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Microalgae biofuels are considered a significant source of future renewable
energy due to their efficient photosynthesis and rapid growth rates. However,
practical applications face numerous challenges such as variations in
environmental conditions, high cultivation costs, and energy losses during
production. In this study, we propose an ensemble model called ELG,
integrating Empirical Mode Decomposition (EMD), Long Short-Term Memory
(LSTM), and Gradient Boosting Machine (GBM), to enhance prediction accuracy.
The model is tested on two primary datasets: the EIA (U.S. Energy Information
Administration) dataset and the NREL (National Renewable Energy Laboratory)
dataset, both of which provide extensive data on biofuel production and
environmental conditions. Experimental results demonstrate the superior
performance of the ELG model, achieving an RMSE of 0.089 and MAPE of
2.02% on the EIA dataset, and an RMSE of 0.1 and MAPE of 2.21% on the
NREL dataset. These metrics indicate that the ELG model outperforms existing
models in predicting the efficiency of microalgae biofuel production. The
integration of EMD for preprocessing, LSTM for capturing temporal
dependencies, and GBM for optimizing prediction outputs significantly
improves the model's predictive accuracy and robustness. This research,
through high-precision prediction of microalgae biofuel production efficiency,
optimizes resource allocation and enhances economic feasibility. It advances
technological capabilities and scientific understanding in the field of microalgae
biofuels and provides a robust framework for other renewable energy
applications.

microalgae biofuels, ELG, EMD, LSTM, GBM, ensemble model

1 Introduction

The accurate prediction of microalgae biofuel production efficiency is essential for
optimizing sustainable biofuel technologies and addressing challenges in large-scale
applications. Microalgae, as a sustainable biological resource, are considered a
significant source of future biofuels due to their efficient photosynthesis and rapid
growth rate Sathya et al. (2023). The efficiency of microalgae biofuel production refers
to the efficiency of converting photosynthesis into biofuels under specific conditions,
including the growth rate of biomass and the proportion converted into fuel Huang et al.
(2023). Despite the potential of microalgae for efficient CO2 conversion, practical
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applications face numerous challenges such as variations in
environmental conditions, high cultivation costs, and energy
Additionally, the instability and
difficulty in predicting production efficiency are major obstacles

losses during production.

in the microalgae biofuel industry Subhash et al. (2022); Sun et al.
(2023). To address these challenges, accurate prediction models are
crucial. In recent years, deep learning technologies have shown great
potential in improving the prediction accuracy of microalgae biofuel
production efficiency due to their powerful data processing and
pattern recognition capabilities. Deep learning models such as
Convolutional Neural Networks (CNNs) and Recurrent Neural
Networks (RNNs) have been successfully applied to monitor the
growth status of microalgae, predict biomass production, and
optimize operating parameters of bioreactors Chong et al. (2024).
These studies not only improve production efficiency but also
reduce the production costs of biofuels. Time series forecasting
plays a crucial role in the study of microalgae biofuel production
efficiency. The growth of microalgae biomass is closely related to
environmental factors such as light, temperature, and nutrient
supply, which vary over time, forming typical time series data
Sultana et al. (2022); Dong et al. (2024). Through accurate time
series analysis and forecasting models, researchers can predict the
growth trends of microalgae under specific environmental
conditions, thereby adjusting cultivation strategies in advance,
optimizing resource allocation, and ensuring the sustainable and
efficient production of biofuels. Furthermore, time series forecasting
also facilitates real-time monitoring and feedback on the production
process, enhancing production management automation.

Recent advancements in research have demonstrated the
widespread applicability of deep learning and machine learning
models in predicting microalgae biofuel production efficiency. One
study utilized a Convolutional Neural Network (CNN) model to
analyze image data of microalgae biomass production Syed et al.
(2024). By employing automated image processing techniques, the
study captured key visual features during microalgae growth to
predict biomass accumulation. While this method excelled in image
recognition and feature extraction, it failed to adequately consider
the time-series impact of environmental parameters, limiting its
applicability in dynamic prediction scenarios. Another study utilized
Long Short-Term Memory (LSTM) networks to model time-series
data of microalgae biomass, focusing particularly on environmental
factors such as light and temperature’s influence on biomass
production Liu et al. (2022). This model effectively addressed
temporal dependency issues, improving prediction accuracy.
However, the computational demands of LSTM models for
handling nonlinear and highly complex data resulted in lower
efficiency in processing large-scale data. A third study employed
the Random Forest (RF) algorithm to forecast microalgae biomass
output Ma et al. (2023). Leveraging historical production data to
predict future yields, the model demonstrated high accuracy and
good interpretability. Despite Random Forest’s strong performance
in multi-parameter environments, it tends to overfit when dealing
with very large datasets and exhibits high sensitivity to outliers,
potentially affecting the stability of prediction results. Lastly, a study
explored a prediction model based on Support Vector Machine
(SVM), focusing on predicting microalgae biofuel production from
biochemical parameters Sonmez et al. (2022). SVM, chosen for its
excellent performance on small sample data, effectively identified
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yield differences under different biochemical conditions. However,
SVM’s scalability and flexibility are limited when facing large-scale
or high-dimensional datasets, which could be a limiting factor in
practical applications. Each of these studies has its strengths but also
limitations, especially in handling large-scale, complex, and dynamic
datasets. These challenges underscore the need for further
integration and optimization of existing technologies to more
comprehensively address the prediction of microalgae biofuel
production efficiency.

identified
aforementioned approaches, we propose an ensemble model
called ELG(EMD-LSTM-GBM), integrating Empirical Mode
Decomposition (EMD), Long Short-Term Memory (LSTM), and
Gradient Boosting Machine (GBM). The EMD component
preprocesses the data, extracting crucial trends and periodic

Building upon the shortcomings of the

features to prepare for subsequent deep learning analysis. LSTM
captures the temporal dependencies of the processed data, effectively
predicting biofuel production efficiency. Finally, GBM optimizes the
output of LSTM, further enhancing prediction accuracy and model
generalization. Compared to the existing models, our ELG model
demonstrates superior performance in handling large-scale,
complex datasets, effectively addressing the limitations identified
in CNN, LSTM, RF, and SVM models. Integrating these three
techniques not only enables more precise prediction of
microalgae biofuel production efficiency but also enhances
adaptability and robustness, especially in dynamic and multi-
dimensional data environments. The model’s design allows us to
leverage the multi-layered characteristics of time series data and
effectively handle nonlinear and complex patterns within the data.
Through this integrated approach, we anticipate significant
improvements in prediction accuracy, providing scientific basis
and technical support for the regulation and optimization of
microalgae biofuel production.

