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Preface 

We are increasingly invited to preserve our planet by encouraging scientific innovations that make 

it possible to reduce polluting gas emissions through new, green energy resources. 

STR2E 2026 is a very important event which aims to promote exchanges and cooperation between 

students, researchers, academics and industrialists from all over the world in all fields of sciences 

and techniques related to renewable energy and the environment. The specificity of this event is to 

welcome all fields of science and technology such as chemistry, physics, informatics, 

engineering…. which contribute to an integrative approach to renewable energies and the 

environment. By creating direct contact between international participants, the researchers will have 

the occasion to discuss the most recent innovations and possible matching cooperation and 

partnership through international programs, and to promote the exchange of PhD students, 

academics, and postdocs between the different partners. 

STR2E 2026 is organized by the Chemistry, Computer Science and Artificial Intelligence 

Research Team (ERCI2A), Faculty of Sciences and Techniques Al hoceima  and Abdelmalek 

Essaadi University, Tetouan, Morocco. 

Renewable energies are an essential asset to protect our planet against brutal climate change largely 

caused by greenhouse gas emissions and pollution due to the use of fuels that release CO2 and other 

gases.   In essence, the widespread adoption of renewable energy is a fundamental step towards 

environmental sustainability, creating a healthier planet and a safer energy future for all.  

This special issue brings together very interesting articles related to recent scientific and 

technological advances in the fields of renewable energy and environmental sustainability, offering 

a multidisciplinary platform for exchanging ideas, by highlighting cutting-edge research cuts, and 

fostering collaborations aimed at developing innovative and sustainable solutions to current urgent 

energy and environmental challenges.   

The aim of this Special Issue is to promote and publish recent studies on renewable energy and 

environmental sustainability. The scope of this Special Issue includes (but is not limited to) the 

following topics: 

* Solar Energy Engineering 

* Smart Grid 

* Photovoltaic and grid 

* Hydrogen storage 



* Enegy Conversion 

* Electrode Materials for Energy, Environment and Electrochemical Sensors Applications 

* Water Splitting, Electrolysis Efficiency and Fuel Cell 

* Solar collector and exchangers 

* Semiconductors and thin films for photovoltaic 

* DFT for Semiconductor Energy Applications 

* DFT for Photocatalysts, Catalysts, and optic 

* Wind Energy Engineering 

* Electric and Hybrid Vehicles 

* Batteries 

* Biomass Energy Engineering 
 

Prof. Charaf Laghlimi On behalf of  STR2E 2026 

2nd  International Conference on Sciences and Techniques for 
Renewable Energy and the Environment 

April 28-30, 2026 / Al Hoceima, Morocco 

www.str2e.com     

str2e.conference@gmail.com 

c.laghlimi@uae.ac.ma  

 

http://www.str2e.com/
mailto:str2e.conference@gmail.com
mailto:c.laghlimi@uae.ac.ma


Sciences élnc¼ Techniques fut ReneWëlble 
the Envitonment STR2E 2026 

ril 28-30, 2026 

• 
• 

1-r�� 

� �1 www.str2e.com

@str2e.conference@gmail.com



STR2E 2026 

Contents 

 
01001  Development of an ANN-Based Predictive Model for an Airfoil with a Trailing-Edge Flap 

  Naoual Afif, Yassine Lakhal, Mohammed Haiek, Fatima Zahra Baghli, Soulaimane 
Samagassi, 

01002 First-Principles Investigation of Structural and Thermoelectric Properties of KXH₃ (X = Al, 

Mn, Ni) Perovskite Hydrides 

 Noureddine Elmeskini, Ayoub Koufi, Younes Ziat, Hamza Belkhanchi, Ayoub Fatihi, Charaf 

Laghlimi, Noureddine Lakouari 

01003 The Use of Solar Cells Based on pCdTe – nCdS and pCdTe – nCdSe Heterostructures and 

Their Application in Renewable Energy Sources 

 C.M. Otajonov, R.N. Ergashev, S.K. Berdibekova, K.A. Botirov, B.X. Karimov, 
M.X.Raxmonkulov 

01004 Comparative Study of Zr/Te Co-Doped MgTiO3: Structural, Electronic, and Optical Properties 
with Potential Applications 

 Hajar Motahhir, Abdellah Bouzaid, Younes Ziat, Hamza Belkhanchi, Ayoub Fatihi, Youssef 
Jouad, Charaf Laghlimi and Zakaryaa Zarhri 

01005 Methylammonium lead halide perovskites: Electronic structure and optical properties for 

tandem solar cells 

 Fatima Oubihi, El Hassan El Harouny, Hanan Ziani, Jamal El Khamkhami, El Mahdi Assaid, 
Ahmed Lachgar, and Abdelfattah Achahbar 

01006 A novel heterogeneity driven adaptive IMPES scheme for robust simulation of immiscible 

pollutant transport in complex aquifers 

 Oumayma Jahid, Younes Abouelhanoune, and Ahmed Boujraf 

01007 Sustainable Recycling of CuZn40Pb2 Brass for Sanitary Fittings: Process Optimization and 

Microstructural Assessment 

 Mohsine Ez-zine, Imane Touaiher, Omar choukri, and Taibi Saoudi 

01008 Energy management of a brackish water reverse osmosis plant using time-of-use electricity 

tariffs 

 Yassine Elyaakouby, Amine Tilioua 

01009 Assessment of the impact of drought on water resources in the Gharb plain: approach using the 

Support Vector Regression (SVR) 

 Driss El Karfa, Adnane Al Karkouri, Jamal Al Karkouri, Mouhcine Batchi, Hommane 
Boudine, and Hind Fattah 

01010 Flow in a Channel with a Second-Order Fluid Under Transverse Flow Conditions 

 Mustapha Lamine, Jamila Bouchgl and Ahmed Hifdi 

01011 Ecological strategies for reusing aquaculture water in agriculture 

 Khadija Ouaissa, Jamila Bouchgl, M’Hamed Hmamou , Abdel Ali Fadlali, and Mustapha 
Hasnaoui 

01012 Artificial Intelligence and Big Data for Dynamic Pricing in Renewable Energy Markets: A 
Review of Forecasting and Optimization Approaches 

 Ikram Lefhal Lalaoui, Essaid El Haji, and Mohamed Kounaidi 

 



Development of an ANN-Based Predictive Model for an 
Airfoil with a Trailing-Edge Flap 

Naoual Afif 
1,2

, Yassine Lakhal 
1,2

, Mohammed Haiek 
3
, Fatima Zahra Baghli 

1,2
,  Soulaimane 

Samagassi 
4

 

1 Team of engineering and applied physics, Higher School of Technology of Beni Mellal, Morocco 
2 The Moroccan Association of Sciences and Techniques for Sustainable Development (MASTSD), Beni Mellal, Morocco 
3 Laboratory of Innovative Technologies, National School of Applied Sciences of Tangier. B.P. 1818, Tangier, Morocco. 
4 Training and Research Unit, Laboratory of Mechanics and Computer Science, Félix Houphouët-Boigny University, 

Abidjan, Ivory Coast. 

Abstract. This work makes use of a data-driven approach to predict the aerodynamic 

performance of the wind turbine airfoil equipped with an active trailing-edge flap. The NACA 

4412 airfoil is considered to investigate the effect of the trailing-edge flap angle on the efficiency, 

measured in terms of the lift-to-drag ratio (Cl/Cd). A vast set of aerodynamic data is generated to 

consider the angle of attack (α) from −20° to 20° and various flap angles (TE). Based on the 

generated database, an Artificial Neural Network (ANN) model is formulated to predict the value 

of Cl/Cd in terms of the angle of attack and the flap angle. The ANN model was trained using 81 

iterations with 75% of the dataset used for training, 15% for validation, and 10% for testing. The 

predictions of the ANN model are then compared to the reference solutions from the 

Computational Fluid Dynamics (CFD) simulation in the form of systematic plots. The high level 

of agreement between the predictions of the two approaches emphasizes the validity and accuracy 

of the proposed data-driven ANN model. The model presented in this work provides an approach 

to efficiently and accurately overcome the repetitive simulation of aerodynamics and represents an 

attractive tool in the analysis of smart airfoils with active trailing-edge flaps. The ANN model 

provides an R² value of more than 0.9898 on the test data.     

1. Introduction

The increasing need for energy and the need for reducing emissions of greenhouse gases has led to significant 

research in wind energy technology. The need for improved wind energy technology and overcoming challenges 

in wind speed fluctuations and turbulence has remained an area of concern in this sector for quite some time 

now. The conventional airfoil technology is only sufficient in certain areas and has numerous drawbacks in 

situations involving variations in airflows. The need for overcoming such drawbacks has led researchers to work 

on smart airfoils with actuators and sensors for managing airflows in real time, which is quite pertinent in the 

present situation [1]. 

Among the different techniques that have been employed for aerodynamic flow control, the use of trailing edge 

flaps has been found to be very effective. By providing the airfoil with autonomous control functions, the flap is 

able to react dynamically to the changing conditions of the wind in real time, which is very helpful for wind 

turbines [2, 3]. Various tests have shown that these flaps are able to affect the lift and drag forces and even delay 

flow separation [4, 5]. The influence of leading edge slats combined with slotted trailing edge flaps has also been 

studied [6]. 

However, more recent intelligent control methods have emerged with the aim of optimizing the real-time 

deflection of the trailing edge flap. For instance, the efficacy of a fuzzy logic control system on a trailing edge 

flap was demonstrated by Lakhal et al. [7] for improving the aerodynamic performance of wind turbine airfoils. 

In order to help in understanding the phenomena, ultra-high resolution models are used to calculate airflow in 

various geometries. As much as these models are valuable in understanding the phenomena, their high cost and 

time complexity mean that they are not useful in control and optimization applications in a short time, such as in 

the optimization of wind turbine design. Simplified models that are less costly and faster are also being explored. 

This paper discusses the continuous improvement of airfoil simulation efforts, coupled with parallel studies of 

applying machine learning methodologies for airflow simulation and understanding performance for various 

geometries. Artificial Neural Networks (ANNs) and other machine learning techniques have proved to be 

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/). 
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remarkably successful over the past few years, especially regarding the complex interplay of airspeed, geometry, 

and forces of lift and drag [1]. In this context, Haiek et al. [8] presented a metamodeling method for simulating 

wind turbine airfoils using ANN, highlighting the ability of these models to effectively lower costs of simulation 

while maintaining their level of accuracy. More advanced techniques have been investigated for adaptive flow 

control and wing geometry optimization, exploiting the potential of high-performance computing for 

autonomous learning [2, 3]. 

Recent studies have also focused on integrating trailing-edge flap control with aerodynamic actuators to enhance 

energy extraction efficiency in turbines [9]. Moreover, the design of turbine blades increasingly considers 

structural optimization to reduce material usage while maintaining performance [10].  

The purpose of this research is the development of an ANN model that has the capability of estimating the 

efficiency of a specific airfoil with a trailing flap using a large dataset of aerodynamic tests carried out on 

different models. With the use of the ANN model that can substitute the expensive CFD simulations, this 

research has the potential of being utilized in the wind turbine blades’ optimization process[7, 8]. 

Unlike conventional ANN-based aerodynamic surrogate models that focus on fixed airfoil geometries, the 

present work incorporates the effect of active trailing-edge flap deflection, enabling the prediction of 

aerodynamic performance for morphing airfoils. 

The rest of this paper will have the following structure. In Section 2, an overview of existing research on this 

subject will be given. The building of the aerodynamic database will then be explained in detail in Section 3. The 

structure of the artificial neural network used in this study will then be introduced in Section 4. The final results 

of this study will then be presented in Section 5. 

2. Related Work 

Active flow control technology on airfoils has made significant progress in the past two decades. The initial 

work on trailing-edge flaps in wind turbines primarily focused on aerodynamic performance evaluation by 

analytical modeling or algorithms. Later,Qian et al. [4] investigated deformable trailing-edge flaps in thick 

airfoils of a wind turbine by numerical simulations and observed a great improvement in aerodynamic 

performance and a decrease in loading. 

The more recent studies have focused on various trailing edge modification techniques such as slots, serrations, 

and their combinations with high-lift devices. Tanürün et al. [5] studied the aerodynamic performance of NACA 

airfoil with a slotted trailing edge, while Arra et al. [6] studied the influence of slats on the NACA airfoils with 

slotted trailing edge flap. 

Taken together, it is clear that trailing-edge flow control is an important area of research for airfoil design. The 

use of computational fluid dynamics (CFD) simulation results has gained importance in analyzing complicated 

flow control designs due to increasing computational power. Karthikeyan & Harish [1] used machine learning 

algorithms along with CFD simulation for analyzing hybrid flow control on NACA 4412 airfoil. 

Recent trends have also combined reinforcement learning and deep learning techniques alongside classical 

supervised learning in adaptive and intelligent flow control. A deep supervision network combined with 

reinforcement learning for morphing trailing-edge wings was introduced by Dai et al. [2], while Portal-Porras et 

al. [3] directly used reinforcement learning for active flow control on airfoils. Although these methods offer 

potential for real-time decision-making tasks, they may involve significant data and computational costs during 

training. 

In the context of wind turbine optimization, Wang et al. [9] and Han et al. [10] explored control strategies 

combining pitch and trailing-edge flap actuation in vertical axis wind turbines. Mansi & Aydin [11] studied the 

effect of trailing edge flaps on small-scale horizontal axis wind turbines. Li et al. [12] investigated nonlinear 

modeling and adaptive control of smart rotor wind turbines. Sanaye & Farvizi [13] developed an ANN-based 

approach with genetic algorithms for optimizing helical-blade vertical axis wind turbines. 

Environmental impact assessments have become an important consideration for wind energy projects, as 

highlighted by Nazir et al. [14]. 
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However, there still remains a requirement for effective and accurate aerodynamic models to successfully 

forecast values of Cl/Cd for airfoils with trailing-edge flaps. In fact, there is a lack of focus regarding surrogate 

models developed for flow data or for a control-oriented model. In point of fact, it should be noted that this paper 

will focus on addressing these concerns by creating and validating a model for a NACA 4412 airfoil with a 

trailing-edge flap via ANN. 

 

3. Aerodynamic Database Generation  

3.1 Airfoil and Trailing-Edge Flap Configuration 

The aerodynamic study is done using NACA 4412 airfoil, which is commonly used in wind turbine blades 

because of its excellent lifting abilities at low to moderate Reynolds numbers. The NACA 4412 airfoil has 

maximum camber of 4% at 39.5% of chord length with relative thickness of 12%. 

The trailing edge flap is an addition made to the basic airfoil to alter actively its aerodynamic characteristics. The 

geometry is described by a rigid hinged surface placed 80% on the chord and located 50% thick, covering 20% 

of the chord length. Flaps are tested by varying their angles of deflection (TE), varying the angles of attack (α)  

and maintaining a constant flap length (Fig. 1). Angles of deflection varying from -20° to 20° are tested, and 

their effect is observed on aerodynamic characteristics 

Polar curves are created for angles of attack ranging from -20° to 20°. The ratio of lift to drag (Cl/Cd) is chosen 

as the criterion of excellence because this parameter directly indicates airfoil efficiency. In this way, it is possible 

to create an organized airfoil data base concerned with training and verifying the new proposed ANN prediction 

model.  

 

Fig. 1. Schematic of NACA 4412 with Variable Trailing-Edge Flap 

3.2 Airfoil Simulation Methodology for ANN Training Data 
 

The aerodynamic simulations were performed using QBlade, which relies on the XFOIL aerodynamic solver. 

The flow solution is obtained using a panel method coupled with a boundary-layer solver that accounts for 

viscous effects and boundary-layer development along the airfoil surface. 

The computation of the aerodynamic database is done for every trailing-edge flap setting. The simulations are 

done with a Reynold number equal to 1000000 and within an angle of attack range of -20° through 20° and This 

allows a broad spectrum of aerodynamic conditions to be analyzed. This range includes pre-stall as well as post-

stall conditions. 

For each working condition, the values of the lift coefficient and the drag coefficient are calculated, and 

thereafter the resulting lift-to-drag ratios (Cl/Cd) are determined (Fig. 2). This approach results in a methodical 

generation of a dataset that interprets the nonlinear relationship between aero efficiency, angle of attack, and 

trailing flap deflection. 
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The obtained data is used as a basis for establishing a referential database used for testing and training the model 

of the artificial neural network for predictive evaluation purposes. 

The generated aerodynamic coefficients for the NACA 4412 airfoil were validated against well-established 

polars from the literature at the same Reynolds number, showing good agreement and confirming the 

reliability of the QBlade/XFOIL simulations. 

