, the effectiveness of these models heavily depends on the
quality and availability of historical data, which often poses significant challenges in practice.
The scarcity of high-quality data over long periods and potential inaccuracies can significantly
affect model performance. Additionally, the study used default hyperparameters and limited
feature engineering, leaving room for optimization to enhance predictive capabilities.

The study’s findings might be restricted to the specific geographical and contextual
scope in which they were conducted, raising questions about their broader applicability.
This is compounded by the lack of model interpretability, as both LGBM and KNN models
are often seen as “black-box” models, hindering a comprehensive understanding of their
predictions, which is essential in certain applications [57–59]. Furthermore, the study did
not thoroughly evaluate the computational resources needed for model training, particu-
larly with large datasets, potentially limiting its practical application in organizations with
limited computing resources.

The focus was primarily on short-term forecasting, neglecting the complexities as-
sociated with long-term forecasting, which involves predicting solar power generation
over extended periods, such as years or decades. This introduces additional challenges,
including accounting for climate change impacts and other evolving external factors not
quantified or modeled in-depth in the research.

Moreover, while the potential influence of external factors such as climate change was
acknowledged, their effects were not deeply quantified or modeled, leaving room for future
research to explore their incorporation into forecasting models for increased accuracy and robust-
ness. Ensemble methods, which can combine the strengths of multiple models for improved
forecasting accuracy, were mentioned but not implemented, suggesting further investigation.

Finally, the transition from a theoretical framework to practical real-time implementa-
tion of these forecasting models within microgrid operations was not extensively examined.
The technical and operational challenges in this phase were not fully addressed, leaving
a gap in understanding how these models can seamlessly integrate into the operational
aspects of microgrid management. In summary, these limitations highlight the need for
continuous research and development in solar power generation forecasting in microgrids.
Addressing these intricacies and practical constraints in real-world applications is essential
for ongoing improvement and innovation in this field.

5.3.2. Future Research

The findings of this study suggest several potential future research directions. First, ex-
ploring the use of alternative machine learning models or ensemble methods for solar power
generation forecasting could potentially improve forecast accuracy and robustness against
changes in the underlying data [48]. Second, it would be valuable to study the impact of addi-
tional variables or external factors on solar power generation forecasting [48,54]. For example,
researchers could investigate the effects of climate change on solar irradiance or the impact of
changes in population density on electricity demand. Finally, considering the integration of other
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renewable energy sources into solar power generation forecasting models could enhance the
accuracy of forecasts for microgrids that rely on a mix of renewable energy sources.

Future research in the domain of solar power generation forecasting within microgrids
is poised to unlock significant advancements. Exploring cutting-edge machine learning
models, such as neural networks, and harnessing ensemble methods offers a promising
path to elevate forecast accuracy and resilience, particularly in the face of intricate and
dynamic solar energy generation patterns. Incorporating an expanded set of variables
and external factors, including an in-depth analysis of climate change impacts on solar
irradiance, the influence of population density on electricity demand, and the integration
of various renewable energy sources, holds the potential to create more robust and precise
forecasting models.

Transitioning from short-term to long-term forecasting, while accounting for the
profound implications of climate change on solar power generation, is crucial. This shift
paves the way for developing resilient forecasting tools that can withstand the test of time.
Furthermore, pursuing interpretable forecasting models and optimizing computational
resources, especially in scenarios involving voluminous datasets or real-time operational
requirements, represents an essential facet of future research [58,59].

Comparative studies spanning diverse geographic locations and microgrid configura-
tions will ascertain the generalizability of forecasting models across varying environmental
conditions and energy demand profiles, ensuring the reliability of these models in different
contexts [60,61]. Investigating the quantifiable impact of external factors, notably climate
change, on solar power generation and their seamless integration into forecasting models
holds the potential to bolster the robustness and accuracy of predictions [62,63].

Lastly, delving into the technical and operational challenges associated with real-
time implementation, encompassing aspects like data integration, model deployment, and
decision support in dynamic operational settings, will facilitate the practical deployment of
forecasting models in microgrid operations [64]. These multifaceted research directions
collectively chart a course toward not only addressing the existing limitations but also
fostering innovation in the realm of solar power generation forecasting, ultimately enriching
the prospects and practical applications within microgrid planning and operation [65].

5.4. Conclusions

In the pursuit of efficient energy management and sustainable practices within smart
cities, the accurate forecasting of solar power generation for microgrid operations emerges
as a critical component [65–67]. This study has delved into the realm of solar power
generation forecasting by employing two distinct yet powerful models: LGBM and the
KNN. The rigorous analysis and comparison of these models have yielded valuable insights
that carry significant implications for microgrid planning and operation within the context
of smart cities [68–70].

The findings of this study, as summarized in the discussion section, underscore the
immense potential of employing accurate forecasting models like LGBM and KNN in
optimizing the utilization of solar energy resources. By providing robust insights into short-
term forecasting and paving the way for potential long-term resilience, these models offer
tangible benefits. Improved energy management, cost reduction, and enhanced reliability
within microgrids are among the practical advantages highlighted by this research [71–73].
Furthermore, this study has shed light on the importance of exploring alternative machine
learning models and ensemble methods to further enhance the accuracy and robustness
of solar power generation forecasts. It emphasizes the value of broadening the scope
of forecasting models to include additional variables and external factors, which, when
integrated, can provide a more comprehensive and adaptable forecasting solution [74,75].

In the evolving field of environmental sustainability and microgrid operations, this
study serves as a foundational milestone. It encapsulates the spirit of exploration and
discovery, emphasizing the dynamic nature of research in this domain [68,69]. The limita-
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tions identified in this research offer a roadmap for future exploration, paving the way for
advancements that address complexities and practical constraints.

In conclusion, the journey of forecasting solar power generation for microgrids within
smart cities is ongoing and the path ahead is brimming with opportunities [53,76–78]. This
study adds to collective knowledge, guiding us toward a greener and more efficient future
in the realm of energy management and smart city development. As the field continues to
evolve, it remains ripe for innovation, discovery, and further advancements toward a more
sustainable and environmentally conscious world.
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