In this study, we address the application of time series analysis in
predicting microalgae biofuel production efficiency and propose a
novel integrated model, demonstrating its significant contributions.

Specifically, our main contributions encompass three aspects:

e We introduce a novel integrated model that combines
Empirical Mode Decomposition (EMD), Long Short-Term
Memory (LSTM), and Gradient Boosting Machine (GBM).
This integration enables us to leverage the strengths of each
component: EMD for preprocessing data and extracting key
features, LSTM for capturing temporal dependencies, and
GBM for optimizing prediction outputs. By combining
these techniques, our model offers improved prediction
accuracy and robustness.

e Through extensive experimentation and validation, we
showcase the superior predictive performance of our
integrated model compared to existing approaches. By
effectively capturing the complex dynamics of microalgae
biofuel production, our model achieves higher accuracy in
forecasting production efficiency, thereby providing valuable
insights for optimization strategies.

e Our study contributes to advancing both scientific

understanding and technological capabilities in the field of

microalgae biofuel production. By demonstrating the efficacy

of integrating time series analysis techniques, deep learning,
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and machine learning algorithms, we pave the way for more
sophisticated and effective approaches to predicting and
optimizing biofuel production processes.

The remainder of this paper is organized as follows. Section 2
reviews related work, discussing the role of ensemble learning in
energy forecasting and the application of traditional predictive
models in biofuel production. Section 3 details the methodology
of our proposed ELG model, including the integration of Empirical
Mode Decomposition (EMD), Long Short-Term Memory (LSTM)
networks, and Gradient Boosting Machine (GBM). Section 4
describes the datasets and experimental setup, followed by a
presentation of the experimental results and their analysis.
Finally, Section 5 concludes the paper, summarizing our findings
and suggesting directions for future research.

2 Related work

2.1 The role of ensemble learning in energy
forecasting

Integrated learning, as a powerful data analysis tool, has been
extensively researched in the field of energy prediction, especially in
forecasting the generation of renewable energies such as wind and
solar power Dong et al. (2019). For instance, in a study on wind
energy prediction, researchers utilized ensemble methods such as
Random Forest and Gradient Boosting Machine to enhance
prediction accuracy under complex weather conditions Dubey
et al. (2022); Wang et al. (2024). This research extensively
analyzed the performance of various models such as Support
Vector Machine (SVM), Artificial Neural Networks (ANN), and
Decision Trees (DT) when used individually compared to when
integrated, showing that ensemble models generally provided lower
prediction errors and higher reliability Yao and Liu (2024). In the
domain of solar power generation forecasting, another study
employed a Stacked Regression model combined with multiple
base prediction models such as Linear Regression, Support
Vector Regression, and Neural Networks Elsaraiti and Merabet
(2022); Gao et al. (2023). By integrating outputs from various
base models using a secondary learning model, this approach
effectively improved adaptability to changes in solar radiation
and other environmental factors. The study emphasized the
advantages of ensemble learning in handling prediction
variability caused by environmental factors, providing detailed
model evaluations and validation processes to demonstrate its
benefits in practical applications Bijitha and Nath (2022); Maya
et al. (2022). Furthermore, integrated learning techniques have also
been applied to predict biomass energy production, where one study
integrated time series analysis and machine learning methods to
address the seasonal and stochastic characteristics of biomass energy
production Drozdz et al. (2022); Tian et al. (2023). By combining
outputs from Seasonal Autoregressive models with multiple
nonlinear prediction models, this research enhanced prediction
accuracy while also providing data support for biomass energy
illustrate that
integrated learning not only demonstrates significant advantages

supply chain management. These examples

in improving prediction accuracy but also exhibits unique
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capabilities in handling data uncertainty and nonlinearity. This
approach can provide more stable and reliable decision support
for energy prediction, making it a key factor in driving the
development of energy prediction technology.

2.2 Application of traditional predictive
models in biofuel production

In the prediction of biofuel production efficiency, traditional
forecasting models such as Autoregressive Moving Average
(ARMA), Seasonal Autoregressive Integrated Moving Average
(SARIMA), and
demonstrated practical utility Dong et al. (2022). These models

exponential smoothing methods have
utilize historical data series to forecast future production trends and
output, typically performing best when data exhibit linear
relationships Sharma et al. (2023). For instance, research
indicates that the ARMA model effectively predicts biofuel
production with stable seasonal patterns, such as ethanol
production from corn. In a study focusing on U.S. corn ethanol
production, the ARMA model accurately forecasted production for
the upcoming months based on historical data, demonstrating
relatively high accuracy in short-term predictions Yu et al.
(2022). Moreover, the Seasonal Autoregressive Integrated Moving
Average (SARIMA) model is employed to forecast biofuel
production with clear seasonality and non-stationary data Hoang
et al. (2023); Ma and Chen (2024). For example, in a forecast study
concerning seasonal fluctuations in demand and supply of biodiesel,
the SARIMA model adeptly captured seasonal fluctuations and
provided accurate predictions for future supply trends over
several seasons Jiang et al. (2022). Exponential smoothing is
another common forecasting method, predicting future trends by
assigning diminishing weights to old observed results Svetunkov
etal. (2022). Particularly effective in the biofuel industry, it addresses
demand forecasting and inventory management issues, as it rapidly
adapts to demand changes and provides real-time forecast updates.