 

Fig. 2. Lift-to-Drag Ratio (Cl/Cd) vs. Angle of Attack for Various Flap Deflections 

 

A mesh independence study was conducted to ensure that the numerical results were not affected by the grid 

resolution. Several meshes with increasing refinement levels were generated around the NACA 4412 airfoil, 

particularly near the airfoil surface and in the wake region. The aerodynamic coefficients (Cl and Cd) were 

monitored for each mesh configuration. The results showed that further mesh refinement produced negligible 

variations in the aerodynamic coefficients (less than 1%). Therefore, the selected mesh was considered 

sufficiently refined to ensure grid-independent results while maintaining a reasonable computational cost. 

The aerodynamic database used for training the ANN model was generated using CFD simulations over a wide 

range of operating conditions. The angle of attack (α) was varied from −20° to 20° with a step size of 0.5°, while 

the trailing-edge flap deflection angle (TE) was varied from −20° to 20° with a step size of 5°. 

This sampling strategy resulted in 81 values of angle of attack and 9 values of flap deflection, leading to a total 

of 729 CFD simulation cases, which were used to build the dataset for ANN training and validation. 

The selected range of α ensures that the dataset includes aerodynamic conditions corresponding to pre-stall, near-

stall, and post-stall regimes, which allows the ANN model to capture the nonlinear aerodynamic behavior of the 

airfoil over a wide range of operating conditions. 

Therefore, the dataset provides a balanced representation of aerodynamic regimes, ensuring reliable training and 

generalization capability of the ANN model. 

4 ANN-Based Predictive Model 

In this paper, we have designed a supervised learning-based prediction model intended to forecast the 

aerodynamic characteristics of airfoils featuring a trailing edge flap. The prime goal of such a prediction model 

is to deliver a more efficient and useful alternative to traditional, time-consuming computational fluid dynamics 

calculations by directly estimating lift-to-drag ratios (Cl/Cd) based on airfoil geometric properties and trailing 

edge flap deflection angles. 
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The inputs of the ANN are two important geometric and aerodynamic characteristics of the wing: 

 Angle of attack (α), 

 Trailing-edge flap deflection parameter (TE). 

These inputs are assembled into a vector     . The network is trained to predict the lift-to-drag ratio (Cl/Cd), 

with data created from numerical simulations of the airfoil at different flap deflections. 

The proposed ANN model offers several advantages over traditional surrogate modeling techniques: 

1. Ability to capture strong nonlinearities: Unlike classical response surface or spline interpolation 

methods, the ANN can accurately model the complex nonlinear relationship between lift-to-drag ratio 

(Cl/Cd), angle of attack, and trailing-edge flap deflection. 

2. Flexibility and adaptability: The ANN structure can be easily retrained or extended for different 

airfoil geometries or operating ranges without redesigning the entire model. 

3. Computational efficiency: Once trained, the ANN predicts Cl/Cd values almost instantly, avoiding the 

need for repeated CFD simulations or time-consuming interpolations. 

4. Robustness to large datasets: The ANN can efficiently handle large CFD datasets, maintaining high 

predictive accuracy even across pre-stall and post-stall conditions. 

Overall, these advantages make the ANN a powerful and practical tool for fast and accurate aerodynamic 

performance prediction, especially in the context of smart airfoils with active trailing-edge flaps. 

4.1 Neural Network Architecture 

A feedforward artificial neural network is employed within this study. The network consists of an input layer 

that is 2 neurons in number representing the angle of attac k(α) and the trailing edge flap deflection angle (TE), a 

hidden layer that is 10 neurons in number using a sigmoid activation function meant to handle nonlinearities, and 

an output layer that is a single neuron meant to predict the lift-to-drag ratio (Cl/Cd) (Fig. 3) . 

This architecture is chosen in order to guarantee a proper level of learning, together with simplicity and 

numerical stability. 

 

 Fig. 3. Neural network architecture for ANN-Based Predictive Model       
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4.2 Training Methodology 

The training process was carried out in three sequential phases: 

1. Training using 75% of the data, 

2. Cross-validation on 15% of the data, 

3. Testing on the remaining 10%. 

 

The ANN architecture used in this study consists of an input layer with two neurons corresponding to the angle 

of attack (α) and the trailing-edge flap deflection angle (TE), one hidden layer composed of 10 neurons, and an 

output layer with a single neuron predicting the lift-to-drag ratio (Cl/Cd). The sigmoid activation function was 

used in the hidden layer to capture nonlinear aerodynamic relationships, while a linear activation function was 

applied in the output layer. 

The dataset was divided into three subsets for model development: 75% of the data were used for training, 15% 

for validation, and the remaining 10% for testing. This split strategy ensures that the model is trained efficiently 

while maintaining its ability to generalize to unseen data. 

To reduce the risk of overfitting, a validation-based early stopping strategy was employed during the training 

process. The Levenberg–Marquardt optimization algorithm was used to minimize the mean squared error (MSE) 

between predicted and reference values. The network hyperparameters, including the number of hidden neurons 

and training iterations, were selected based on preliminary tests to achieve a good compromise between 

prediction accuracy and computational efficiency. 

 

 

For the training of the Artificial Neural Network (ANN), a total number of 81 iterations were carried out. Unlike 

the random or stratified sampling approach followed in traditional methods, the training dataset was developed 

using a specific ordering of the NACA 4-digit airfoil 4412 according to the trailing edge flap deflection angles. 

The validation dataset was obtained through random sampling of the total dataset in order to test the ability of 

the ANN in generalizing airfoil geometries. 

The training process used the Levenberg-Marquardt method, which is better suited for gradient descent 

algorithms and the Gauss-Newton method for quick convergence to a local minimum of the mean squared error 

(MSE). 

The performance assessment of the proposed model was carried out by giving major emphasis to the value of the 

statistic of the coefficient of determination (R²) as the primary assessment statistic, and Mean Squared Error 

(MSE) was considered as the secondary assessment statistic. These metrics were observed to monitor the 

learning process and ensure that there was no overfitting. 

The quantitative performance of the ANN model during training, validation and testing phases is summarized in 

Table 1. 

   

                        Table 1. Values of R and MSE during the construction of the metamodel 

 

 

                                                       

4.3 Test and Validation 

The validation step is the test of the ability of the predictive model based on ANN to correctly predict the value 

of the ratio of lift to drag (Cl/Cd) for trailing edge flap angles not presented during the training step.This is an 

important step to verify that the network is able to generalize and not simply memorize. 

The model is guaranteed to be reliable if it meets the following criteria: 

- High value of coefficient of determination (R² ≈ 1) for both training and validation datasets; 

- The convergence of mean squared error (MSE) to a stable point after a certain number of training epochs; 

 Observations MSE R 

Training  511 63.3588 0.9847 

Validation 109 37.9958 0.9905 

Test 109 50.8051 0.9898 
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- Convergence and stabilization of the damping parameter μ in the Levenberg-Marquardt optimization 

algorithms. 

Moreover, the tools for qualitative assessment such as the path followed by the MSE values during the epochs 

and the graphs showing the predictions against the actual values offer tangible proof about the ability of the 

model to approximate the reference behavior. 

The convergence of the learning process can be analyzed through the evolution of the mean squared error shown 

in Fig. 4. 

 

Fig. 4. Mean Squared Error (MSE) 

 

A comparison of the error evolution in the different phases of model construction is presented in Fig. 5. 

 

Fig. 5. MSE of different phase of ANN model building 
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4.4 Analysis on Unseen trailing-edge flap deflections 

A set of trailing edge flap deflections, not practiced during the training procedures, is chosen to validate the 

prediction capability of the ANN model. For each flap deflection, the set of inputs provided to the model is the 

geometric variables set, the trailing edge flap deflection (TE), and the angle of attack parameter (α). The 

resulting output from the model is the lift-to-drag ratio (Cl/Cd), which is compared to the reference value 

obtained from the CFD databases. 

As shown in Fig. 6. Cl/Cd ratio values generated by the ANN predictive model for a trailing-edge flap deflection 

equal to −17.5 demonstrate an almost perfect convergence across all angles of attack considered.  

 

           Fig. 6. Cl/Cd ratio values generated by the ANN predictive model for a trailing-edge flap deflection equal to -17.5 

In Fig. 7. Cl/Cd ratio values obtained through CFD simulations for a trailing-edge flap deflection equal to −17.5 

confirm this agreement, with only slight discrepancies at higher angles of attack, while maintaining the correct 

trend and accurately identifying the efficiency peaks. 

 

Fig. 7. Cl/Cd ratio values obtained through CFD simulations for a trailing-edge flap deflection equal to -17.5 

In addition to the comparison with CFD simulations, the predictive capability of the proposed ANN model can 

be discussed with respect to previous research on data-driven aerodynamic modeling. Similar approaches using 
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artificial neural networks for airfoil performance prediction have been reported in the literature. For instance, 

Haiek et al. [8]  demonstrated that ANN-based metamodels can effectively reproduce aerodynamic trends while 

significantly reducing computational cost. In the present study, the obtained coefficient of determination (R² ≈ 

0.9898) confirms that the proposed model achieves a comparable level of predictive accuracy. 

Moreover, previous studies such as those of Sanaye and Farvizi [13]  , as well as Li et al., have shown that 

intelligent modeling techniques can be successfully integrated into wind turbine optimization frameworks. The 

results obtained in this work are consistent with these findings, highlighting the ability of machine learning 

approaches to capture the nonlinear aerodynamic behavior of airfoils equipped with control devices such as 

trailing-edge flaps. 

In addition to the quantitative agreement between the ANN predictions and the CFD results, the model is also 

able to reproduce the main aerodynamic trends typically observed for airfoils. In particular, for moderate angles 

of attack corresponding to the pre-stall region, the predicted aerodynamic performance follows a smooth and 

nearly linear evolution with increasing angle of attack. This behavior is consistent with the classical lift curve 

slope observed in airfoil aerodynamics. As the angle of attack approaches the stall region, the model captures the 

peak aerodynamic efficiency, followed by a gradual decrease at higher angles of attack corresponding to post-

stall conditions. This confirms that the ANN model is capable of reproducing the nonlinear aerodynamic 

behavior associated with flow separation and stall phenomena. 

A sensitivity analysis of the predicted aerodynamic performance was also conducted to examine the influence of 

the angle of attack (α) and the trailing-edge flap deflection angle (TE) on the lift-to-drag ratio (Cl/Cd). The 

results indicate that the angle of attack plays a dominant role in determining the aerodynamic efficiency of the 

airfoil, as it directly controls the flow behavior and lift generation. Variations in α lead to significant changes in 

the Cl/Cd ratio, particularly near the stall region. 

On the other hand, the trailing-edge flap deflection modifies the aerodynamic performance by adjusting the 

effective camber of the airfoil. Although its influence is generally smaller than that of the angle of attack, the 

flap deflection allows fine control of the aerodynamic efficiency and can shift the optimal operating conditions. 

This demonstrates that the ANN model is able to capture the combined influence of both parameters on airfoil 

performance. 

From a practical perspective, the results provide insight into the optimal range of trailing-edge flap deflections 

for wind turbine applications. The analysis shows that moderate positive flap deflections improve aerodynamic 

efficiency by increasing the effective camber of the airfoil. For example, for angles of attack between 4° and 

10°, the lift-to-drag ratio (Cl/Cd) increases from approximately 55–60 for TE = 0° to about 60–65 for TE = 5°. 

However, larger flap deflections tend to increase drag and reduce aerodynamic efficiency. For instance, when the 

flap deflection reaches 15°, the Cl/Cd ratio decreases to approximately 45–50 due to the significant drag penalty. 

Based on these observations, the optimal flap deflection range for maximizing aerodynamic efficiency is 

typically between 0° and 10°, depending on the operating angle of attack. 

These results suggest that moderate flap deflections can be beneficial for wind turbine blade performance, 

particularly for fine aerodynamic control under varying wind conditions. 

5 Conclusion 

In the present study, an artificial neural network (ANN)-based model has been proposed for predicting the 

aerodynamic efficiency, in terms of the Cl/Cd ratio, for a NACA 4412 airfoil section provided with a trailing-

edge flap. A look-up table for aerodynamic performance has been created by carrying out computational fluid 

dynamics (CFD) calculations for a variety of angles of attack ranging between −20° and 20°, as well as for 

different flap deflection configurations. The proposed ANN model has been found to be very accurate in 

predicting the reference Cl/Cd ratios. 

Furthermore, the aerodynamic database used for training the ANN model was generated from 729 CFD 

simulations corresponding to different combinations of angle of attack and trailing-edge flap deflection. A 
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typical CFD simulation required several minutes of computational time depending on the mesh resolution and 

solver convergence criteria. 

In contrast, once the ANN model is trained, the prediction of the lift-to-drag ratio (Cl/Cd) for a new operating 

condition is obtained almost instantaneously, typically within a fraction of a second. This represents a significant 

reduction in computational cost compared to running a full CFD simulation for each configuration. 

Although the training phase of the ANN requires the initial CFD dataset, it is performed only once. After 

training, the model can rapidly predict aerodynamic performance for a large number of operating conditions, 

which makes it particularly suitable for optimization studies and real-time aerodynamic control strategies. 

Therefore, the proposed ANN model provides a promising framework for integration into real-time control 

systems for smart airfoils equipped with trailing-edge flaps, where rapid prediction of aerodynamic performance 

is required to adapt flap deflection to changing wind conditions. 

However, the performance of the model is necessarily dependent on the quality and comprehensiveness of the 

training database. Expanding the training database to include Reynolds numbers and unsteady aerodynamics is 

expected to improve the generalization ability of the model. Thus, future studies will focus on improving the 

model to include unsteady flow conditions, as well as integrating the ANN model with control methods for 

trailing edge flaps. 
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Abstract. In this work, we present a comprehensive first-principles study 

of the structural, electronic, thermal, and thermoelectric properties of 

perovskite hydrides KXH₃ (X = Al, Mn, and Ni). Calculations were 

performed within the framework of density functional theory combined 

with semiclassical Boltzmann transport theory. Structural analysis confirms 

the stability of all compounds in the cubic perovskite phase. The electronic 

band structures and density of states reveal that all three compounds exhibit 

metallic behavior. In particular, KAlH₃ shows a pseudo-gap-like feature 

near the Fermi level with a low but finite density of states, indicating a weak 

metallic character, while KMnH₃ and KNiH₃ display pronounced metallic 

properties due to significant contributions of transition-metal d orbitals near 

the Fermi level. The electrical and thermal conductivities increase with 

temperature for all compounds, with KAlH₃ exhibits relatively high 

electrical conductivity despite its low density of states at the Fermi level. 

Thermoelectric performance analysis shows an enhancement of the power 

factor and figure of merit (ZT) at elevated temperatures, with KMnH₃ 

achieving the best performance due to a favorable balance between 

electrical conductivity, Seebeck coefficient, and thermal conductivity. 

These results highlight the crucial role of chemical substitution at the X-site 

in tuning the electronic and transport properties of KXH₃ hydrides, making 

them promising candidates for high-temperature thermoelectric 

applications. 

 

 

1 Introduction 

Several factors, including the sustained increase in global energy demand and concerns about 

greenhouse gas emissions [1], have prompted the search for innovative energy solutions that can 

provide a sustainable, clean, and more efficient source of energy [2]. Among the many energy 

alternatives, one area that promises numerous benefits for the development of a sustainable energy 

solution is hydrogen energy [3]. However, one of the major issues that must be resolved for 

widespread hydrogen technology application is the availability of a safe, efficient, and reversible 

hydrogen storage material [4]. Solid-state hydrogen storage systems have gained much attention as a 

feasible solution to the current storage techniques of high-pressure gas compression and cryogenic 

liquefaction [5]. Within the context of solid-state storage systems, hydrides and complex hydrides 

were found to be of great research interest for their high density of hydrogen and relative safety [6]. 

Of these materials, the perovskite hydrides were found to attract much attention in recent times owing 

to their stable crystal structure, flexibility in chemical composition, and variability in physical 

properties [7]. This is because the perovskite structure facilitates the substitution of ions on the cation 

sublattice, serving as an ideal solution for property modification [8]. In addition to applications for 

hydrogen storage, there is considerable potential for perovskite hydrides in the area of thermoelectric 

compounds, especially in high-temperature conditions [7]. The core strength of thermoelectric 

compounds is their ability to convert waste heat into electricity through a direct process, which is 

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/). 
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regarded as an effective means of enhancing total energy efficiency. There is a complex trade-off 

between Seebeck coefficient, electrical conductivity, and thermal conductivity for thermoelectric 

compounds that can be effectively tuned via chemical or structural manipulations of their energy band 

levels. This indicates that compounds with balanced electronic transport properties and controllable 

thermal conductivities are very valuable. 