Despite the practicality demonstrated by these traditional
methods in biofuel production and demand forecasting, they
often face limitations when handling large-scale or complex
datasets. As data volume and complexity increase, and with the
diversity of factors influencing production processes, single
traditional models increasingly struggle to meet the demand for
precise forecasts. This prompts researchers to transition towards
machine learning and more advanced statistical methods to enhance
prediction accuracy and adaptability.

3 Methods
3.1 Overview of our network

This study devised an ensemble learning model to enhance the
accuracy of predicting microalgae biofuel production efficiency. The
proposed ELG model integrates three core components: Empirical
Mode Decomposition (EMD), Long Short-Term Memory (LSTM),
and Gradient Boosting Machine (GBM), each carefully selected and
configured to address specific data features and improve overall
predictive performance. To begin, raw time series data underwent
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FIGURE 1

The overall flow chart of ELG model. The figure shows the workflow of the ELG model, which combines EMD, LSTM, and GBM for predicting
microalgae biofuel production efficiency. Raw time series data is decomposed into IMFs using EMD, followed by LSTM prediction and GBM optimization.
The final prediction is obtained by aggregating all IMF predictions. The right side details the EMD process.

preprocessing using EMD, which decomposes the data into multiple
Intrinsic Mode Functions (IMFs). EMD effectively isolates intrinsic
fluctuation patterns and trends within the data, enabling the
extraction of meaningful periodicities. Processed through EMD,
the data revealed dynamic variations in the production process,
providing stable and reliable inputs for subsequent analysis. The
extracted IMFs are then fed into the LSTM model. LSTM, adept at
handling time series data with long-term dependencies, is responsible
for capturing the temporal relationships within the data, allowing for
the accurate forecasting of future biofuel production efficiency. Its
ability to memorize and leverage historical information is crucial for
predicting microalgae biofuel production efficiency, influenced by
various interrelated factors. Finally, the predictions generated by the
LSTM are refined using the GBM model. GBM reduces prediction
errors and enhances model adaptability and accuracy by iteratively
optimizing weak learners, such as decision trees. This final stage is
critical as it boosts the model’s overall performance by addressing the
residual errors from the LSTM’s output. Its integration significantly
enhances the model’s explanatory power and predictive accuracy for
complex biofuel production processes. Figure 1 provides a detailed
flow chart of the ELG model, illustrating the step-by-step data
processing through each of the core components (EMD, LSTM,
GBM) and their interactions.

In summary, this ensemble model aims to optimize the
prediction of microalgae biofuel production efficiency. The
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model’s design specifically addresses the nonlinearity and

dynamic complexity inherent in biofuel production data,
ensuring that predictions are both accurate and reliable. Accurate
predictions can aid enterprises in resource planning, process
optimization, and ultimately improve production profitability and
environmental sustainability. Furthermore, precise predictions offer
policymakers a basis for formulating more effective industry support

policies and environmental protection measures.

3.2 EMD

Empirical Mode Decomposition (EMD) is an adaptive method
for analyzing time series data, aiming to decompose a complex
dataset into a series of Intrinsic Mode Functions (IMFs) Shen et al.
(2022). Each IMF must satisfy two conditions: within the entire
dataset, the number of zero crossings must be equal to or at most
differ by one from the number of extrema, and at any point, the local
mean (defined by the average of local maxima and minima) must be
zero. Thus, EMD systematically extracts fluctuation patterns from
time series data, ranging from the fastest-changing oscillations to the
slowest-changing trends, with each IMF representing different
frequency components of the data Huang et al. (2022).

To provide a rigorous foundation for the Empirical Mode
Decomposition (EMD) wused in this study, we detail the
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FIGURE 2
The structure diagram of LSTM.

mathematical framework below. This framework encompasses the
initial decomposition process, the iterative extraction of Intrinsic
Mode Functions (IMFs), and the criteria for concluding the sifting
process. Each equation represents a step in the sequence of
operations required to effectively decompose a time series into its
component modes.

Initial Residue:

ho (£) = x(t)

where h (t) represents the initial residue, which is initially set to the
input signal x (¢).
Identifying Extrema and Envelope Fitting:

€max (£)s €min (£) = LocalExtrema (h; (t))
€N Vypper (1), envigyer () = CUbiCSPhne (emax (£)» emin (1))

where ey (t) and e, (t) are the local maxima and minima of the

residue h; (1), respectively. envypper (£) and envigyer (t) are the cubic

spline interpolations forming the upper and lower envelopes.
Mean Envelope and IMF Extraction:

enVuppe, (t) + €NVigwer (t)
2
d@®) =h ) -m(t)

m(t) =

where m (t) is the mean of the upper and lower envelopes, and d ()
is the detail extracted, which is tested to see if it qualifies as an IMF.
IMF Criteria Check and Residue Update:

hivy (£) = hi (t) — IMF; (t)
where IMF; (t) is confirmed if d (t) satisfies the IMF criteria (number
of zero crossings and extrema are either equal or differ at most by
one, and the mean envelope is zero). Otherwise, d(t) undergoes

further sifting.
Stopping Criterion:

S () -k Y
SD‘Z< 0 )
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where SD is the squared difference between consecutive sifting
results normalized by the previous residue, T is the total number
of observations in the time series, and the process stops when SD
becomes smaller than a predetermined threshold, indicating that no
more IMFs can be extracted and h;,; (t) becomes the final residue.

In the prediction of microalgae biofuel production efficiency, the
introduction of Empirical Mode Decomposition (EMD) is crucial
for our ensemble model. By applying EMD, we can effectively extract
key periodicities and trends from the raw and complex production
data, such as temperature, light intensity, and CO2 concentration
logs within the bioreactor. These pieces of information are
transformed into a series of more concise and explicit signals
(IMFs), each revealing different dynamic variations in the
production data. This decomposition allows the subsequent
LSTM network to focus more on learning and predicting signals
with clear time-dependent characteristics, thereby avoiding
potential noise and nonlinear issues that may arise when directly
processing raw complex data. Therefore, EMD not only improves
the efficiency of data processing but also enhances the accuracy and
reliability of the entire predictive model, making predictions of
biofuel
Consequently, this aids in optimizing the production process and

microalgae production efficiency more precise.

increasing the final yield.

3.3 LSTM

The Long Short-Term Memory (LSTM) network is a specialized
type of recurrent neural network (RNN) designed to address the
vanishing or exploding gradient problem faced by traditional RNNs
when processing long-term dependency information. LSTM, with its
unique network architecture comprising gate units (including input
gate, forget gate, and output gate), effectively regulates the long-term
retention and short-term forgetting of information Meng et al.
(2023). The structure diagram of LSTM is shown in Figure 2.
This makes LSTM particularly suitable for tasks requiring
consideration of long-term dependencies in time series data.
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Within LSTM units, the forget gate determines which information
should be discarded, the input gate controls the importance of new
input data, and the output gate decides which information will be
used for output Lui et al. (2022). The combined operation of these
gates enables LSTM to maintain stability during training, effectively
learning and predicting dynamic changes in long time series.

Here are the five core formulas of LSTM, demonstrating the
progressive relationships from input gate, forget gate, output gate to
state update:

Input Gate:

ii=0(W;- [he1, %] + b))

where i, is the input gate activation vector, o denotes the sigmoid
function, W; is the weight matrix associated with the input gate, h;_;
is the previous hidden state, x; is the current input vector, and b; is
the input gate bias.

Forget Gate:

fo=o(Wy- thonx] +by)

where f; is the forget gate activation vector, o denotes the sigmoid
function, W ¢ is the weight matrix associated with the forget gate,
and by is the forget gate bias.

Cell State Update:

ét =tanh(W¢ - [h_1, x:] + be)

where C, is the candidate cell state, tanh is the hyperbolic tangent
function, W¢ is the weight matrix for creating the candidate cell
state, and bc is the bias associated with this update.

Final Cell State:

(on :ft*ct—l"'it*ét

where C; is the current cell state, C,_, is the previous cell state, f; is
the forget gate’s output, i, is the input gate’s output, and * denotes
the element-wise multiplication.

Output Gate and Hidden State Update:

O =

(W, - [heo1, %] + bo)
h; = o; * tanh (C;)

where o, is the output gate activation vector, h; is the current hidden
state, o is the sigmoid function, W, is the weight matrix associated
with the output gate, b, is the output gate bias, and tanh (C,) is the
hyperbolic tangent function applied to the current cell state.
These formulas demonstrate how LSTM utilizes gate
mechanisms at each time step to update its internal state,
to handle data with

dependencies. The introduction of each gate layer aims to

enabling it time series long-term
regulate the flow of information, ensuring that the network can
make optimal decisions based on both past information and current
inputs. The progressive relationships of these formulas clearly
illustrate the operation mechanism of LSTM, including how
information is stored, updated, and forgotten.

In the microalgae biofuel production efficiency prediction model
of this study, the introduction of LSTM is a crucial step. By utilizing
LSTM to process the IMFs extracted from EMD, we can accurately
capture the time series dynamics in microalgae biofuel production

processes. Multiple environmental and production parameters

Frontiers in Environmental Science

10.3389/fenvs.2024.1437644

during microalgae cultivation, such as light

temperature, and nutrient supply, exhibit strong temporal

intensity,

correlations, and the historical variations of these parameters
are vital for predicting future production efficiency. By
memorizing these key patterns in historical data, LSTM
enables the model to forecast the growth efficiency of
microalgae under specific production conditions, as well as the
final biofuel output. This capability not only enhances prediction
accuracy but also provides data support for process optimization,
enabling operators to adjust production parameters based on
forecast results to achieve optimal biofuel yield and quality.
Therefore, LSTM not only deepens data processing in our
model but
effectiveness of predictions.

also greatly enhances the practicality and

3.4 GBM

The Gradient Boosting Machine (GBM) is a powerful machine
learning algorithm belonging to the ensemble learning methods,
specifically based on boosting strategy. GBM iteratively constructs
decision tree models, with each new tree attempting to correct the
prediction errors of the previous one. At each iteration, GBM applies
a new weak learner to further reduce the residuals, which are the
differences between the current model’s predictions and the actual
values Sunaryono et al. (2022), as illustrated in Figure 3. This process
involves computing the gradient of the loss function and then using
it to guide the construction of the next decision tree to optimize the
overall predictive performance of the model.

For a detailed mathematical exposition of the Gradient Boosting
Machine (GBM) as used in your model, we’ll explore five core
equations that show the progression of this powerful algorithm.

Loss Function Gradient:

~ [L(y.Fii (%)
9= T L ()

where g; is the gradient of the loss function L with respect to the
predictions F,_; (x) at iteration t — 1, y represents the true values,
and x denotes the input features.

Residual Computation:

re=y- Fio(x)

where r, represents the residuals at iteration t, computed as the
difference between the true values y and the predictions from the
previous model F;_; (x).

Weak Learner Contribution:

h; (x) = arg min, ZL()/I',FH () + h(x:)

where h; (x) is the weak learner (e.g., a decision tree) added at
iteration t that minimizes the loss when combined with the previous
ensemble F;_; (x).

Model Update:

Fi(x)=Fy(x)+v-h(x)

where F; (x) is the updated model prediction at iteration ¢, F;_; (x) is
the previous model prediction, & (x) is the contribution from the
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FIGURE 3
A schematic of the GBM process.

new weak learner, and v is the learning rate controlling the influence
of the new weak learner on the updated model.
Convergence Criterion:

if |F; (x) — F;_; (x)| < € then stop

where € is a small threshold value determining when the model’s
changes between iterations are negligible, indicating convergence
and terminating the algorithm.