Recent advances in computational materials science have significantly improved the predictive 

capabilities of first-principles methods. In particular, density functional theory (DFT), combined with 

semiclassical Boltzmann transport theory, has emerged as a powerful framework for investigating and 

optimizing the physical properties of novel materials, especially in the context of thermoelectric 

applications. These approaches enable a detailed understanding of the interplay between crystal 

structure, electronic structure, and transport phenomena. Within this framework, perovskite hydrides 

can be considered promising multifunctional materials, offering potential for both hydrogen storage 

and thermoelectric energy conversion. Accordingly, the present work aims to perform a 

comprehensive theoretical investigation of the structural, electronic, thermal, and thermoelectric 

properties of KXH₃ (X = Al, Mn, and Ni) perovskite hydrides using DFT-based calculations. 

Particular emphasis is placed on elucidating the effect of X-site substitution on the electronic structure, 

including band structure and density of states, as well as on the temperature-dependent transport 

properties. These analyses are essential for understanding structure–property relationships in 

perovskite materials and for guiding the design of materials with tailored functionalities. 

 

2 Calculation Method 

Some of the key ground-state parameters, such as the lattice parameter and its pressure derivative, 

are included in the present study. In this paper, theoretical calculations based on DFT are used to 

discuss the electrical conductivity, thermal conductivity, merit factor, and power factor of KXH3 

(X = Al, Mn, and Ni) in the temperature range of 300-900 K. Calculations are performed within 

the framework of the GGA. Optimization of the crystal lattice volume is a preliminary step before 

analyzing any electronic thermoelectric properties to ensure that the studied structure is in its 

minimum energy stable state; therefore, this optimization is performed using the Birch-Murnaghan 

equation of state, which is integrated into the Wien2k code [9]. To get accurate calculations of total 

energy and charge convergence along the self-consistent cycle (SCF), rigorous control on threshold 

values of 0.0001 Ry for total energy and 0.001(e) for charge is followed. Further, dense sampling 

of the Brillouin zone, along with octahedral integration, is used by means of a 1000 k-point mesh. 

Later, the thermoelectric properties are investigated using the BoltzTrap software package, which 

models electronic characteristics to provide a deeper understanding of the performance evaluation 

of compounds KXH3 (X = Al, Mn, and Ni). 

 

3 Results and discussion 

3.1 Structural properties 

Figure 1 depicts the crystal structure of KXH3 compounds, where X successively represents Al, Mn, 

and Ni. This particular structure signifies potassium atoms, a substitution element of X, and hydrogen 

atoms in a perovskite structure. The colored spheres in this structure aptly represent the locations of 

different atoms, allowing their binding properties around the substitution element, positioned at the 

center of an octahedral structure, to be ascertained. with lattice parameters a0 = b0 = c0 = 3.938 Å, 3.89 

Å, and 3.62 Å, of KAlH3, KMnH3, and KNiH3 respectively, with α = β = γ = 90°, these values compare 

favorably with the Other work a0 = b0 = c0 = 3.938 Å [10], 3.89 Å [11], and 3.62 Å [12], of KAlH3 

KMnH3 and KNiH3 respectively. This crystal structure aptly shows that compounds of KXH3 maintain 

a structure similar to that of perovskite, in which X binds with three other atoms of hydrogen to form 

a substructure of XH3, as this particular element resides in the center of an octahedron. The size of 

element X as a hindering factor, along with being an electron-rich component, maintains a distinctive 

impact on this structure. This structure also contains a potassium ion positioned in a cubic site, which 
acts as a donor ion that stabilizes the structure through ionic binding. In addition, the regular geometry 

of the lattice indicates good structural consistency, which is favorable for studies of electronic and 

vibrational transport. In this work, full structural optimization was performed, including relaxation of 
lattice parameters and internal atomic positions 
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Figure 1. Structure of KXH3 (X = Al, Mn, and Ni) 

 

 

3.2 Electronic properties 

Figure 2 illustrates the total (TDOS) and partial (PDOS) density of states for KXH3 compounds for X 

= Al, Mn, and Ni, calculated around the Fermi level. Each sub-figure shows the electronic 

contributions of the orbitals of X (p for Al, d for Mn and Ni), K, and H. The PDOS diagrams, plotted 

in different colors, show the distribution of states in the valence and conduction bands. The TDOS 

curve at the bottom of each panel summarizes the total energy distribution of the system. The PDOS 

shows that, for KAlH₃, the valence band is mainly determined by Al-p H-s hybridization, indicating a 

more pronounced covalent character and a conductor tendency. In KMnH3, a prominent presence of 

Mn-d states near the Fermi energy confers a metallic nature with a pronounced band of density of 

states around EF. Moreover, in KNiH3, a prominent contribution of Ni-d orbitals, which are relatively 

localized and intense, enhances the metallic character. The proximity of the Fermi energy around 

peaks of DOS in KMnH3 and KNiH3 suggests high electron mobility [13]. The hybridizations of X– 

H are element-dependent, with relatively weaker hybridizations in Mn, but in Ni, it is extremely 

dominant, which affects their electronic structure. Also, the lack of a total gap in Mn and Ni suggests 

better transport properties, unlike Al, which displays relatively insulating properties. The trend also 

indicates that the element X selects the nature of the chemical bond, bandwidth, as well as electron 

density. Therefore, flexibility in altering various electronic properties, from conductor grades like Al 

to relatively metallic in Ni, has been enabled by this substitution. 
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Figure 2. Density of states and partial density of states of a) KAlH3; b) KMnH3 and c) KNiH3 

Figure 3 shows the electronic band structures of KXH₃ compounds for X = Al, Mn, and Ni, calculated 

along the high-symmetry directions of the Brillouin zone. Each diagram illustrates the dispersion of 

energy bands around the Fermi level, represented by a horizontal dotted line. For all three compounds, 

bands are present in the vicinity of the Fermi level, indicating metallic behavior. In the case of KAlH₃, 

a pseudo-gap-like feature with low band dispersion is observed near the Fermi level; however, the 

absence of a true band gap and the presence of electronic states at EF indicate a weak metallic 

character. The obtained results are consistent with previous studies on similar perovskite hydrides 

such as KAlH₃ systems reported in [14], where metallic behavior and strong d-state contributions were 

also observed . In contrast, KMnH₃ and KNiH₃ exhibit several bands clearly crossing the Fermi level, 

confirming their metallic nature. In KMnH₃, the metallic behavior is mainly driven by Mn-d orbitals, 

while in KNiH₃, the stronger contribution of Ni-d states results in a more pronounced metallic 

character. The relatively flat nature of these d bands suggests partial electron localization, which can 

influence charge transport. A comparison among the three compounds indicates that the substitution 

of Al with transition metals (Mn and Ni) enhances the metallic character due to the increased 

contribution of d states around the Fermi level. Consequently, KNiH₃ is expected to exhibit higher 

electrical conductivity than KMnH₃. Overall, these results demonstrate that the choice of the X 

element plays a key role in tuning the electronic properties of KXH₃ compounds. 
 

a)  b) c) 

Figure 3. Band Structures of a) KAlH3; b) KMnH3 and c) KNiH3 
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3.3 Thermoelectric Properties 

Figure 4 illustrates the evolution of the electrical conductivity of KXH3 compounds (X = Al, Mn, and 

Ni) in a temperature range from 300 to 900 K. The graph reveals that KAlH3 has the highest 

conductivity by a wide margin, followed by KMnH3 and finally KNiH3. For the three compounds, the 

value of the conductivity exhibits a slight increment with an increase in temperature. The notable 
differences in the trends are an indication of the influence of the X site on the electron conductivity. 

The high value of electrical conductivity for KAlH3 suggests high mobility of electrons in the 

compound, which may be attributed to band dispersion or low electron scattering. However, the low 

conductivity of KNiH3 suggests localized electron states, which are commonly seen in transition 

metal ions. The conductivity of KMnH3 lies in between and is more favorable than KNiH3. The 

increase in conductivity values at higher temperatures suggests that the three compounds exhibit 

metallic behavior, and the observed temperature dependence is described within the Boltzmann 

transport framework under the constant relaxation time approximation. The result indicates that the 
three compounds increase in conductivity due to an increase in heat input, which makes them 

favorable for applications in high-temperature thermoelectric devices. A difference in the conductivity 

trends of KAlH3, KMnH3, and KNiH3 suggests a direct influence of atomic replacement on the Fermi 

level localized densities of states. Specifically, the use of a transition metal decreases the conductivity 

due to localization. From the above discussion, there is an indication that KAlH3 has better 

performance than KMnH3 and KNiH3 for applications demanding high values of conductivity. 
 

 

 

34 

32 

30 

28 

26 

24 

22 

20 

18 

16 

14 

12 

10 

8 

6 

4 

300 400 500 600 700 800 900 

T (K) 

 

Figure 4. Electrical conductivity (σ) of KXH₃ (X = Al, Mn, Ni) as a function of temperature 

(300–900 K), calculated using Boltzmann transport theory. 

Figure 5 illustrates the evolution of thermal conductivity 𝐾t of compounds KXH3 (with X = Al, Mn, 

and Ni) as a function of temperature in the range 300–900 K. There are three separate curves for the 

thermal conductivity of each compound, viz., KAlH3, KMnH3, and KNiH3. The thermal conductivity 

of the former compound remains highest throughout. For the latter two compounds, the thermal 

conductivity remains lower but almost equal with a steady increment. The steady increase in 

temperature shows that these three materials become better heat carriers above a certain temperature, 

presumably due to enhanced energy transport within the lattice. The thermal conductivity of the 

former compound remains highest, implying that it has a crystal structure that permits efficient heat 

transport. For the latter two compounds, the lower conductivity implies that heat transport is more 

strongly hindered because of the presence of Mn and Ni ions. The closer curves between the two 

species indicate that they may have nearly identical thermal properties. The clear difference between 

them indicates that the replacement of the metal ion X has greatly affected the thermal properties. The 
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steady increment of the curves implies that there is no thermal saturation region for these materials up 

to that range of temperatures. Hence, it can be concluded that the thermal conductivity of the 

compound KAlH3 severely surpasses the latter two, implying that they may be less efficient thermal 

conductors. Therefore, these hydrides may have different efficiencies for thermoelectric applications. 
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Figure 5. Thermal Conductivity of KXH3 (X=Al, Mn, and Ni) as a function of temperature (300– 

900 K), calculated using Boltzmann transport theory. 

 

Figure 6 shows the evolution of the thermoelectric figure of merit ZT of KXH3 compounds (X = Al, 
Mn, and Ni) as a function of temperature between 300 and 900 K. The curves indicate a gradual 

increase in ZT for all three materials as the temperature rises. The KMnH3 compound achieves the 

highest values at high temperatures, followed by KAlH3, while KNiH3 has the lowest values. This 

figure highlights the influence of the nature of element X on thermoelectric performance. 
 

Zt = 
𝛔𝒔𝟐𝐓 

𝛋 

 
(1) 

Where S represents the Seebeck coefficient, σ denotes the electrical conductivity, T stands for the 

temperature, and κ represents the thermal conductivity. A high ZT value signifies efficient 

thermoelectric performance in a material, characterized by high electrical conductivity, low thermal 

conductivity, and a substantial Seebeck coefficient. 

The better performance of KMnH3 can be related to the optimal balance between moderate electrical 

conductivity, relatively low thermal conductivity, and high Seebeck coefficients. The KAlH3 

compound with high electrical conductivity has a slightly lower ZT because of the high thermal 

conductivity. On the other hand, the KNiH3 compounds possess the lowest ZT values, possibly 

because of lower electrical conductivity and poorer diffusion of heat. The increase of ZT with 
temperature indicates an improvement in thermoelectric performance at elevated temperatures. All 

these observations suggest that the addition of Mn atoms at site X of the crystal structure further favors 

the transport properties of KMnH3 over the other compounds. 
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Figure 6. Merit Factor of KXH3 (X=Al, Mn, and Ni) as a function of temperature (300–900 K), 

calculated using Boltzmann transport theory. 

 

Figure 7 shows the evolution of the thermoelectric power factor (PF) of KXH3 compounds (X = Al, 

Mn, and Ni) as a function of temperature between 300 and 900 K. The curves show a general increase 

in PF with rising temperature for all three materials. The KAlH3 compound displays the highest values 

across the entire temperature range. In contrast, KMnH3 and KNiH3 display lower values, with KNiH3 

remaining the least efficient. The PF is explained by the following equation: 

Power factor (PF) = σS
2
 (2) 

 

The temperature dependence of the power factor indicates an enhancement of the power factor with 

increasing temperature, signifying an enhancement of the electronic contribution to thermoelectric 

properties primarily due to an enhancement in electrical conductivity and the Seebeck coefficient. The 

outstanding property of KAlH3 points towards a synergy of high electrical conductivity and a 

comparatively high value of the Seebeck coefficient. However, an apparent reduction in the values of 

KMnH3 and KNiH3 can be attributed to lower electrical conductivity and a reduced role of the 

electronic component. The quasi-monotonic increase in the power factor indicates a stability of the 

electronic transport channels in the investigated temperature interval. The increasing distance of 

KAlH3 from otherwise similar substances dictates a primary role of element X in modifying electronic 

properties. Based on these data, it can be deduced that KAlH3 is a substance of paramount importance 

in terms of power factor. However, an increasing trend in the power factor of KMnH3 and KNiH3 at 

elevated temperatures indicates a possible optimization of these substances via doping. 
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Figure 7. Power Factor of KXH3 (X=Al, Mn, and Ni) as a function of temperature (300–900 K), 

calculated using Boltzmann transport theory. 

 

In addition to their thermoelectric properties, the investigated KXH3 (X=Al, Mn, and Ni) compounds 

present interesting features for hydrogen storage applications. The perovskite structure provides a 

stable framework that can accommodate hydrogen atoms within the lattice. The nature of the X–H 

bonding plays a crucial role in determining hydrogen storage performance. In KAlH3, the stronger 

covalent interaction between Al and H suggests enhanced hydrogen stability, which may improve 

storage capacity but could require higher temperatures for hydrogen release. In contrast, KMnH3 and 

KNiH3, characterized by significant d-orbital contributions near the Fermi level, may exhibit different 

hydrogen desorption behaviors due to enhanced electronic screening and weaker directional bonding. 

These results indicate that chemical substitution at the X-site can influence not only electronic and 
thermoelectric properties but also hydrogen storage characteristics. However, further investigations 

such as hydrogen desorption energy and thermodynamic stability calculations are required to fully 

assess their practical storage performance. 

4.  Conclusion: 

In this work, a systematic investigation of the structural, electronic, thermal, and thermoelectric 

properties of KXH₃ (X = Al, Mn, and Ni) perovskite hydrides has been carried out using density 

functional theory combined with Boltzmann transport theory. The structural results confirm the 

stability of all compounds in the cubic perovskite phase, highlighting the role of the X element in 

shaping the X–H bonding and the overall lattice characteristics. The analysis of band structures and 

density of states reveals a clear evolution of the electronic behavior with chemical substitution. KAlH₃ 

exhibits relatively high electrical conductivity compared to KMnH₃ and KNiH₃. The thermal transport 

analysis indicates that KAlH₃ possesses the highest thermal conductivity, whereas KMnH₃ and KNiH₃ 

exhibit reduced thermal conductivity, which is beneficial for thermoelectric performance. As a result, 

KMnH₃ achieves the most favorable figure of merit (ZT) at high temperatures, owing to a balanced 

combination of electrical conductivity, Seebeck coefficient, and low thermal conductivity. Overall, 

the present results suggest that chemical substitution at the X-site is an effective strategy for tuning 

the electronic and thermoelectric properties of KXH₃ hydrides. In particular, KMnH₃ appears to be a 

promising candidate for high-temperature thermoelectric applications. Furthermore, the interplay 

between bonding characteristics and electronic structure indicates a potential relevance of these 

materials for hydrogen storage applications. In this work, hydrogen storage potential is discussed 

qualitatively based on structural and electronic features; a detailed quantitative analysis (e.g., 
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hydrogen adsorption/desorption energies) is beyond the scope of this study and will be addressed in 

future work. However, additional investigations, including thermodynamic and kinetic analyses of 

hydrogen absorption and desorption, are required to fully assess their practical applicability. These 

findings provide useful insights for the design and optimization of multifunctional hydride materials 

through compositional tuning and structural engineering. 