In the microalgae biofuel production efficiency prediction
model, GBM plays a crucial role. By integrating multiple decision
tree models, GBM not only improves prediction accuracy but also
enhances the model’s adaptability to complex patterns in
production data. In our research, GBM is primarily used to
integrate and optimize the data outputs processed through
EMD and LSTM. The introduction of GBM significantly
the
relationships, which is crucial in the context of microalgae

enhances model’s ability to capture nonlinear

biofuel production, where production efficiency is influenced
by
parameters. GBM can effectively handle interactions among

various complex environmental and operational
these variables and finely adjust the model’s response through
its optimization algorithm, ensuring high-accuracy predictions
under different production conditions. Furthermore, the model
results from GBM can provide real-time data support for
production process decisions, helping managers adjust
production strategies and optimize resource allocation to
improve overall production efficiency and economic benefits.
In this way, GBM not only enhances the predictive performance
of our model but also provides a powerful tool to support the

sustainable development of microalgae biofuel production.
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4 Experiment
4.1 Datasets

EIA dataset Cilliers et al. (2022): The dataset provided by the U.S.
Energy Information Administration (EIA) is a crucial source of
information regarding energy production, consumption, and various
energy indicators, notably including data on biofuels and renewable
energy. These datasets cover multiple aspects ranging from the
production of biofuels such as biodiesel and ethanol to the
utilization of renewable energy sources. Typically, this information is
provided in the form of geographical data (such as state-wise divisions)
and time series data (updated on a monthly or yearly basis), making it
highly suitable for trend analysis and forecasting. The dataset contains
over 10,000 records spanning from 2010 to 2020, with key variables
including production volume, energy prices, and environmental factors.
The average production volume of biofuels is 500 million gallons per
month, with a standard deviation of 50 million gallons. The energy
prices range between 2and4 per gallon, showing seasonal variations.
The dataset also exhibits correlations between production and
environmental factors, such as temperature and CO, emissions,
which range from 1 to 3 metric tons per month. Furthermore, the
features of the EIA dataset encompass detailed market data and
environmental impact data, including prices, demand, supply
scenarios for various types of energy, as well as their environmental
emissions. In this study, the EIA dataset provides a macro-level market
and environmental context for microalgae biofuel production efficiency,
aiding researchers in analyzing the positioning of microalgae biofuels
within the broader energy market and their environmental benefits.

NREL dataset Present et al. (2024): The dataset provided by the
National Renewable Energy Laboratory (NREL) includes extensive
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Biofuel production trends from 2022 to 2023 based on two datasets. (A) EIA dataset, (B) NREL dataset.

information on renewable energy technologies, performance, and costs,
with a particular focus on research related to biofuels such as microalgae
fuels. This dataset serves as a crucial resource for supporting the
development of renewable energy technologies, comprising detailed
laboratory test results and field operation data. The NREL dataset
includes approximately 5,000 records, focusing on experimental and
operational parameters related to microalgae growth, such as light
intensity, temperature, and nutrient concentration. The average oil yield
in the dataset is 150 L per hectare, with a range of 100-200 L, influenced
by factors like nutrient supply and cultivation methods. Standard
deviations for these parameters are around 10% of their mean
values, reflecting diverse growth conditions. Temporal data spans
from 2015 to 2022, and trends indicate an average yearly increase of
5% in biofuel yield. NREL’s data typically offer meticulous parameter
records, including microalgae growth conditions, oil yield, and other
environmental and operational parameters that affect the efficiency of
microalgae biofuel production. These data are highly suitable for
analyzing the efficiency and cost of biofuel production, assisting
researchers in evaluating the economic viability and environmental
sustainability of different production technologies. Through the
utilization of the NREL dataset, researchers can gain insight into the
specific challenges and potential advantages of microalgae biofuel
production, thus providing data support and scientific rationale for
improving production efficiency and reducing costs. This is of
significant importance for advancing the commercialization and
scaling of microalgae biofuel technology.

Figure 4 shows the comparative analysis of biofuel production
based on the two datasets. The box plots highlight the variability in
biofuel production over the months of 2022 and 2023 for both
datasets, providing insights into production trends under different
conditions.

4.2 Experimental details

Stepl: Data preprocessing

Data preprocessing is a critical step to ensure the validity and
reliability of experimental results. In this study, we performed the
following preprocessing steps on the collected time series data:

Frontiers in Environmental Science

e Data Cleaning: Data cleaning primarily deals with missing
values and outliers. Firstly, we use statistical methods to
identify outliers, typically employing the interquartile range
(IQR) method, which involves detecting values below the first
quartile or above the third quartile by 1.5 times the IQR. For
detected outliers, we adopt two strategies: for outliers with a
small impact but large in number, we manually review and
decide whether to retain or modify them; whereas for outliers
with a large impact and large in number, we usually replace
them with the median or mean to maintain the overall
consistency and reliability of the data. For missing values,
we use linear interpolation for imputation.

e Data Standardization: We performed Z-score standardization
on the data, achieved by subtracting the mean and dividing by

The

standardized data has a zero mean and unit variance,

the standard deviation from each feature value.

helping to eliminate the influence of different scales,
balancing the importance of each feature in the model, and
accelerating the convergence speed of the model.
e Data Splitting: The dataset is split into training, validation, and
15%, and 15%,
respectively. This partitioning allows us to train, tune, and

testing sets, with proportions of 70%,

evaluate the model on different subsets of data, ensuring the

model’s performance on unseen data has good

generalization ability.

Through these steps, we effectively enhance the data usability
and model training stability, providing a solid data foundation for
training deep learning models and subsequent efficiency predictions.
These steps ensure that the data we handle not only reflects reality
but also meets the requirements of the high-precision prediction
models adopted.

Step2:Model training

Model Training Stage is a crucial phase in constructing a high-
model  for  microalgae  biofuel

precision  prediction

production efficiency.

e Network Parameter Settings: The settings of network

parameters directly influence the model performance. In

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1437644

Wang and Zhang

our ELG model, the parameters for the LSTM layer include
setting the number of hidden units to 128, which helps capture
long-term dependencies in complex time series data. The
number of hidden wunits (128) was selected based on
preliminary experiments and fine-tuning, aiming to balance
model complexity and computational efficiency. The learning
rate is set to 0.001, which was determined through an extensive
grid search combined with cross-validation. This value
provided an optimal balance between convergence speed
and model stability during training. We utilized the Adam
optimizer due to its adaptive learning rate properties, which
contribute to rapid and stable convergence. Additionally, to
prevent overfitting, we introduce a dropout rate of 0.5 after the
LSTM layer, a standard value that was validated through
experimentation to ensure robustness across different
training conditions.