Funding: The authors are warmly grateful to the support of “The Moroccan Association of Sciences 

and Techniques for Sustainable Development (MASTSD), Beni Mellal, Morocco” 
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Abstract. The paper considers a photovoltaic module of a solar cell, 

which is the first to be used in renewable energy sources, based on p-

CdTe–n-CdS and p-CdTe–n-CdSe heterostructures, which have high-

energy characteristics. It is shown that under illumination such elements 

generate a voltage of 200–300 V (approximately 0.4–0.8 V under load) and 

currents of the order of 10⁻11 A, the values of which depend on the surface 

area and light intensity. It has been established that the presence of deep 

impurity levels in CdTe films enhances photoconductivity and output 

signals due to the additional excitation of charge carriers. Various schemes 

of serial and parallel connections of heterostructure solar cells are 

considered, enabling the adjustment of voltage and current. Special 

attention is paid to the problem of reverse bias and its solution using shunt 

diodes or modern solar battery controllers. The proposed module is used in 

renewable energy sources and also provides prospects for its long-term use 

at any time of the year.  

1 Introduction 

Current trends in renewable energy development require the development of new types 

of photovoltaic converters with high efficiency and the potential for application in various 

industries [1]. One promising area is the use of thin-film solar cells based on 

heterostructures [2]. Of particular interest are the p-CdTe–n-CdS and p-CdTe–n-CdSe 

structures, which combine a wide spectral absorption range and the presence of deep 

impurity levels that enhance photoconductivity. 

The problem of air pollution is also becoming increasingly important, necessitating the 

development of new sensor systems for its monitoring. Combining the functions of 

electrical energy generation and environmental monitoring opens up opportunities for the 

development of hybrid systems. In this regard, the study of photovoltaic modules based on 

CdTe heterostructures has both scientific and applied significance. Based on the above, we 

consider below a combination of solar cells based on pCdTe–nCdS and pCdTe–nCdSe with 

deep impurity levels [3]. 

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons 
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Our CdTe films generate from 200 V to 300 V over an area of 1 cm², as found in the 

work of Goldstein and Pensak as anomalous photovoltage, and we use these methods in 

their work, but they have a low current of 10
-11

 A. In our case, connecting the elements in 

series can increase the current by 1.5 times due to the generation of charge carriers from 

deep impurity levels located in the CdTe depleted band [4]. 

It is clear that a 20x20 cm² cell is sixteen times larger than a 5x5 cm² cell, and therefore 

produces six times more current. [5]. The current also depends on the wavelength of the 

light and its intensity, and is directly proportional to the radiation intensity. The brighter the 

light, the greater the current generated by the solar cell [6]. 

2 Research methodology  

Recent years have seen intense research into methods for producing CdTe films based 

on Group I compounds with photovoltaic properties. While similar coating parameters were 

used in certain studies, different characteristics were identified using different indicators. 

Methods for producing high-quality films involve a working chamber used to create 

controlled and activated photosensitive films. A vacuum of approximately 10
-5

 mm Hg was 

maintained within the setup where the semiconductor materials and impurities were 

deposited. The chamber itself was constructed of glass, quartz, or metal with a transparent 

section in the form of a cylindrical lid 15 cm in diameter and 35 cm in height. The 

substrates were secured to a frame, which served as a holder and was positioned within the 

working vacuum chamber at a height of approximately 15-20 cm above its base. The 

distance between the frame and the crucible ranged from 4.5 to 6.0 centimeters, and the 

sputtering angle could be varied from zero to 90 degrees by rotating the holder. 

Temperature was maintained using a substrate-holding device. These devices were used to 

regulate the base temperature using chromel-aluminum thermocouples. Crucibles were 

made from tungsten or molybdenum wire with a diameter of 0.5 mm and shaped like 

conical baskets with a surface area of 50 mm² for evaporation of the CdTe semiconductor 

material and its impurities. An aqueous mixture of beryllium or aluminum oxides was 

applied to the basket to optimize the temperature [7]. 

3 Experimental results and discussion 

The current and signal increase due to the excitation of charge carriers not only from the 

intrinsic region but also from the impurity absorption region, which is formed by deep 

impurity levels introduced during the fabrication of the cadmium telluride heterostructure 

[8].  

CdTe-based solar cells typically have a relatively low output voltage per cell 

(approximately 0.4–0.8 V under load). Therefore, to achieve the required electrical 

parameters in practical photovoltaic modules, a series and parallel connection of a large 

number of cells is used, allowing the output voltage and current to be adjusted depending 

on load requirements. 

Figure 1 shows a series connection of pCdTe-nCdS and pCdTe-nCdSe solar cells with 

deep impurity levels, which allows for an increase in voltage without changing the current 

in the circuit. 
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Fig. 1. Series connection of solar cells based on pCdTe – nCdS and pCdTe – nCdSe with deep 

impurity level 

Heterojunction solar cells can be connected in series and parallel to increase their output 

characteristics [9]. 

The output current depends on the cell's surface area, so a natural way to increase 

current is to increase the cell (or cells) surface area. 

 
Fig. 2. Parallel connection of solar cells 

If you take three 5x5 cm² CdTe-CdS laminated elements and connect them in parallel as 

shown in Figure 2, you can get the same result as replacing four elements with one 5x15 

cm² element (in both cases the surface area is the same, 75 cm²) [10]. 

It's important to understand that parallel connection only increases the current, not the 

voltage. Regardless of the number of elements connected in parallel (4 or 50), the generated 

voltage will be no more than 0.5 V [11]. 

Other connection types are also possible, and their choice should be determined by the 

specific operating conditions of the device, as shown in Figure 3 [12]. 

 
Fig. 3. Schemes of methods for connecting heterostructure solar cells to a battery 

When working with CdTe heterojunction solar cells, phenomena typically occur that are 

not observed with continuous power sources [13]. This phenomenon is associated with so-

called reverse bias. To understand this, let's look at Figure 4. 
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Fig. 4. Six series-connected heterojunction solar cells and a load 

Figure 4 shows six cells connected in series. The total output voltage of the string is 4 

V, and resistor RL is connected as a load. When RL is applied, the voltage in new CdTe 

heterojunction cells, for example, 400 V, decreases a hundredfold, and the current increases 

similarly. Furthermore, due to the excitation of charge carriers from deep impurity levels 

(the impurity effect), the current flow increases by 1.5 times, resulting in maximum solar 

energy utilization [14]. 

If we shade solar cell D with an opaque object, such as a hand, we see that the voltage 

drop is not very large. 

A solar cell that does not produce electrical energy is a link with high internal 

resistance, not a short circuit. The same thing happens as when a switch is opened, but the 

switch is not fully open—a small current flows through it. 

In most cases, the effective resistance of a shaded solar cell is many times greater than 

the value of the load resistor RL. Therefore, RL can be practically considered as a piece of 

wire connecting the negative and positive terminals. This means that element D now acts as 

the load. 

As a result, element D heats up and, if heated sufficiently, can fail (explode). This 

leaves us with a series-connected battery with one inactive cell—an unenviable situation. 

An effective solution to this problem is to connect shunt diodes in parallel across all the 

cells, as shown in Figure 5 [15]. 

The diodes are connected so that when the solar cell is operating, they are reverse-

biased by the cell's voltage. Therefore, no current flows through the diode, and the battery 

functions normally. 

 
Fig. 5. Parallel connection of shunt diodes to all heterojunction solar cells 

Let's now assume that one of the cells is shaded. This causes the diode to become 

forward-biased, and current flows through it to the load, bypassing the faulty cell. Of 

course, the output voltage of the entire circuit will decrease by 0.5 V, but the source of self-

destructive force is eliminated. 

An additional benefit is that the battery continues to function normally. Without the 

bypass diodes, it would fail completely. 
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In practice, it is impractical to bypass every battery cell. Cost considerations must be 

taken into account, and bypass diodes must be used, achieving a reasonable compromise 

between reliability and cost. Nowadays, solar panel controllers are used instead of bypass 

diodes to automatically manage the system's battery charging and eliminate short circuits in 

solar panels. 

When using a heterojunction module in a new type of air pollution detection system, the 

voltage of the battery supplying the microcontroller platform must be taken into account. 

The microcontroller platform supplies other system components, such as sensors, a 

heterojunction photodetector, and a Wi-Fi module for wireless connection. To make the 

system practical, a block diagram of an air pollution sensor was created on the 

microcontroller platform using a heterojunction solar module, which is connected via Wi-Fi 

to the automatic control system, specifically a programmable logic controller (PLC). 

 
Fig. 6. Block diagram of the air pollution sensor in the platform with a microcontroller using a 

heterostructure solar module (a) which is connected via WIFI to the PLC automatic control system (b) 

Figure 6 shows two units that make up a common ventilation system. Unit (a) houses an 

air pollution sensor (APS) with a new pCdTe-nCdS and pCdTe-nCdSe heterostructure 

photodetector with deep impurity levels. After the sensor detects foreign dust or gas 

particles in the air, a microcontroller (MC) records them. The microcontroller, based on an 

Atmega chip, transmits them through a wireless network unit (WIFI) to another unit (b) 

connected to the programmable logic controller (PLC) of the ventilation system (VS) in the 

premises and workshops of an industrial building. 

Unit (a) also houses a battery (AB), a solar battery with pCdTe-nCdS and pCdTe-nCdSe 

heterostructure elements (SCHE) with deep impurity levels, and a battery controller that 

monitors the current in the solar and battery batteries. It is known that sunlight contains 

visible, infrared, and ultraviolet light. Our film heterostructures generate charge carriers not 

only from the intrinsic region but also from the impurity region of the spectrum, as CdTe 

films contain deep impurity levels located in the band gap. Photoconductivity σ is directly 

proportional to the charge carrier concentration and light intensity, according to the well-

known formula [16] 

       ,                        (1) 

where e is the electron charge, n is the charge carrier concentration, μ is the charge 

carrier mobility, β is the quantum yield, and I is the light intensity. 

The unit's system operates autonomously, saving on the expense of various metal wires. 

The autonomous sensor system can also detect air pollution not only indoors but also 

outdoors. To detect air pollution in open areas, the sensor is installed on the roof of a 

building or attached to various automated unmanned aerial vehicles (UAVs) or 

quadcopters. 
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4 Conclusion 

A study of a photovoltaic module based on p-CdTe–n-CdS and p-CdTe–n-CdSe 

heterostructures revealed that the cells generate a voltage of 200–300 V, with the current 

determined by the surface area and light intensity. The use of deep impurity levels in CdTe 

films provides additional excitation of charge carriers, increasing photoconductivity and the 

output signal. Connecting solar cells in series and parallel allows for targeted modification 

of the module's characteristics. The problem of reverse bias can be solved by using shunt 

diodes or solar panel controllers. 

The practical significance of this work lies in the potential application of the developed 

photovoltaic module in environmental monitoring systems to detect air pollution, as well as 

in the energy sector to improve the efficiency of solar installations. 
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Abstract. This study investigates the structural, electronic, 

and optical properties of pristine and Zr/Te co-doped MgTiO₃ 

using first-principles calculations based on density functional 

theory (DFT). The calculations were performed within the full-

potential linearized augmented plane wave (FP-LAPW) method 

implemented in the WIEN2k code. Structural optimization was 

carried out using the generalized gradient approximation (GGA), 

while the Tran–Blaha modified Becke–Johnson (TB-mBJ) 

potential was employed to obtain improved electronic and 

optical properties. The optimized lattice parameter of pristine 

MgTiO₃ was found to be a = 3.8427 Å. The calculated band gap 

of undoped MgTiO₃ is 2.93 eV, confirming its wide-band-gap 

semiconducting nature with predominant ultraviolet absorption. 

Upon Zr and Te co-doping, the band gap significantly decreases 

to 1.15 eV for Mg₈Ti₇Zr₁O₂₃Te₁ and further to 0.64 eV for 

Mg₈Ti₇Zr₁O₂₂Te₂ due to dopant-induced electronic states near the 

Fermi level. Electronic structure analysis reveals strong 

hybridization between Te-p, O-p, Ti-d, and Zr-d orbitals, leading 

to band gap narrowing and a transition toward a direct band gap 

character. Optical calculations based on the complex dielectric 

function show a pronounced red shift of the absorption edge 

from the ultraviolet to the visible region, accompanied by an 

increase in the static dielectric constant and optical conductivity 

at low photon energies. These results demonstrate that Zr/Te co-

doping effectively tunes the electronic structure and enhances 

visible-light absorption in MgTiO₃, highlighting its potential for 

optoelectronic and energy-related applications. 

 

1. Introduction: 

The development of advanced functional materials is a key driver for emerging 

technologies in electronics, optoelectronics, and energy conversion. Among these 

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons 

Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/).
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materials, oxide perovskites have attracted considerable attention due to their structural 

flexibility, thermal stability, and tunable electronic properties [1, 2, 3], rendering them 

viable choices for applications like capacitors, resonators, and PV devices. 

On the other hand, the oxide perovskites have relatively low absorption in the visible 

region. Recently, elemental doping/codoping has emerged as an alternative to enhance the 

performance of these compounds. MgTiO3 is of interest due to the high stability of the 

structure as well as the favorable electronic properties of the compound. Codoping of 

MgTiO3 with Zr on the Ti site and Te on the oxygen site can simultaneously optimize the 

cationic as well as the anionic lattices of the compound. Substitution of Ti
4+

 ions by Zr4+ 

ions can create lattice distortions as well as affect the conduction band of the compound, 

while the presence of Te can add more states to the p-band of the compound. These 

effects can reduce the bandgap of the compound, thus enhancing the visible region 

absorption as well as the separation of the charge carriers, which is necessary for 

photovoltaic as well as PC applications [4, 5]. 

MgTiO3, an ilmenite-structured perovskite with high dielectric constant, low dielectric 

loss, and superior thermal stability, shows an intrinsic band gap of 3.4–3.7 eV, restricting 

the absorption of light within the range of the electromagnetic spectrum. The electronic 

and optical properties of MgTiO3 have to be engineered through doping to precisely 

calculate the structural parameters in the state of equilibrium. 

Magnesium titanate (MgTiO3), an ilmenite-type perovskite demonstrates a high dielectric 

constant, minimal dielectric loss, and superior thermal stability. Its intrinsic band gap 

(approximately 3.4–3.7 eV) limits visible-light absorption, motivating efforts to tailor its 

electronic and optical properties through doping. 

 Other studies on codoping with Se and Zr [6] reported that this converts MgTiO3 from an 

indirect band gap of 2.93 eV to a direct band gap of 2.159 to 1.726 eV. This improves 

optical conductivity and visible-light absorption and gives a good match between the 

band edges and the redox potential of water, leading to greater H2 and O2 evolution. 

MgTiO3 with Se/Zr doping may therefore be a good choice for uses to create hydrogen 

with solar energy or for optoelectronic tools. When appropriately modified, MgTiO3 is a 

promising candidate for PV and light- emitting devices, as well as plasma displays, flat-

panel displays, solid-state lighting, and optical applications [7]. Furthermore, its elevated 

dielectric constant and minimal dielectric loss render MgTiO3 appropriate for dielectric 

resonators in integrated circuits and wireless communication systems, and global 

positioning systems [8, 9]. In addition, the low dielectric loss and high thermal stability 

render MgTiO3 an attractive material for ceramic capacitors and resonators operating at 

high frequencies. 

Recent advances in the design of doped titanate perovskites have demonstrated that co-

doping is an effective strategy to tailor their optoelectronic and photocatalytic properties. 

In particular, the work of Bouzaid et al. [10] on Zr/Te co-doped ATiO₃ (A = Ca, Sr) 

revealed a significant band gap reduction and improved visible-light absorption, making 

these materials promising for solar-driven hydrogen production and optoelectronic 

applications. Similarly, Bouzaid et al. [6] reported that Se/Zr co-doping in ATiO₃ 

perovskites induces impurity states near the band edges, enhancing optical absorption and 

charge carrier separation. These studies highlight the key role of transition metal and 
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chalcogen co-doping in modulating the electronic structure through orbital hybridization 

effects. In this context, the present work extends these investigations to MgTiO₃ by 

exploring Zr/Te co-doping, aiming to further understand and optimize the relationship 

between dopant-induced electronic states and optoelectronic performance. 

In the first part of this paper, the optoelectronic properties of undoped MgTiO3 and Zr/Te 

co-doped Mg8Ti7Zr1O23Te1 and Mg8Ti7Zr1O22Te2 compounds are investigated using DFT 

based on the GGA-mBJ potential. The optimized crystal structure yields a lattice constant 

of a = 3.8427    The calculated band gaps for MgTiO3, Mg8Ti7Zr1O23Te1, and 

Mg8Ti7Zr1O22Te2 are 2.93 eV, 1.15 eV, and 0.64 eV, respectively, indicating the 

effectiveness of Zr and Te codoping in tuning the electronic properties of MgTiO3. 

The present work seeks to provide insights into the structural and optoelectronic 

properties of MgTiO3. The role of codoping Zr and Te dopants in improving the 

optoelectronic properties of MgTiO3 is discussed in detail, and a plausible way to design 

materials for advanced electronics and photonics is provided. 

2. Computational method:

DFT inside the FP-LAPW approach, as implemented in the WIEN2k code, was used to 

examine the structural and optoelectronic characteristics of both undoped MgTiO3 and 

Zr/Te co-doped MgTiO3. For the cubic perovskite structure, the primitive unit cell 

belongs to the space group Pm-3m (No. 221). A 2 × 2 × 2 supercell containing 40 atoms 

(Mg8Ti8O24) was constructed to model doping concentrations.  Co-doping was carried out 

using Zr and S replacements in two configurations: (i) 12.5% Zr and 4.16% Te and (ii) 

12.5% Zr and 8.33% Te, with Zr replacing Ti and Te replacing O. In addition, utilizing 

the GGA, the atomic locations and unit-cell geometry were optimized. The optoelectronic 

properties were calculated using the TB-mBJ exchange–correlation potential. To 

overcome the well-known band-gap underestimation of standard GGA. The wave 

functions were expanded in the interstitial region using a plane-wave cutoff defined by 

RMT × Kmax = 7. The RMT was optimized to avoid any overlap between muffin-tin 

spheres. For Mg, Ti, Zr, O, and Te elements, the chosen muffin-tin radii were 2.42, 1.80, 

1.92, 1.71, and 1.85 a.u., respectively. 

The Brillouin zone was sampled using the Monkhorst–Pack scheme along the high-

symmetry path. For the primitive unit cell, a 10 × 10 × 10 k-point mesh was employed. 

For the 2 × 2 × 2 supercell, a mesh containing 1000 k points was used for geometry 

optimization, while the same dense k-point sampling was adopted to calculate high-

resolution electronic and optical properties. SCF cycles were considered converged when 

the total energy and total charge density reached thresholds of 10
−5 

Ry and 10
−4 

e, 

respectively. Furthermore, VESTA was utilized to visualize the crystal structure of the 

materials [11]. 
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a) b) 

Figure 1: Crystal structure of MgTiO3 includes (a) the unit cell and (b) the 2 × 2 × 2 supercell used for 

co-doping. 

3. Results and discussion:

3.1 Structural properties: 

Magnesium titanate (MgTiO3) belongs to the perovskite-type family, characterized by a 

cubic crystal structure within the Pm-3m space group (no. 221). In the ideal unit cell, the 

Mg atoms occupy the corners at coordinates (0, 0, 0), the Ti atoms are positioned at the 

center (1/2, 1/2, 1/2), and the O atoms are located at the face-centered positions (1/2, 1/2, 

0). To investigate co-doping effects, a 2*2*2 supercell was constructed where one Ti
4+

 

cation is replaced by Zr
4+

 and two O
2− 

anions are substituted by Te
2−

 atoms, as illustrated 
in Figure 1. Despite local lattice distortions caused by the larger ionic radii of the dopants, 

the structural integrity of the perovskite framework remains intact, enabling the 

optimization of the material for optoelectronic applications.To properly identify the 

equilibrium structural characteristics, total energy was calculated as a function of unit cell 

volume. The total energy–volume data were fitted using the Birch–Murnaghan equation 

of state [12], expressed as Equation (1). 
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Here, E(V) is the total energy of the system corresponding to a specific volume V, 

whereas E0 is the minimum energy corresponding to the equilibrium volume V0. In 

addition, B0 is the bulk modulus of the system and has a pressure derivative denoted by 

B'. The above equation helps us understand the stability of the system, and hence, the 

robustness of the system is assessed. Figure 2 shows the correlation between the total 

energy of MgTiO3 and its volume. The minimum of the curve identifies the equilibrium 

lattice constant a = 3.8427 Å, which is in good agreement with available theoretical 

studies. Additionally, the calculated formation energy (Ef = -3.05 eV/atom) confirms the 

thermodynamic stability of MgTiO3, consistent with previous literature [13]. 

3.2 Electronic properties 

Band structures of pristine and (Zr, Te) co-doped MgTiO3 in their electronic 

configuration were calculated using TB-mBJ exchange-correlation functions. The energy 

dispersion was also examined along high-symmetry directions in the first Brillouin zone 

of the material's unit cell, while setting EF = 0 eV as shown in Figure 3. 

Table 1 summarizes the calculated Eg of all materials. The codoped material exhibited a 

reduced Eg compared to the undoped MgTiO3 (Table 1). This is because the inclusion of 

the electronic states of the dopant in the compound's energy structure occurs due to the 

fact that the compounds used for doping in the present study were present in the 

interstitial position and thus alter the density of the states present in the compound's 

structure. The optoelectronic properties of the compound. For the pristine compound 

MgTiO3, the compound has an indirect energy gap structure, and the VBM for the 

compound occur at the L-point, while the for the compound occur at the Γ-point in the 

Brillouin zone. Calculated band gap energy for the compound using the TB-mBJ 

functional has the value 2.93 eV and agrees well with the earlier findings for the 

compound having the titanate perovskite structure [6]. This relatively wide band gap 

indicates that undoped MgTiO3 predominantly absorbs ultraviolet radiation. 

Upon simultaneous substitution of Ti by Zr and O by Te, a pronounced reduction in the 

band gap energy is obtained. As summarized in Table 1, the band gap decreases to 1.15 

eV for Mg8Ti7Zr1O23Te1 and further narrows to 0.64 eV for Mg8Ti7Zr1O22Te2. This band 

gap narrowing originates from the appearance of dopant induced electronic states within 

the forbidden gap. In particular, the Te-5p orbitals introduce states near the top of the VB, 

while the Zr-4d states strongly hybridize with the Ti-3d orbitals at the bottom of the CB. 

Figure 2: Fluctuation of the total energy of MgTiO3 in relation to unit cell volume. 
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Moreover, the co-doped systems exhibit a transition from an indirect to a direct band gap, 

with the VBM and CBM located at the Γ point. This transition can be attributed to 

dopant-induced modifications in the local crystal field environment and enhanced orbital 

hybridization, which alter the electronic symmetry of the host lattice. The emergence of a 

direct band gap is highly desirable for optoelectronic applications, as it facilitates efficient 

optical transitions and improves charge carrier generation. 

Thus, the present modification and narrowing of the band gap through the co-doping of Zr 

and Te highlight a successful method of tuning the electronic structure and band gap of 

MgTiO₃. This control over the band structure is vital for the charge carrier dynamics and 

light absorption processes, making it a potential candidate for optoelectronic applications 

and optical sensors. Such results confirm that the chemical and structural changes brought 

about by co-doping can considerably modify the electronic structure and optical 

properties of the material and provide excellent potential for advanced technological 

applications. 

The TDOS and PDOS depicted in Figure 4 provide further insight into the evolution of 

electronic structure. The computed TDOS and PDOS for Zr- and Te-co-doped MgTiO₃ 

show the contribution of the atomic orbitals of the different elements to the electronic 

states and the energy level of the electronic transitions that occur from the VB to the CB 

of the material. The following results show that co-doping affects the electronic structure. 

Figures 4 show the and TDOS, respectively, of the pure and Zr/Te co-doped MgTiO₃. The 

TDOS is shown from -6 eV to 6 eV. In the case of MgTiO₃ being undoped, the VB 

mainly consists of O-p, while the CB consists of Ti-d. O-p and Ti-d orbitals hybridize to a 

high level toward suggesting that oxygen and titanium couple electronically in a strong 

way. Zr and Te co-doping additionally contributes to electronic coupling through extra 

orbitals and hybridizations, which causes changes to the electronic structure important for 

tuning functional properties. 

Co-doping with Te and Zr considerably changes the electronic structure of MgTiO₃. The 

bottom of the valence band of (Te, Zr) co-doped MgTiO₃ lies in the range −5.5 to −4.5 eV 

and is dominated by the Te-p contribution. However, the VBM of (Te, Zr) co-doped 

MgTiO₃ is dominated by the O-p contribution with minor contributions from Mg, Ti, Zr, 

and Te s orbitals. A large hybridization of Te-p states with O-p states is displayed, which 

improves the mobility of carrier electrons and improves optical absorption. The CB is 

dominated by Ti-d orbitals, showing that the role of Ti in the electronic transitions in 

MgTiO₃ is important. The co-doping shifts the Fermi level towards the VBM and induces 

p-type SC characteristics due to the charge compensation effects of Zr and Te

substitution. The Te-p states are situated at the VBM, and the Zr-d states are near the

CBM, and this makes the band gap smaller as the VBM is elevated and the CBM is

pushed down. The band gap narrowing was confirmed by the TDOS and PDOS, which

shows that the defects generated by the presence of dopants narrowed the energy band

gap between the VB and CB edges. These changes in the electronic structure indicate the

suitability of (Te, Zr)-co-doped MgTiO₃ for optoelectronic applications.

Table 1. Calculated Eg of pristine and Zr/Te co-doped MgTiO3 obtained using the TB-mBJ 

functional. 

Materials Eg (eV) 

MgTiO3 2.93 

Mg8Ti7Zr1O23Te1 1.15 

Mg8Ti7Zr1O22Te2 0.64 
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a) b) 

c) 
Figure 3: Electronic band structures of (a) pristine MgTiO3, (b) (Zr, Te) co-doped MgTiO3 with one 

Te atom, and (c) (Zr, Te) co-doped MgTiO3 with two Te elements. 
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a) b) 

c) 
Figure 4: TDOS and PDOS of (a) pristine MgTiO3, (b) (Zr, Te) co-doped MgTiO3 with one Te atom, and (c) (Zr, Te) co-

doped MgTiO3 with two Te elements. 

3.3. Optical properties:

The optical properties of pristine and (Zr, Te) co-doped MgTiO3 were systematically 

investigated by analyzing the frequency-dependent complex DF ε(ω) = ε1(ω) + iε2(ω), the 

optical absorption coefficient α(ω), and the optical conductivity σ(ω). These quantities are 

crucial for understanding the interaction of electromagnetic radiation with matter and for 

assessing the potential of materials in optoelectronic applications. 

The ε1(ω) of the DF is presented in Figure 5(a). ε1(ω) has a moderate value of the static 

dielectric constant ε1(0) in the case of pristine MgTiO3 materials, which is a typical 

feature of wide band gap semiconductor oxides. When the materials are co-doped with 

(Zr, Te), a remarkable increase in the value of ε1(0) is found, especially in the direction 
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along the crystal axis zz. The ε2(ω) of the DF for the given compound is presented in 

Figure 5(b) and represents the inter-band optical transitions. It should be noted that for the 

pristine compound of MgTiO3, the onset of absorption is located in the ultraviolet region 

with an energy higher than 3.5 eV, as expected for such compounds with large band gaps. 

On the contrary, for the co-doped compounds with Zr and Te, the red shift of the onset of 

absorption to the range of visible light with an energy between 1.5 and 2.0 eV is observed 

due to optical transitions involving Te-p states near the VB and the Zr-d/Ti-d states near 

the CB. The α(ω), as indicated in Figure 5(c), again verifies the aforementioned 

phenomenon. While pristine MgTiO3 absorbs UV light and is nearly transparent in the 

visible spectrum, co-doping increases visible light absorption. 

Figure 5(d) presents the σ(ω). For pristine MgTiO3, σ(ω) remains nearly zero below 3 eV, 

indicating weak photon-induced charge transport. In contrast, the co-doped systems 

exhibit finite σ(ω) at lower photon energies, reflecting enhanced photogenerated charge 

carrier activity. The appearance of prominent conductivity peaks at reduced energies 

suggests that dopant-induced electronic states facilitate more efficient optical transitions. 

Overall, the (Zr, Te) co-doping strategy significantly modifies the optical response of 

MgTiO3, transforming it from a UV-active wide-bandgap into a visible-light-sensitive. 

The enhanced dielectric response, extended absorption range, and increased σ(ω) 

highlight (Zr, Te)-co-doped MgTiO3 as a promising candidate for advanced technological 

applications. 

a) b) 

c) d) 
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Figure 5: Optical properties of pristine and (Zr, Te) co-doped MgTiO3: (a) real and (b) imaginary parts of the DF, (c) 

optical absorption coefficient, and (d) optical conductivity as a function of photon energy. 

4. Conclusion:

A first-principles study using DFT investigated the optoelectronic properties of pristine 

and (Zr, Te) co-doped MgTiO3. Electronic structure analysis reveals that pure MgTiO3 is 

a wide band gap material with limited visible light utilization. However, Zr/Te co-doping 

introduces impurity states near the VBM and CBM, narrowing the band gap and shifting 

optical activity from the ultraviolet to the visible range. Improved static dielectric 

constant, absorption edge, visible light absorption, and low-photon-energy optical 

conductivity in the co-doped material support these findings. These improvements arise 

from the hybridization of Te-p and Zr-d states with the host lattice, facilitating interband 

transitions and charge carrier excitation. In addition, (Zr, Te) co-doping effectively tunes 

the electronic and optical properties of MgTiO3, enhancing its optical response and 

electronic transport, making it a promising candidate for advanced technological and 

optoelectronic applications. This theoretical work provides valuable guidance for 

experimental synthesis and devices. Although the present study is based on first-

principles calculations, the predicted trends can be experimentally validated using well-

established characterization techniques. Structural properties may be examined using X-

ray diffraction (XRD), while the band gap and optical absorption can be measured using 

UV–Vis spectroscopy. In addition, photoluminescence spectroscopy can provide insights 

into recombination mechanisms and electronic transitions. Importantly, previous 

experimental studies on doped titanate perovskites have reported band gap narrowing and 

enhanced visible-light absorption upon doping, which are consistent with our theoretical 

predictions. Therefore, the present results provide reliable guidance for future 

experimental synthesis and characterization of Zr/Te co-doped MgTiO₃ for optoelectronic 

and energy-related applications. 
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Abstract. Solar cells based on tandem structures enable improved 

utilization of the solar spectrum and higher power conversion efficiencies. 

In this context, Methylammonium lead halide perovskites remain strong 

candidates for forming stacked configurations on silicon substrates. These 

perovskites, hereafter referred to as MALH, have the chemical formula 

CH3NH3PbX3, where X denotes a halide ion such as Bromine, Iodine or 

Chlorine. They are highly effective at converting sunlight into electrical 

energy due to their strong light absorption properties. In this work, a 

systematic comparative study of the three halide compositions (X = I, Br 

and Cl) in orthorhombic phase is carried out, in order to clarify the effect 

of halide substitution on the electronic structure and optical properties of 

these materials. Their structural, electronic and optical properties are 

theoretically investigated using first principles density functional theory 

(DFT) calculations. Analysis of the calculated density of states (DOS) and 

band structure confirms the direct band-gap nature of the perovskites, 

tunable around 1.64 eV for X=I, 2.43 eV for X=Br, and 2.50 eV for X=Cl. 