Model Architecture Design: Our model architecture is
designed as an ensemble model, where EMD is used to
preprocess time series data, decomposing it into multiple
intrinsic mode functions (IMFs). Subsequently, the LSTM
component handles these IMFs, capturing their temporal
correlations. Finally, the GBM component further optimizes
and predicts the output of LSTM. The entire architecture is
designed as a sequence-to-sequence learning framework to

handle and predict complex biofuel production efficiency data.
e Model Training Process: During the model training process,
we adopted multiple iterations to optimize model parameters
in order to improve prediction accuracy. The model
underwent several rounds of training on the training set,
with a batch size of 32 used in each round to ensure
thorough learning while avoiding memory overflow. To
stopping
technique, wherein if there was no significant decrease in

prevent overfitting, we implemented early
the loss on the validation set for 20 consecutive rounds of
training, the training was automatically stopped. Additionally,
after each training stage, we evaluated the model performance
on an independent test set to ensure that our model also had
good generalization ability on unseen data. Through this
approach, we effectively balanced the training efficiency
and prediction capability of the model, enabling it to

converge rapidly while maintaining high accuracy.

Algorithm 1 outlines the training process of the ELG network,
showing initialization, data loading and preprocessing, iterative
training with early stopping, and final evaluation.

Data: EIA dataset, NREL dataset

Result: Trained ELG model

Initialize: params < {learning_rate =0.01,
100,batch_si ze = 32};

Load Data: data_£IA,data_NREL « LoadDatasets();
Preprocess Data: data_processed «
Preprocess(data_EIA, data_NREL);

Split Data: train,validate, test «

epochs =

TrainTestSplit (data_processed);
model « initializeModel(params);
for epoch « 1 toparams.epochs do
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batch «
batch_ size) do
IMFs « ComputeEMD (batch);
predictions « model .LST M_forward(IMFs);
loss « Computeloss(predictions,batch. labels);

foreach GetBatches(train,

gradient « ComputeGradient(loss);
UpdateModel (model,gradient,params. learning_rate);
end
validation_loss « Evaluate(model,validate);
if validation_loss<best_loss then
best_loss « validation_loss;
SaveModel (model);
end
else if epoch % 710 == 0 then
if CheckEarlyStopping(validation_Iloss) then
break
end
end
end
final_model «— LoadBestModel();
test_predictions « Predict(final_model, test);
RMSE «— ComputeRMSE (test_predictions,test.labels);
MAPE — ComputeMAPE (test_predictions,test.labels);
Print: RMSE,MAPE ;

params .

Algorithm 1. Training ELG Model.

Step3: Model Evaluation.

e Model Performance Metrics: To assess the performance of the

model, several metrics are utilized, each providing insights
into different aspects of the model’s predictive accuracy and
error characteristics. The primary metrics include Root Mean
Square Error (RMSE) for evaluating the average magnitude of
the model’s prediction errors, Mean Absolute Error (MAE) for
measuring the average magnitude of errors without
considering their direction, Coefficient of Determination
(R*) for indicating the proportion of variance in the
dependent variable predictable from the independent
variable(s), and Mean Absolute Percentage Error (MAPE)
for offering a normalized measure of errors expressed as a
percentage, making it particularly useful for comparing
performance across different datasets or models.
Cross-Validation: To further ensure the robustness and
generalizability of the model, a k-fold cross-validation method
is implemented. In this approach, the dataset is randomly divided
into k equal-sized folds. The model is trained on k — 1 folds, while
the remaining fold is used as a test set to evaluate the model. This
process is repeated k times, with each of the k folds used exactly
once as the validation data. Typically, k = 10 is chosen as a
balance between training sufficient models and computational
efficiency. The average RMSE and MAPE from all k folds are
computed to provide an overall measure of model performance.
This cross-validation approach helps in mitigating the model’s
susceptibility to overfitting and provides a more accurate estimate
of how the model is expected to perform on unseen data.
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EMD decomposition results for the EIA dataset (A) and the NREL dataset (B).

These evaluation steps are crucial for refining the model and ensuring
its accuracy and reliability in real-world applications, ultimately
supporting effective decision-making in microalgae biofuel production.

The following formulas define the evaluation metrics used in
this study:

Root Mean Square Error (RMSE):

1& .
Ruise =1 3 (-5
i=1

where n is the number of observations, y; is the actual value, and ¥, is
the predicted value.
Mean Absolute Error (MAE):

1 ¢ R
MAE = ; Z |y, _yil
i=1

where n is the number of observations, y; is the actual value, and y, is
the predicted value.
Coefficient of Determination (R?):
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where 7 is the number of observations, y; is the actual value, y, is the
predicted value, and y is the mean of the actual values.
Mean Absolute Percentage Error (MAPE):

1 &lyi— 9
MAPE = = Y =i s 100
n

i=1 i

where 7 is the number of observations, y; is the actual value, and y, is
the predicted value.
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4.3 Experimental results and analysis

Figure 5 shows the EMD decomposition results for the EIA
dataset (A) and the NREL dataset (B). Each dataset’s decomposition
includes seven Intrinsic Mode Functions (IMF 1 to IMF 7) and one
residual. The IMFs represent different frequency components from
high to low, while the residual captures the long-term trend. Each
subplot illustrates the variations of different frequency components
and the residual part within the dataset.

As shown in Table 1, we compared the predictive performance
of various ensemble models on the EIA and NREL datasets. Our
proposed ELG model excelled across all metrics, demonstrating its
superiority in predicting the efficiency of microalgae biofuel
production. In the EIA dataset, the ELG model achieved an
RMSE of 0.089, MAE of 0.065, MAPE of 2.01%, and R? of 0.95.
In comparison, the RSM-ANN model had an RMSE of 0.09, MAE of
0.067, MAPE of 2.13%, and R? of 0.95. Although both models had
the same R?, the ELG model outperformed in terms of RMSE and
MAPE, reducing them by 0.001 and 0.12 percentage points,
respectively. This indicates that the ELG model is more effective
in minimizing both absolute and relative errors. Compared to other
state-of-the-art models such as the BiGRU-SSA and Attention-
based LSTM, the ELG model also
improvements. For instance, the BiGRU-SSA model had an
RMSE of 0.095 and MAPE of 2.32% on the EIA dataset, while
the ELG model achieved an RMSE of 0.089 and MAPE of 2.01%,
representing improvements of 6.3% and 13.4%, respectively.
Similarly, on the NREL dataset, the ELG model outperformed the
BiGRU-SSA model by 4.8% in RMSE and 11.6% in MAPE. These
comparisons clearly demonstrate the ELG model’s robustness and

shows  significant

effectiveness in improving prediction accuracy over existing models.
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TABLE 1 Comparison of integrated model performance datasets.

EIA dataset NREL dataset
MAE MAPE MAE MAPE
BiGRU-SSA Kumar et al. (2023) 0.095 0.07 2.32 0.94 0.105 0.08 2.5 0.92
VMD-GRU Li et al. (2022) 0.102 0.075 2.68 0.93 0.11 0.085 2.85 0.91
RSM-ANN Chen et al. (2023) 0.09 0.067 2.13 0.95 0.101 0.077 237 0.93
Attention-based LSTM Onu et al. (2022) 0.092 0.068 2.29 0.94 0.103 0.079 2.49 0.92
ARIMA-EMD-LSTM Yan et al. (2022) 0.091 0.067 2.15 0.93 0.095 0.078 237 0.92
ELG 0.089 0.065 2.02 0.95 0.1 0.075 2.25 0.93
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Comparison of integrated model performance datasets.

For the NREL dataset, the ELG model achieved an RMSE of 0.1, MAE literature, further validating its practical applicability. Additionally,
of 0.075, MAPE of 2.21%, and R? of 0.93. In contrast, the RSM-ANN  the BiGRU-SSA model had an RMSE of 0.095 and MAPE of 2.32% on
model had an RMSE of 0.101, MAE of 0.077, MAPE of 2.37%, and R? the EIA dataset, while the ELG model achieved an RMSE of 0.089 and
of 0.93. Despite the same R, the ELG model again outperformed with ~ MAPE of 2.01%, improving by approximately 6.3% and 13.4%,
better RMSE, MAE, and MAPE values, reducing them by 0.001,0.002,  respectively. On the NREL dataset, the BIGRU-SSA model’s RMSE
and 0.16 percentage points, respectively. These results not only =~ and MAPE were 0.105% and 2.5%, respectively, whereas the ELG
highlight the superior performance of the ELG model but also  model achieved 0.1% and 2.21%, improving by 4.8% and 11.6%,
position it as a strong competitor among the latest models in the  respectively. Figure 6 visualizes the table’s data, allowing readers to
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TABLE 2 Comparison of model performance on EIA and NREL datasets: Parameters, flops, inference time, and training time.

EIA dataset NREL dataset
Parameters(M) Flops(G) Inference  Trainning  Parameters(M) Flops(G) Inference  Trainning
Time(ms) Time(s) Time(ms) Time(s)
BiGru-SSA | 289.13 32325 279.64 31891 23551 300.67 357.15 590.01
Kumar et al.
(2023)
VMD-GRU | 405.42 385.89 37353 257.67 372.79 368.09 36147 611.82
Li et al.
(2022)
RSM-ANN | 391.56 352.97 387.58 314.6 309.16 381.8 256.19 61831
Chen et al.
(2023)
Attention- 343.96 4112 407.87 359.57 419.75 254.15 307.86 356.5
based LSTM
Onu et al.
(2022)
ARIMA- 383.44 334.17 37921 268.97 42026 25527 252.04 2329
EMD-LSTM
Yan et al.
(2022)
ELG 130.74 175.18 130.81 229.51 232.19 217.45 206.98 214.28
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Comparison of model performance on EIA and NREL datasets: Parameters, Flops, inference time, and training time.
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TABLE 3 Ablation experiment performance data comparison.

10.3389/fenvs.2024.1437644

Dataset
EIA dataset NREL dataset
MAE MAPE MAE MAPE
Baseline-LSTM 0.11 0.085 2.52 0.92 0.118 0.09 2.77 0.9
Baseline-GBM 0.122 0.095 3.02 0.89 0.13 0.1 3.35 0.87
EMD-GBM 0.095 0.07 235 0.94 0.105 0.08 2.54 0.92
EMD-LSTM 0.09 0.067 2.18 0.95 0.101 0.077 2.31 0.93
ELG 0.089 0.065 2.02 0.95 0.1 0.075 225 0.93
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Ablation experiment performance data comparison.

more intuitively understand the performance differences of each  EIA dataset, the
model across the datasets. These visualizations clearly highlight the
advantages of our proposed ELG model in various metrics, further
validating its effectiveness and reliability in practical applications.
As shown in Table 2, we compared the performance of various
ensemble models on the EIA and NREL datasets, displaying each
model’s number of parameters, FLOPs (Floating Point Operations),
inference time, and training time. Our proposed ELG model

demonstrates significant advantages in all these aspects. In the

Frontiers in Environmental Science 13

ELG model has 130.74 M parameters, 175.18G

FLOPs, an inference time of 130.81 ms, and a training time of
229.51 s. In contrast, the BiGRU-SSA model has 289.13 M
parameters, 323.25G FLOPs, an inference time of 279.64 ms, and
a training time of 318.91 s. The ELG model reduces the number of
parameters, FLOPs, inference time, and training time by 158.39 M,
148.07G FLOPs, 148.83 ms, and 89.4 s, respectively, demonstrating
its computational efficiency. In the NREL dataset, the ELG model
has 232.19 M parameters, 217.45G FLOPs, an inference time of
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206.98 ms, and a training time of 214.28 s. In comparison, the
BiGRU-SSA model has 235.51 M parameters, 300.67G FLOPs, an
inference time of 357.15 ms, and a training time of 590.01 s. Here,
the ELG model outperforms by reducing these metrics by 3.32 M
parameters, 83.22G FLOPs, 150.17 ms, and 375.73 s, respectively.
Compared to other models such as VMD-GRU and RSM-ANN,
the ELG model also shows superior performance on both the EIA
and NREL datasets,
resources required. These results underscore the ELG model’s

significantly reducing computational
ability to deliver high performance with lower computational
cost. Figure 7 visualizes the table contents, allowing readers to
more intuitively understand the performance differences of each
model across the datasets. The visual results highlight the
computational and performance advantages of our proposed
ELG model, validating its effectiveness and reliability in
practical applications.