These results align well with previously reported experimental and 

theoretical finding, confirming the potential of these materials for future 

generation photovoltaics. 
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1. Introduction 

One of the most pressing challenges of modern times is the search for suitable materials for 

efficient energy production and storage. Among renewable energy sources, solar energy 

represents a crucial resource due to its global availability and minimal environmental 

impact. For several decades, silicon based photovoltaic technologies have dominated the 

solar energy market, currently accounting for nearly 95% of global photovoltaic 

deployment. This dominance is largely attributed to their high module efficiency, the 

abundance of nontoxic raw materials, and their long term operational reliability. However, 

the maximum theoretical efficiency limit of a single junction silicon photovoltaic cell is 

approximately 25% [1]. In practice, this value is lower due to inevitable energy losses that 

occur during the fabrication and operation of photovoltaic cells. These limitations primarily 

arise from the intrinsic material properties of silicon. In particular, its band gap        2eV) 

allows only photons with energies above a certain threshold to be converted into electrical 

energy, while photons with excess energy cannot be fully utilized by the solar cell. To 

overcome these limitations and enhance device performance, significant research efforts in 

recent years have focused on the development of advanced photovoltaic architectures, 

yielding promising results. Among these approaches, tandem solar cells composed of two 

or more stacked photovoltaic layers have emerged as one of the most effective strategies for 

improving the overall efficiency of photovoltaic modules by enabling more efficient 

utilization of the solar spectrum [2]. Due to their outstanding optoelectronic properties, lead 

halide perovskites have emerged as highly efficient absorber materials for photovoltaic 

devices. These semiconductors exhibit several remarkable characteristics, including high 

optical absorption coefficients, tunable band gaps, long charge carrier diffusion lengths, 

high carrier mobility, and impressive power conversion efficiencies (PCE). Owing to these 

advantageous properties, lead halide perovskites have attracted considerable attention for a 

wide range of photovoltaic and optoelectronic applications [3]. Hybrid perovskites 

generally follow the chemical formula ABX₃  In this structure, the A site is typically 

occupied by organic cations such as methylammonium (MA) or formamidinium (FA), 

while the B site contains divalent metal cations, including Pb, Sn, or Ge. The X site is 

occupied by halide anions such as I⁻, Br⁻, or Cl⁻  In the perovskite lattice, the B and X ions 

form a network of corner sharing BX₆ octahedra, where the B cation is located at the center 

of the octahedron and the X anions occupy the vertices. The A cation resides within the 

cavities formed by the three dimensional octahedral framework [4]. Perovskite solar cells 

have shown excellent light absorption, charge-carrier mobilities, and lifetimes, possess low 

cost, ease of fabrication, such as a power conversion efficiency of 3.8% since their first 

demonstration, performance has rapidly improved, reaching a certified efficiency of 22.1% 

within just a few years. However, what distinguishes CH₃NH₃PbX₃  X = I, Br, Cl) from 

many other materials and makes it an attractive alternative to silicon is its low cost, solution 

based synthesis and relatively simple processing methods. Since its introduction as a 

photovoltaic absorber, extensive research efforts have been devoted to device fabrication, 

efficiency optimization, and the development of scalable architectures suitable for industrial 

applications. These characteristics make metal halide perovskites particularly promising 

candidates for use in double junction tandem solar cells. In this work, we present a 

systematic ab initio calculations of electronic structure and optical properties of 

orthorhombic CH₃NH₃PbX₃  X = I, Br, Cl) phases  Although several theoretical studies 

have explored the cubic or tetragonal phases of these hybrid halide perovskites, 

comprehensive and consistent investigations of all three halide compositions within the 

same orthorhombic phase remain limited, particularly for the chloride compound [5]. This 

study addresses this limitation by providing a complete comparative analysis of the 

structural, electronic, and optical properties of the three compositions within a unified 
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orthorhombic phase. The novelty of this work lies in three main aspects. First, a systematic 

investigation of the three halide substitutions (I, Br, and Cl) in the orthorhombic phase is 

carried out, providing a clear understanding of the correlation between halide composition, 

electronic structure, and optical response. Second, an in-depth analysis of the relationship 

between Pb–X orbital hybridization at the band edges and the resulting optical properties is 

presented, including the anisotropic optical response characteristic of the orthorhombic 

crystal structure. Third, the tunability of the band gap across the visible spectrum is 

demonstrated, with calculated values of 1.64 eV (I), 2.43 eV (Br), and 2.50 eV (Cl), 

highlighting the potential of these materials for integration into tandem solar cells and other 

optoelectronic devices. Furthermore, our results show good agreement with available 

experimental and theoretical studies, validating the reliability of our computational 

approach [6,7]. By elucidating the role of halide substitution and structural anisotropy, this 

work provides new insights into the design of lead halide perovskites for high-efficiency 

photovoltaic technologies. 

2.  Computational methods 

In all ab initio methods used to describe an N-electron system, the primary goal is to 

approximate the exact wave function, which contains all the accessible information about 

the system. However, such calculations can be extremely demanding in terms of 

computational time and memory, particularly for larger systems. Therefore, it is reasonable 

to develop alternative approaches to this problem, even if this means some level of detail 

must be sacrificed. In this work, we investigate the structural and electronic properties of 

CH3NH3PbX3 compounds (X = Br, I, and Cl) using the Density Functional Theory (DFT) 

method. To describe the exchange-correlation effects, the Perdew-Burke-Ernzerhof (PBE) 

generalized gradient approximation (GGA) was utilized. The Projector Augmented Wave 

(PAW) method was employed to treat the interactions between ions and valence electrons.  

In order to obtain more reliable electronic properties, the HSE hybrid functional was also 

used for accurate the electronic band structure calculations. The Calculations were 

performed utilizing the QUANTUM ESPRESSO package [8]. A plane wave kinetic energy 

cutoff of 600 eV was employed, and Brillouin zone integration was performed using an 

unshifted 12 × 12 × 12 k-point grid, based on the Monkhorst Pack scheme. Self-consistent 

field (SCF) calculations were converged to a total energy threshold of 10
-8

 Ry. Electronic 

band structures were determined along the high symmetry path Г-X-S-Y-Г-Z-U-R-Z. 

Lattice parameters, bond lengths, density of states (DOS), and optical absorption spectra 

were computed within the same framework. Graphical representation of all the results were 

generated using the XMGRACE package. 

 

3. Results and discussion 

3.1 Structural properties 

The crystallographic structures of different hybrid perovskite are among the most studied 

fundamental aspects so far, especially since they are subject to radical changes as a function 

of temperature. Studies exploiting the temperature dependent variations in the behavior of 

CH3NH3PbX3 (X= I, Br, Cl) have led to a classification of the crystal structures of this 

perovskite according to the temperature region. At high temperature, the CH3NH3PbX3 

perovskites (X=Cl :T>179K, X=Br :T>236K, X=I:T>330K) crystallize in a cubic phase 

with symmetry group (Pm3m) [9]. Upon cooling, these materials undergo a phase transition 
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from the cubic to a tetragonal structure, typically described by the space group I4/mcm. 

This structural transition is primarily driven by the tilting of the PbX₆ octahedra within the 

perovskite lattice, rather than by ferroelectric displacement of the Pb²⁺ cation  The 

tetragonal phase is characterized by a unit cell that is larger than that of the cubic phase due 

to these octahedral distortions [10]. Upon further decreasing the temperature, a second 

phase transition from the tetragonal to orthorhombic symmetry occurs (X=Cl: T<173K, 

X=Br: T<149K, X=I: T<161K), leading to a reduction in the orientational disorder of the 

CH3NH3 cations. In this investigation, CH3NH3PbX3 compounds are considered in their 

orthorhombic perovskite structure. At low temperatures, they crystallize in the 𝑃𝑛𝑚𝑎 space 

group. This orthorhombic phase, wish ensures structural stability, is characterized by 48 

atoms in unit cell. 

Figure 1 depicts the atomic unit cell of the low temperature orthorhombic phase. Each 

structure incorporates four CH₃NH₃⁺  Each Pb atom is octahedrally coordinated by six 

halide anions  Br⁻, I⁻, or Cl⁻)  The dipolar organic methylammonium cations  CH₃NH₃⁺) are 

accommodated within the cavities formed by the PbX₆  X = I, Br, Cl) octahedral 

framework. The bond lengths between the constituent atoms are provided in Table1, The 

CH₃NH₃PbX₃ compounds form orthorhombic perovskite structures with Pnma symmetry 

with the received crystal constants listed in Table 2. 
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Fig. 1. The Side and top views showing the chemical bonds within the CH₃NH₃ molecule and the 

PbI₆, PbBr₆, and PbCl₆ octahedral groups associated with CH₃NH₃PbI₃, CH₃NH₃PbBr₃, and 

CH₃NH₃PbCl₃, respectively 

 

Table 1. Bond lengths between the constituent atoms of CH₃NH₃PbI₃, CH₃NH₃PbBr₃, and 

CH₃NH₃PbCl₃ 

CH₃NH₃PbX₃ dPb-X (Å) dC-N (Å) dC-H (Å) dN-H (Å) 

CH₃NH₃PbI₃ 3.17 - 3.19(Pb-I) [1.50 - 1.61] [1.01 - 1.12] [1.70 -1.18] 

CH₃NH₃PbBr₃ 3.31 - 3.31(Pb-Br) [1.50 - 1.61] [1.01 - 1.12] [1.70 -1.18] 

CH₃NH₃PbCl₃ 2.38 - 2.68(Pb-Cl) [1.50 - 1.61] [1.01 - 1.12] [1.70 - 1.18] 

CH3NH3PbCl3 

Side view Top view 

CH3NH3Pbl3 

CH3NH3PbBr3 

CH3NH3 

PbX6 ( X= I, Br and Cl ) 

C   H  N     Pb     Br   Cl     I 
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3.2 Electronic properties 

In 2004, Y. H. Chang and C. H. Park investigated the electronic properties of the hybrid 

inorganic–organic lead halide perovskites CH₃NH₃PbX₃  X = I, Br, and Cl) using first-

principles pseudopotential calculations. Their study revealed that the electronic states 

associated with the organic molecule are located deep within the valence and conduction 

bands, whereas the band-edge states primarily originate from the Pb–X bonding 

interactions. Based on these findings, the authors concluded that the organic cation has a 

negligible influence on the optoelectronic properties of the material. On the other hand, in 

2008, I. Borriello, G. Cantele, and D. Ninno demonstrated that the electronic properties of 

hybrid perovskites, particularly the band gap, can be tuned through an appropriate choice of 

the organic cation, especially its size. In their study, based on ab initio calculations, the 

electronic structures of the orthorhombic phases of CH₃NH₃PbX₃ were investigated using 

the PBE exchange correlation functional. By analyzing the band structure and density of 

states, the authors highlighted the influence of structural parameters on the electronic 

properties of these materials. The calculated band structures of CH₃NH₃PbX₃  X = I, Br, 

and Cl) are presented in Figure 2 In the band structure plots, the highest occupied and 

lowest unoccupied bands are highlighted in red and blue, respectively, for each compound. 

All investigated structures exhibit a direct band gap located at the Γ-point of the Brillouin 

zone. The calculated band gap energies are   64 eV, 2 43 eV, and 2 50 eV for CH₃NH₃PbI₃, 

CH₃NH₃PbBr₃, and CH₃NH₃PbCl₃, respectively. 

 

 
Fig. 2. Band structures of CH₃NH₃PbI₃, CH₃NH₃PbBr₃, CH₃NH₃PbCl₃ calculated using density 

functional theory along high symmetry points of Bz. The band gap is highlighted for three structure, 

with the maximum occupied and minimum unoccupied bands shown in red and blue, respectively. 
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The band gap energies calculated for the CH3NH3PbCX3 (X=I, Br, Cl) are further supported 

by the analysis of the partial density of state (PDOS). The valence band maximum is 

significantly influenced by the p orbital of I, Br and Cl for CH3NH3PbI3, CH3NH3PbBr3, 

CH3NH3PbCl3 respectively with a minor contribution from the Pb and CH3NH3, conversely, 

the conduction band minimum is primarily due to the Pb and CH3NH3 as illustrated in 

Figure 3. 

 

Fig. 3. The computed densities of states of CH₃NH₃PbI₃, CH₃NH₃PbBr₃ and  CH₃NH₃PbCl₃ structures 

 

Table 2. Lattice constant (Å), Et, Ef  and Eg  calculated using (PBE and HSE) of CH3NH3PbX3 (X=I, 

Br, Cl) 

The effective mass is a fundamental parameter for describing the electronic properties of 

photovoltaic materials, as it directly influences charge-carrier mobility and electronic 

transport [12]. A comprehensive understanding of these transport properties in the studied 

heterostructures and their impact on photovoltaic efficiency is therefore essential. In this 

context, the analysis of the average effective masses of electrons and holes becomes 

particularly important. It’s well known that a lower effective masse generally leads to 

higher carrier mobility and conversely, a higher effective mass results in reduced mobility, 

which in turn can increase the solar cells efficiency by enhancing charge transport and 

minimizing recombination losses. The effective mass can differ based on the particular 

Compounds a (Å)   b (Å)  c (Å) EgPBE 

(eV) 

EgHSE(eV) Et (Ry) Ef(eV) 

CH3NH3PbBr3 8.06   8.77 12.08 2.43 2.75 -9108.93 2.40 

CH3NH3PbI3 8.55   9.25 12.96 1.64 2.13 -8245.22 4.20 

CH3NH3PbCl3 8.21   8.21 12.34 2.50 3.52 [11] -4650.98 2.71 
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perovskite halide material and its specific composition  This is influenced by the material’s 

band structure, the changes in the valence band and conduction band edges at the band 

edge, which is determined by the types of halides and other elements in the perovskite. The 

effective mass of electrons and holes were determined by fitting the parabolic functions to 

the conduction band minimum and valence band maximum, respectively, along the x, y and 

z directions, using the following approach: 

 

                                                        
 

𝑚   
  

 

  

       

      
                                                            (1) 

 

 

Table 3 summarizes the effective masses of holes (h) and electrons (e) along the x, y and z 

axes, as well as the calculated average effective mass 𝑚     
   𝑚  

 𝑚  
 𝑚  

      for 

CH3NH3PbX3, X (I, Br and Cl). Clearly, we can see the anisotropies in effective charge 

masses along three principal directions and It’s observed that the effective mass of 

conduction electrons is relatively small, whereas the holes exhibit a significantly larger 

effective mass. This suggests that the mobility of electrons is more easily and higher than 

holes in the material. This disparity influences the carrier transport properties, affecting 

how efficiently charges are extracted and generate an electric current when an electric field 

is applied. The Variations in the effective masses affect recombination rates. when electron 

effective mass is lower, electrons are less likely to recombine with holes, which enhances 

charge separation and increases the likelihood of charge collection at the contacts, thereby 

improving the production of electrical energy. 

 

Table 3. Effective mass of electrons and holes for CH3NH3PbX3 (X = I, Br, Cl) 

 

  CH3NH3PbBr3 CH3NH3PbI3 CH3NH3PbCl3 
me* 𝑚   

  0.18 0.14 0.10 

𝑚   
  0.16 0.13 0.10 

𝑚   
  0.17 0.13         0.25 

𝑚   
    0.17*   0.13*         0.14* 

mh* 

 

𝑚   
          -1.08 -0.29        -0.12 

𝑚   
          -0.84 -0.23        -0.13 

𝑚   
  0.95 0.26         0.13 

   𝑚   
    0.95*   0.26*         0.13* 

3.3 Optical properties 
 

 A comprehensive analysis of The optical behaviors of the material of perovskite 

compounds CH₃NH₃PbX₃  X =I, Br, Cl) is crucial for gaining insight into their fundamental 

characteristics and for evaluating their potential in various applications . Accordingly, an in 

depth analysis of their optical response has been conducted. The complex dielectric 

function, ε ω), Is represented by the following equation [13]: 

                                                ε ω)=                                                              (2) 
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ε ω) comprises two components : Imaginary part, which is associated with the absorption 

(loss or gain) of the material and can be theoretically obtained from the computation of 

momentum matrix elements between occupied and unoccupied electronic states, as 

presented below [13]: 

    
   

     
∑ ∫  ⟨  |  |  ⟩   {        }   

 

      (3) 

Real part ε₁ ω), arises from various displacement polarization mechanisms within the 

material and represents the energy storage component. It is obtained from ε₂ ω), through the 

Kramers-Kronig relations [13]: 

      
 

 
∫

  ( 
 )

       
  

 
    (4) 

Additional optical constants may be determined from the dielectric function. Such as the 

absorption coefficient α ω) and the energy loss function ELF, L ω)  These parameters are 

subsequently obtained from. 

 

α ω)  and the L ω) were determined using the equations Presented below [14]: 

 α ω) =
√  

 
{[  

       
    ]

 

       }
 

  (5) 

      
  

  
    

  (6) 

 
ε1 ω) and ε₂ ω) parts of the dielectric function along different directions x,y and z for 

CH₃NH₃PbX₃ (X= I, Br and Cl) are presented in Figure 4 ((a), (c), (e)) and 4 ((b), (d), (f)) 

respectively. 

 
We considered the both parts of the dielectric functions real and imaginary to compare the 

presence/absence of isotropy effects under various directions, as illustrated in Figure 4. Our 

analysis indicates that the CH3NH3PbI3, CH3NH3PbBr3 and CH3NH3PbCl3 perovskite 

structures exhibit anisotropy along the xx, yy and zz directions. Figure 4(a) reveals a peak 

at about 2 eV for CH3NH3PbI3, in Figure 4(c) at 2.5 eV for CH3NH3PbBr3 and in Figure 

4(e) at 3 eV for CH3NH3PbCl3, suggesting notable electronic transitions occurring at the 

corresponding energies. These peaks, corresponding to interband transitions, demonstrate 

that electrons are excited from the valence band to the conduction band, in accordance with 

theoretical calculations. Regarding Figure 4  b, d, f), which indicates the imaginary part ε2 

 ω), exhibits a prominent peak in the [2 – 4 eV] region for three compounds. But, 

CH3NH3PbI3 shows a slightly higher absorption in the energy region between 5 eV and 10 

eV, the place is occupied by the CH3NH3PbBr3 then comes after CH3NH3PbCl3. This 

suggests that CH3NH3PbI3 may absorb more light in this region. enhancing its potential for 

photovoltaic applications. The observed peaks are likely the result of electronic transitions 

between the valence and the conduction bands. 
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Fig. 4. Both contributions to the dielectric function: real and imaginary along different directions x 

(black curve), y (red curve) and z (blue curve)  are shown in panels [(a), (b)], [(c), (d)] and [(e), (f)] 
for CH₃NH₃PbI₃,  CH₃NH₃PbBr₃ and CH₃NH₃PbCl₃. 