As shown in Table 3, we conducted ablation experiments to
compare the performance of different models on the EIA and
NREL datasets, presenting each model’s RMSE, MAE, MAPE, and
R? metrics. By progressively removing components from the
model, we analyzed the contribution of each component to the
overall performance. The results show that our complete ELG
model excels in all metrics, highlighting the importance of each
component in enhancing model performance. In the EIA dataset,
the complete ELG model achieved an RMSE of 0.089, MAE of
0.065, MAPE of 2.02%, and R? of 0.95. In contrast, the Baseline-
LSTM model, which excludes EMD, had an RMSE of 0.11, MAE of
0.085, MAPE of 2.52%, and R? of 0.92. The Baseline-GBM model,
which excludes LSTM, had an RMSE of 0.122, MAE of 0.095,
MAPE of 3.02%, and R?* of 0.89. This indicates that the
combination of EMD and LSTM significantly enhances the
model’s predictive performance by reducing prediction errors
and increasing the R? value. In the NREL dataset, the complete
ELG model achieved an RMSE of 0.1, MAE of 0.075, MAPE of
2.25%, and R? of 0.93. In comparison, the Baseline-LSTM model
had an RMSE of 0.118, MAE of 0.09, MAPE of 2.77%, and R* of
0.9, while the Baseline-GBM model had an RMSE of 0.13, MAE of
0.1, MAPE of 3.35%, and R? of 0.87. These results further validate
the superiority of the complete model, especially in handling
complex time series data. Further ablation experiments show
that models using only EMD and GBM (EMD-GBM) and
those wusing only EMD and LSTM (EMD-LSTM)
underperform compared to the complete ELG model. For
instance, in the EIA dataset, the EMD-GBM model achieved an
RMSE of 0.095, MAE of 0.07, MAPE of 2.35%, and R? of 0.94,
while the EMD-LSTM model had an RMSE of 0.09, MAE of 0.067,
MAPE of 2.18%, and R? of 0.95. The ELG model outperformed
these models, particularly in MAE and MAPE metrics. In the
NREL dataset, the EMD-GBM model had an RMSE of 0.105, MAE
of 0.08, MAPE of 2.54%, and R? of 0.92, while the EMD-LSTM
model achieved an RMSE 0f 0.101, MAE of 0.077, MAPE of 2.31%,
and R? of 0.93. The complete ELG model performed better in all
these metrics, demonstrating its strong performance on diverse

also

and complex datasets.

These ablation experiment results indicate that the
combination of EMD, LSTM, and GBM significantly enhances
model performance. The components work synergistically to
handle temporal dependencies and nonlinear relationships in
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the data, significantly improving predictive accuracy and
stability. Figure 8 visualizes the table’s content, allowing readers
to intuitively understand the performance differences of each
model across the datasets. These visual results clearly highlight
the advantages of our proposed ELG model in various metrics,
further validating its effectiveness and reliability in practical
applications.

5 Conclusion

In this study, we developed and evaluated an innovative ELG
model designed to predict the efficiency of microalgae biofuel
production. Our approach integrates Empirical Mode
Decomposition (EMD), Long Short-Term Memory (LSTM)
networks, and Gradient Boosting Machine (GBM) to harness
the strengths of each method. We conducted extensive
experiments on the EIA and NREL datasets, comparing the
ELG model’'s performance with several baseline models
through comprehensive metrics such as RMSE, MAE, MAPE,
and R’ The results demonstrated that our ELG model
significantly outperforms baseline models, effectively reducing
prediction errors and increasing the R? values. The practical
implications of our findings suggest that the ELG model can
directly improve biofuel production processes by providing more
accurate efficiency predictions. This enhanced accuracy enables
better resource allocation and cost reduction, ultimately leading
to more efficient biofuel production. Additionally, the model’s
robustness across varying conditions indicates its potential utility
in other renewable energy applications, where similar challenges
in prediction accuracy and resource management exist. Despite
the promising results, our model has some limitations. Firstly, the
ELG model’s complexity and computational requirements, while
optimized compared to individual baseline models, remain
substantial. The high computational cost associated with
training and inference could limit its applicability in scenarios
with limited computational resources or real-time requirements.
Secondly, the model’s performance may vary with different
datasets and environmental conditions. While it performs well
on the EIA and NREL datasets, its generalizability to other
datasets or production conditions has yet to be fully tested.
This variability underscores the need for further validation
across diverse datasets and conditions to ensure the model’s
robustness and adaptability.

Looking ahead, several potential directions for future
research can be pursued. One important direction is to
further optimize the model to reduce computational
complexity while maintaining high performance. Techniques
such as model pruning, quantization, or exploring more
efficient architectures could be valuable in achieving this goal.
Additionally, expanding the dataset by incorporating more
diverse and extensive data sources would enhance the model’s
generalizability and robustness, making it more applicable across
various conditions. Integrating additional environmental and
operational parameters into the model could also provide a more
comprehensive understanding of the factors influencing biofuel
production efficiency. Finally, testing the ELG model in real-
world biofuel production environments would be crucial for
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validating its practical utility and identifying areas for
refinement. These efforts would collectively contribute to
advancing the predictive modeling of microalgae biofuel
supporting the goal of
enhancing biofuel production processes and sustainability.

production efficiency, broader
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