The absorption coefficient α ω), which characterizes the degree to which light is absorbed 

by these semiconductors, is presented in Figure 5. This parameter is critical for solar cell 

applications, as high absorption in the ultraviolet region over all the system studied. In 

addition, the visible range also has significant absorption value as illustrated in Figure 5 

where the highest value reached approximately 6.53*10
5
cm

-1
, 7.56*10

5
cm

-1
 and 

9.39*10
5
cm

-1
 at an energy of 3.40 eV, 3.40 eV and 3.36 eV for CH3NH3PbI3, 

CH3NH3PbBr3 and CH3NH3PbCl3 respectively. That allows these chlorine, bromine 

containing or iodine perovskite halides to efficiently capture sunlight for energy 

conversion. As evident in Figure 5, when the photon energy is falls below than the onset 

frequency, the absorption coefficient α ω) diminishes to negligible levels, as electronic 

excitation does not occur  However, beyond the threshold frequency, α ω) exhibits 

significant variations, reflecting an enhanced sensitivity to electronic excitation processes. 

Concerning α ω), Specifically, CH₃NH₃PbI₃ demonstrates light absorption within the 

visible spectrum, initiating at approximately (~1.7 eV). The absorption spectrum within this 

visible range plays a significant role in contributing to the outstanding performance of 

CH₃NH₃PbI₃ in photovoltaic applications (tandem solar cell). The capability to absorbing 

light in the visible spectrum is particularly ideal for improving solar cells functionality, as it 

enables efficient conversion of sunlight into electrical energy, making it highly suitable for 

photovoltaic applications. In comparison, CH3NH3PbBr3, exhibits a blue-shifted absorption 

onset, associated with a wide band gap. A distinct absorption peak is appearing at 

approximately (~2.4 eV). Indicating a blue-shifted absorption spectrum. This shift suggests 

that CH3NH3PbBr3 processes a higher energy, and for the CH3NH3PbCl3 the peak is 
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appears at approximately (~2.5 eV). So the ideal band gap for a top cell to pair with a ~1.1 

eV silicon bottom cell is CH₃NH₃PbI₃ and then comes CH₃NH₃PbBr₃ and CH₃NH₃PbCl₃  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5. Absorption coefficient of CH3NH3PbI3, CH3NH3PbBr3 and CH3NH3PbCl3 as a function of 

energy, along xx (black curve), yy (red curve) and zz ( blue curve)  directions 

  

To gain a deeper insight into the optical characteristics of CH3NH3PbX3 compounds we 

also examine additional optical properties, such as the energy loss function (ELF) which is 

describing the intra-band, inter-band and it also describes the energy lost by an electron 

while moving fast through a material. Figure 6 shows that the energy loss function for 

CH3NH3PbX3 (X=I, Br, Cl) is zero for the energy of the photon raning from 0 to 1.64 eV 

for CH3NH3PbI3, from 0 to 2.43 eV for CH3NH3PbBr3 and from 0 to 2.50 eV for 

CH3NH3PbCl3. Each peak in the energy loss function (ELF) corresponds to a plasmon 

mode, arising from collective charge oscillations. These energies occur near the frequencies 

CH3NH3PbI3 CH3NH3PbBr3 

CH3NH3PbCl3 
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where the real part of the dielectric function vanishes and the imaginary par is minimal. As 

illustrated in Figure 6 the ELFs contribution is mainly located in the ultraviolet region with 

the maximum values reaching up to 3.11, 1.10 and 5.03 at 11.5eV, 4.5eV and 9eV 

CH3NH3PbI3, CH3NH3PbBr3 and CH3NH3PbCl3 respectively. We noticed also that our 

structures exhibit anisotropy along both the xx/zz and yy/zz axes. However, the anisotropy 

in the xx/yy directions is negligible, which causes direction dependent plasmon energies, 

peak intensities, and electron energy dissipation, which reflect the anisotropic electronic 

structure and influence the material’s optical and photovoltaic properties  

Fig. 6. Energy loss functions of CH3NH3PbI3, CH3NH3PbBr3 and CH3NH3PbCl3 as a function of 

energy, following the three directions xx (black curves), yy (red curves) and zz (blue curves). 

4. Conclusion 

In conclusion, the electronic structure and optical properties of methylammonium lead 

halide (MALH) perovskites are systematically investigated using density functional theory 

(DFT). All studied compounds exhibit a direct band gap located at Γ-point, confirming their 

suitability for optoelectronic applications. The optical response of these systems was 

analyzed over an energy range of 0 to 15 eV, revealing strong absorption coefficients 

throughout the visible spectrum. Beyond these established features, the present work 

provides a novel and consistent comparative investigation of the three halide compositions 

(X = I, Br and Cl) within the same orthorhombic phase, a configuration that has been only 

partially explored in previous studies. This unified approach enables a clearer 
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understanding of halide-dependent trends. Furthermore, by combining band structure, 

density of states, and optical analyses, this study establishes a direct correlation between 

Pb–X orbital hybridization at the band edges and the resulting optical behavior. The 

calculated band gaps demonstrate systematic tunability from 1.64 to 2.50 eV, highlighting 

the potential of these materials for optoelectronic devices and tandem photovoltaic 

applications. These findings confirm that MALH perovskites are promising candidates for 

high-efficiency solar cells. Future work will focus on integrating these materials into 

tandem solar cell architectures in order to optimize power conversion efficiency (PCE) and 

fill factor (FF), and to further explore their potential for advanced photovoltaic 

technologies. 
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Abstract. Numerical simulation of nonlinear properties in 

multiphase fluids within highly heterogeneous porous media 

remains a significant computational challenge. Traditional Implicit 

Pressure Explicit Saturation (IMPES) methods are typically 

hampered by strict stability constraints when dealing with high 

permeability contrasts, often resulting in inaccurate outcomes or 

prohibitive simulation times. To address these issues, a new 

adaptive IMPES strategy is developed, utilizing local 

heterogeneity to drive the stability level. The physical model, 

based on mass conservation and Darcy’s law, is implemented 

using the Cell-Centered Finite Volume Method (FVM) in a 

coupled framework. Numerical examples confirm that the 

proposed method reduces computational time by 40% while 

maintaining superior stability compared to existing techniques. 

The global mass balance error is strictly maintained below     , 

and the scheme effectively handles permeability variations up to 

    mD. This paper establishes a robust foundation for accurately 

modeling contaminant transport in complex geological formations, 

directly supporting sustainable groundwater management and 

environmental risk assessment. 

Keywords: Multiphase flow, Porous media, IMPES scheme, Adaptive numerical 

modeling, Environmental protection, Groundwater management, Pollutant 

transport. 

1   Introduction 

The protection of groundwater ecosystems represents a major environmental 

challenge, particularly in terms of managing water resources and mitigating 

contamination risks. Today, these vital resources face increasing threats from 

human activities, notably through the infiltration of Non-Aqueous Phase Liquids 

(NAPLs) like petroleum products and industrial solvents [1]. Once these immiscible 

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons 

Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/).
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fluids reach the subsurface, complex multiphase flow systems emerge, driven by the 

interplay of capillary, gravitational, and viscous forces [2]. Developing reliable risk 

estimates therefore depends on our ability to accurately track these flow processes 

[3]. 

Numerical simulation is now a standard technique for predicting how NAPL plumes 

migrate through porous media [4]. Generally, the mathematical framework relies on 

mass conservation principles integrated with Darcy’s law. However, solving the 

resulting equations remains difficult; their non-linear nature and extreme sensitivity 

to geological heterogeneities create significant numerical hurdles [5]. 

To solve these coupled systems, researchers typically choose between the IMPES 

scheme and the Fully Implicit Method (FIM). While the FIM offers better stability 

[6], its heavy computational demands often make it impractical for high-resolution 

simulations of large-scale aquifers. In contrast, the IMPES scheme is more efficient 

per time step but suffers from severe stability constraints [7]. Specifically, since 

saturation is solved explicitly, it must satisfy the stringent Courant-Friedrichs-Lewy 

(CFL) criterion [8], which becomes a major bottleneck in highly heterogeneous 

environments. 

In this work, we introduce an original adaptive IMPES method centered on local 

heterogeneity. By adjusting the stability parameter based on spatial variations in 

permeability rather than relying on global limits we maintain high accuracy while 

optimizing computational speed. We demonstrate the effectiveness of this approach 

through several numerical tests focused on pollutant transport in variable media [9]. 

From a sustainability standpoint, creating such efficient numerical tools is essential 

for protecting groundwater. Precise tracking of pollutant plumes allows for more 

effective environmental safety strategies. Furthermore, this framework supports the 

management of geothermal energy and carbon capture systems, where simulating 

fluid interactions in complex geology is mandatory for safety. Our study provides 

both a theoretical foundation and a high-performance numerical tool, ensuring 

enhanced stability and a significant reduction in CPU time. The final results show 

excellent precision, confirming the method's potential for real-world environmental 

applications. 

2   Mathematical Model 

The co-contaminant displacement of water (w) and a non-aqueous contaminant (n) 

in a porous medium is represented by mass balance equations and a general version 

of Darcy's law. Recently, emphasis has been placed on developing strong numerical 

models that are capable of dealing with very different permeability levels in 

aquifers so as to provide precise predictions. Besides, it is very important in this 

regard that physical consistency is maintained and that stability of multi-scale 

simulations is guaranteed [10, 11]. 
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2.1. Governing Equations  

The mass balance of each single phase  (     ) is described by the following 

nonlinear PDE [12]: 

 (     )

  
   (    )               (1) 

 

where   denotes the porosity of the medium,    denotes the saturation of the 

phase, and    is the density of the fluid. The Darcy velocity vector is   , while 

source and sink terms are represented by   . Phase velocities are derived using the 

multi-phase Darcy law extension, which explicitly includes the effects of pressure 

gradient and gravity to handle the complex flow dynamics in deep aquifers. 

    
    

  

(       ) ( ) 

 

where   is the absolute permeability tensor and     is the relative permeability, 

the dynamic viscosity and phase pressure are denoted by    and    respectively 

and     is the gravity vector. To accurately track the pollutant plume in the deep 

aquifer, the gravity effects must be included in the calculation of the flux. The 

problem is closed by the saturation constraint and the capillary pressure 

relationship. 

                   (3) 

 

  (  )          (4) 

 

2.2. Pressure-Saturation Formulation (IMPES) 

 
The IMPES scheme reaches computational efficiency by separating the equations of 

flow into an implicit part for pressure and an explicit part for saturation to handle 

the non-linear coupling between them effectively. This sequential formulation 

ensures a robust decoupling of the flow equations. The total mobility    is defined 

as: 

          ( )       
where          . Phase mobility is defined as the ratio of relative 

permeability to phase viscosity. When mass balance equations for both phases are 

added together, they result in the elliptic Pressure Equation, which requires robust 

numerical treatment due to its inherent nonlinearities. To address this, the resulting 

elliptic Pressure Equation is defined as [13]: 

   (     )    (     )    [(         ) ]      (6) 
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Once    is calculated, the entire velocity    can be found as follows: 

 

                (         )   ( )        
 

The wetting-phase saturation is subsequently updated in an explicit way: 

 
   

  
   (    )     (       )    (       )      ( ) 

 

 

where the fractional flow function is          and the density difference is 

        . 

 

2.3. Constitutive Relations  

The non-linear couplings are described using relative permeability models, which 

are commonly applied in environmental engineering simulations to represent fluid 

interactions: 

    (  )
  ( ) 

    (    )
  (  ) 

The effective saturation    is calculated based on the irreducible water saturation 

    and the residual non-wetting saturation    : 

   
      

         
 (  ) 

 

 

 2.4. Adaptive Time-Stepping Technique 

Since saturation is treated explicitly in Eq. (8), the stability of the numerical method 

is guaranteed by a heterogeneity driven adaptive time-stepping procedure. This is 

particularly important when dealing with highly non-stationary porous media in 

environmental simulations of complex aquifers. The time-step       is locally 

adjusted in the following way: 

           
 

(
    

∑ |    |
 
   

) (  ) 

where by    the volume of cell   ,    is the porosity,      denotes the total absolute 

flux volume crossing a cell    through the   th interface. The safety factor   
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      is aimed at eliminating numerical oscillations that are likely to occur in high-

permeability channels, which are typical in heterogeneous geological formations. 

Through this time-step undergoing continuous changes the numerical method will 

have a much better way of balancing stability and efficiency of the computations. 

This gives the scheme a great advantage for long-term monitoring of pollutant 

movements in groundwater. 

 

3   Numerical Implementation and Adaptive Strategy 

3.1. Discrete System Formulation 

In order to solve the coupled flow equations, we use the Cell Centered Finite 

Volume Method (FVM) on the structured Cartesian grid. This method is preferred 

because of its good conservation properties. 

The final numerical system for pressure is represented by the following matrix 

equation: 

           (  )        
 

 

where   is a pentadiagonal matrix and    includes the source terms. 

3.2. Explicit Saturation Update 

After calculating the pressure field by resolving the system indicated in Eq. (13), 

the Darcy velocities at the boundaries of the cells can be found. Next, the saturation 

field    is changed by means of an explicit discretization of the transport equation 

[14]. The reason for this selection is that it is very efficient computationally in 

capturing the sharp saturation fronts that are significant in tracking pollutant plumes 

migrating in complex aquifers. 

 

    
        

  
  

    
[
                 

  
 

                 

  
]   (  )   

 

In Eq. (14), Δt is the time-step, ϕ is the porosity, and F is the numerical flux of the 

pollutant phase. The superscript n shows that the fluxes are computed at the current 

time level, which is in accordance with the explicit scheme of the update. 

3.3. Heterogeneity-Driven Adaptive Time-Stepping  

5

E3S Web of Conferences 704, 01006 (2026)
STR2E 2026

https://doi.org/10.1051/e3sconf/202670401006



 

   

 

Stability constraints for the explicit saturation update are typically defined by the 

Courant-Friedrichs-Lewy (CFL) limit: 

    
  

 
(
|  |

  
 

|  |

  
)    (  ) 

To ensure numerical stability in aquifers with significant permeability contrasts, a 

dynamic time-stepping control is implemented. Instead of a global fixed time step, 

the optimal     is calculated based on local flow conditions. This approach is 

essential for maintaining stability in heterogeneous media while significantly 

reducing overall CPU time [15]: 

       F target     
   

(
    

         
) (  ) 

In this formulation,     represents the spectral radius of the local Jacobian, and   is 

a relaxation factor related to the local Heterogeneity Index     : 

             (    ) (  ) 

where   is a stability parameter. The solver adapting its behavior in this way makes 

sure that it decreases the time-step at the high-gradient interfaces and, as a result, 

manages to prevent numerical oscillations. Such a strategy is almost like a rock 

when it comes to simulations of pollutant plume migration through highly variable 

geological media and the same was shown in Section 4. 

 

 

4   Numerical Results and Discussion 

This section focuses on evaluating the numerical robustness of the presented 

adaptive IMPES approach. In this regard, the emphasis is placed on the front 

stability, accuracy, and efficiency within heterogeneous porous domains. 

4.1. Simulation Setup and Physical Parameters 

The numerical simulations are carried out on a 2D heterogeneous aquifer model. 

The physical properties and operational constraints used for the IMPES solver 

calibration are presented in Table 1. 

Table 1. Physical and numerical parameters used in the simulation. 
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Parameter (Symbol) Value Unit 

GEOMETRY & 

GRID 

 

Domain 

Dimensions 

(     ) 

100, 50 m 

Grid Resolution 

(     ) 
         

 
cells 

ROCK 

PROPERTIES 

 

 

Porosity ( ) 0.20 [-] 

Permeability 

(         ) 
10, 1000 mD 

Saturation 

(       ) 
0.20, 0.20 [-] 

FLUIDS & 

OPERATIONS 

 

Viscosity 

(       ) 
1.0, 5.0, 5 cP, [-] 

Injection Rate 

(    ) 
0.5 m³/d 

Outlet Pressure 

(    ) 
100 bar 

Total Time 

(      ) 
500 days 

 

The simulation domain is defined by a rectangular geometry measuring 100 m × 50 

m. The main purpose of such a layout is to neutralize the quite obvious effects of 

geological heterogeneities on the saturation front. In order to verify that the 
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numerical solution is indeed trustworthy and to reduce the influence of grid 

orientation, a mesh sensitivity analysis was performed. A 100 × 50 grid was chosen 

as the best trade-off between accuracy and computational cost, as shown in Fig. 1. 

 

 

Fig. 1. Geometric model and boundary conditions of the 2D aquifer. 

In this permeability setting, there are several high-conductivity channels that were 

produced by the Sequential Gaussian Simulation (SGS) method creating very little 

overlapping spatial distribution of the features. These high-conductivity channels in 

the geological formations are the primary reasons for the local stability constraints 

of the solver leading to the necessity of the heterogeneity-driven adaptive time-

stepping logic as described earlier. As shown in Fig. 2, these channels act as first-

order flow paths which are quite instrumental in estimating the pollutant plume 

migration in a complex aquifer accurately. 
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Fig. 2. Spatial distribution of the heterogeneous permeability field K(x,y). 

4.2. Model Validation: Buckley-Leverett Comparison 

Before discussing the results for the complex 2D problems, the numerical accuracy 

of the proposed adaptive IMPES method was verified against the analytical 

Buckley-Leverett solution for immiscible displacement. As demonstrated in our 

verification tests, the saturation front position is accurately captured by the adaptive 

scheme. The numerical solution shows excellent agreement with the analytical 

result, maintaining a relative error below     , which validates the robustness of 

the pressure-saturation decoupling. 

4.3. Pressure and Velocity Field Analysis 

The pressure field calculated shows an orderly change in pressure level from the 

injection to the production boundaries taking into consideration the rock 

heterogeneities. It also remains steady which is a proof that the adaptive IMPES 

scheme can be trusted even when the permeability contrasts are very high. 

Moreover, the velocity vectors perfectly demonstrate the existence of preferential 

flow paths where fluid acceleration is highest. By means of local stability 

constraints, the adaptive algorithm controls the time step changes such that it works 

in the areas with high CFL sensitivity without any problems (see Figs. 3 and 4). 

Localizing the velocity field so accurately is a great help in risk assessment because 

it shows the quickest paths by which contaminants can spread in the underground 

environment. 
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 Fig. 3. Computed pressure distribution across the domain. 

 

 

Fig. 4. Velocity vector field highlighting preferential flow paths. 

4.4. Saturation Front Stability  

The proposed adaptive scheme's performance is measured by assessing the 

concentration front stability under extreme permeability contrast conditions. Typical 

IMPES schemes are known to produce adventitious numerical oscillationsand 

physically wrong overshoots at sharp permeability changes. Conversely, our 

adaptive method very well gets rid of these instabilities, conserving a sharp and 

smooth pattern. This allows for a realistic description of pollutant movement, as 

shown in Fig. 5, where the front is unchanged illustrating the effect of the 

heterogeneous geology on pollutant transport. Besides, the numerical strength of 

this method is essential for accurate forecasting of contaminant intrusion times 

during the implementation of environmental protection measures. 
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Fig. 5. Comparison of saturation profiles: (a) Standard IMPES oscillations vs (b) Adaptive 

stable front. 

4.5. Computational Workflow and Time-Step Evolution 

 

The time series for the adaptive time-step     reveals the rapid reaction of the 

numerical solver to the changes almost instantaneously. The very simple formula is 

designed in such a way that it increases the time-step in the homogeneous areas to 

make full use of the computation, at the same time, it accurately decreases the time-

step when the pollutant front is close to the high-contrast permeability interfaces so 

as to ensure stability. This variable and automatic adjustment feature ensures that 

modeling becomes not only resilient but also CPU efficient, as shown in Fig. 6 with 

the time-step variation very much at the local CFL constraints experienced by the 

front. Efficiency such as this one is extremely beneficial in real-time environmental 

monitoring and long-term simulations of subsurface contamination. 
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Fig. 6. Evolution of the adaptive time-step     during the simulation. 

 

4.6. Performance Analysis and Efficiency 

 
A comparative study was performed in order to verify the computational efficiency 

of the adaptive IMPS method, which is a new design. The results indicate that there 

has been a significant decrease in the number of iterations and the overall time of 

execution. Specifically, the adaptive technique achieved a 39.1% saving of CPU 

time as a result of a 40.8% decrease in the number of time steps. Therefore, using 

local adaptive criteria could be a more efficient way than global stability constraints 

when it comes to the simulation of highly heterogeneous, high-contrast aquifer 

systems. Table 2 gives this performance improvement briefly, and Fig. 7 shows the 

cumulative CPU time evolution, which is a graphical representation of this 

result.Computational cost has to be reduced to this level if we want to be successful 

in doing large-scale environmental impact assessments and long-term groundwater 

resource management. 
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Table 2. Quantitative performance metrics and efficiency gain. 

Performance 

Metric 

Standard Fixed-

Step 

Proposed 

Adaptive 
Improvement 

Total Time Steps 12,500 7,400 40.8% Reduction 

Total CPU Time 

(s) 
320 s 195 s 39.1% Faster 

Numerical 

Stability 

Oscillations 

(Unstable) 
Smooth (Stable) — 

Average     
(days) 

~0.04 ~0.068 +70% Larger 

 

 

Fig. 7. Comparison of cumulative CPU time and iteration counts. 

To highlight the importance of this investigation, we contrast our findings with 

those of the latest literature. Earlier studies [3, 6] mainly concentrated on building 

stable numerical structures. In contrast, our work chiefly focuses on lowering the 

computational burden of the very non-stationary porous media. Our approach stands 

in quite stark contrast to the pore-scale modeling which is very computationally 

heavy and is reported in [14], in contrast, our macro-scale technique provides a less 

complex environment that can be easily scaled up for large-scale environmental 

applications. 
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Besides that, the 39.1% increase in the efficiency reported here is very consistent 

with the target values of performance of the most recent physics-preserving models 

[15], although the numerical implementation of our method is by far the simplest. 

 

5   Conclusion  

This paper proposes a localized adaptive time-stepping approach for the IMPES 

model, aimed mostly at the environmental applications in highly heterogeneous 

aquifers. By making the stability parameter depend on the local permeability 

changes, the new algorithm was able to reduce CPU time by 39.1% while still 

producing very accurate numerical results and conserving mass. The method's 

reliability was extensively tested by comparing with the analytical Buckley-Leverett 

solution and also through a thorough mesh convergence study. The paper discusses 

the urgent requirement of computationally efficient and stable simulations for 

groundwater protection and pollutant migration analysis. It shows how the 

heterogeneity-driven method gets rid of the drawbacks of fixed-step methods in 

complex geological environments. The research will be directed at developing this 

adaptive system for 3D complex fractured networks and multi-phase transport in 

different environmental settings, which are the main factors of sustainable water 

resource management. 

 

References 

1. S.M.A. Banaei, A.H. Javid, A.H. Hassani, Numerical simulation of groundwater 

contaminant transport in porous media. Int. J. Environ. Sci. Technol. 18, 151–162 (2021). 

https://doi.org/10.1007/s13762-020-02825-7 

2. J. Yang, Y. Tao, W. Ren, P. Cao, Numerical simulation of groundwater contaminant 

transport in unsaturated flow. Water Supply 20, 3730–3738 (2020). 

https://doi.org/10.2166/ws.2020.136 

3. H. Chen, S. Sun, A new physics-preserving IMPES scheme for incompressible and 

immiscible two-phase flow in heterogeneous porous media. J. Comput. Appl. Math. 381, 

113035 (2021). https://doi.org/10.1016/j.cam.2020.113035 

4. F.J. Carrillo, I.C. Bourg, C. Soulaine, Multiphase flow modeling in multiscale porous 

media: An open-source micro-continuum approach. J. Comput. Phys. X 8, 100073 (2020). 

https://doi.org/10.1016/j.jcpx.2020.100073 

5. Y. Wang, E. Chung, S. Fu, A local–global generalized multiscale finite element method 

for highly heterogeneous stochastic groundwater flow problems. Comput. Methods Appl. 

Mech. Eng. 392, 114688 (2022). https://doi.org/10.1016/j.cma.2022.114688 

14

E3S Web of Conferences 704, 01006 (2026)
STR2E 2026

https://doi.org/10.1051/e3sconf/202670401006

https://doi.org/10.1007/s13762-020-02825-7
https://doi.org/10.2166/ws.2020.136
https://doi.org/10.1016/j.cam.2020.113035
https://doi.org/10.1016/j.jcpx.2020.100073
https://doi.org/10.1016/j.cma.2022.114688


 

   

 

6. L.J. Perez, A. Puyguiraud, J.J. Hidalgo, J. Jiménez-Martínez, R. Parashar, M. Dentz, 

Upscaling Mixing-Controlled Reactions in Unsaturated Porous Media. Transp. Porous Media 

146, 177–196 (2023). https://doi.org/10.1007/s11242-021-01710-2 

7. C.-M. Chang, C.-F. Ni, C.-P. Lin, I.-H. Lee, W.-C. Lo, Stochastic Analysis of 

Macrodispersive Solute Flux in Heterogeneous Aquifers With Nonstationary Random 

Hydraulic Conductivity Fields. Water Resour. Res. 61, e2024WR038722 (2025). 

https://doi.org/10.1029/2024WR038722 

8. F.P.J. de Barros, A. Guadagnini, M. Riva, Features of transport in non-Gaussian random 

porous systems. Int. J. Heat Mass Transfer 184, 122244 (2022). 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.122244 

9. S. Kamran, S.K. Khan, S.E. Alhazmi, F.M. Alotaibi, M. Ferrara, A. Ahmadian, On the 

Numerical Approximation of Mobile-Immobile Advection-Dispersion Model of Fractional 

Order Arising from Solute Transport in Porous Media. Fractal Fract. 6, 445 (2022). 

https://doi.org/10.3390/fractalfract6080445 

10. E.J. Carr, New Semi-Analytical Solutions for Advection–Dispersion Equations in 

Multilayer Porous Media. Transp. Porous Media 135, 39–58 (2020). 

https://doi.org/10.1007/s11242-020-01468-z 

11. P. Cai, H. Yan, M. Sedighi, A. Jivkov, Q. Xiong, H. Wang, Peridynamic theory coupled 

with PHREEQC for reactive transport modeling in heterogeneous and discontinuous porous 

media. Comput. Geotech. 188, 107579 (2025). 

https://doi.org/10.1016/j.compgeo.2025.107579 

12. H.H. Pedersen, A. Hansen, Parameterizations of immiscible two-phase flow in porous 

media. Front. Phys. 11, 1127345 (2023). https://doi.org/10.3389/fphy.2023.1127345 

13. D. Lasseux, F.J. Valdés-Parada, Upscaled dynamic capillary pressure for two-phase flow 

in porous media. J. Fluid Mech. 959, R2 (2023). https://doi.org/10.1017/jfm.2023.135 

14. L. Chen, A. He, J. Zhao, Q. Kang, Z.-Y. Li, J. Carmeliet, N. Shikazono, W.-Q. Tao, Pore-

scale modeling of complex transport phenomena in porous media. Prog. Energy Combust. 

Sci. 88, 100968 (2022). https://doi.org/10.1016/j.pecs.2021.100968 

15. J. Kou, H. Chen, A. Salama, S. Sun, An energy stable and positivity-preserving 

computational method for compressible and immiscible two-phase flow in porous media. J. 

Comput. Phys. 519, 113391 (2024). https://doi.org/10.1016/j.jcp.2024.113391 

 

15

E3S Web of Conferences 704, 01006 (2026)
STR2E 2026

https://doi.org/10.1051/e3sconf/202670401006

https://doi.org/10.1007/s11242-021-01710-2
https://doi.org/10.1029/2024WR038722
https://doi.org/10.1016/j.ijheatmasstransfer.2021.122244
https://doi.org/10.3390/fractalfract6080445
https://doi.org/10.1007/s11242-020-01468-z
https://doi.org/10.1016/j.compgeo.2025.107579
https://doi.org/10.3389/fphy.2023.1127345
https://doi.org/10.1017/jfm.2023.135
https://doi.org/10.1016/j.pecs.2021.100968
https://doi.org/10.1016/j.jcp.2024.113391


 

Sustainable Recycling of CuZn40Pb2 Brass for 
Sanitary Fittings: Process Optimization and 
Microstructural Assessment 

 

Mohsine Ez-zine 
1*

, Imane Touaiher
1
,
 
Omar choukri

 1
, and Taibi Saoudi

 1
 

1 QSM Laboratory, Mohammadia School of Engineers, Mohammed V University, Rabat,10000 

Morocco 

Abstract. This study evaluates the feasibility of producing CuZn40Pb2 

brass sanitary fittings with partial recycled materials while ensuring 

compliance with industrial standards. It compares two casting methods, 

continuous horizontal and discontinuous vertical, using pure, recycled, and 

mixed charges. The cast billets were subjected to hot extrusion, forging, 

and machining. The research investigates how casting method, charge 

composition, and processing influence microstructure and product quality 

through chemical analysis, optical microscopy, and radiography. All 

samples displayed a typical α+β microstructure, with lead mainly situated 

at grain boundaries. Vertical casting exhibited more heterogeneity, lead 

segregation, and internal defects. Horizontal casting with proper processing 

and 25% virgin material produced a uniform structure and mechanical 

properties comparable to those of fully primary material parts. Lead 

segregation was under 0.56% in horizontally cast billets, whereas vertically 

cast billets showed differences up to 3.41%. These results demonstrate that 

using recycled brass for sanitary fittings is feasible and environmentally 

friendly, supporting a circular economy in metallurgy.  

1 Introduction 

In Morocco, the market initially relied heavily on imports for sanitary plumbing equipment 

from Europe, China, and other countries, leading to high consumer costs due to the 

premium quality of European products that meet international standards. However, low-

cost imports often do not comply with quality and regulatory standards, with notable 

differences in chemical composition, especially in copper and lead content. Some producers 

reduce copper content from 57% to 54% to cut costs, replacing it with 1 to 3% cheaper 

lead. These variations may fall outside the compositional limits specified for forging 

brasses like CW617N, as defined in the EN 12165 standard [1]. 

However, lead is a toxic heavy metal found in contact alloys in drinking water [2], 

prompting significant research into lead-free brass alternatives. Studies are exploring lead-

free brass alloys and other methods to enhance machinability, since lead plays a crucial role 

in chip formation and lubrication during the machining of brass alloys [3]. 
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In Morocco, measures have been taken to improve the national market surveillance 

system for mental health products, following Law No. 12-06. These efforts aim to protect 

consumer health, ensure product quality and safety, and promote local manufacturing to 

support the national economy. 

Local industries now produce brass plumbing fixtures that meet international standards. 

However, their competitiveness still depends on the cost and availability of virgin raw 

materials such as copper and zinc. To address this issue, manufacturers are increasingly 

using recycled materials, facing the challenge of optimizing their formulas to include 

recycled content while ensuring compliance and maintaining the structural integrity 

associated with virgin materials. 

Brass is an alloy mainly composed of about 60% copper and 40% zinc, often including 

elements like lead, nickel, or tin. Its composition enables various uses such as casting and 

both hot and cold working [4], making it highly valued in industrial settings for its 

outstanding technical properties. 

Brass alloys are classified as two-phase alloys. Their microstructure comprises two 

phases: α (lighter) and β′ (darker) [5]. These alloys exhibit good hot workability above 

450°C, the temperature at which the β′ phase transforms into β. Due to its low melting 

point, lead tends to migrate to grain boundaries in the form of globules during cooling after 

casting [6, 7]. Lead-bearing brass is gaining increasing interest in the scientific community, 

especially regarding the study of its microstructure characteristics and industrial 

performance. Several studies have examined the microstructure evolution and defect 

formation in CuZn40Pb2 alloys [8], as well as lead's role in enhancing machinability during 

manufacturing processes [9]. Other research has explored the relationship between 

processing parameters, microstructural evolution, and the mechanical behavior of brass 

alloys. These studies emphasize how manufacturing conditions such as casting temperature 

or hot-working processes, can significantly influence the microstructure and the resulting 

properties of the material [10, 11], and may also contribute to defects or failures in 

industrial brass components [12]. However, any change in microstructure, alloy 

composition, or processing parameters can substantially impact not only the mechanical 

properties but also the thermal and electrical performance of the material [13].  

The study explores the feasibility of producing defect-free brass sanitary fittings from 

recycled materials in Moroccan manufacturing settings. It assesses the effects of different 

casting processes, metal charge compositions, and the chemical properties of raw materials 

on the microstructure and metallurgical quality of leaded brass alloys. Three alloy variants 

are examined: pure materials, a mixture of 75% recycled and 25% pure materials, and 

entirely recycled materials. This approach aims to clarify how recycled content influences 

alloy quality and whether it meets industrial and environmental standards. However, the 

combined effect of recycled charge composition and casting method on the metallurgical 

quality of CuZn40Pb2 brass under real industrial conditions remains underexplored. While 

several studies have investigated recycled brass alloys, fewer have evaluated the combined 

impact of recycled charge composition and casting technique in actual industrial 

manufacturing environments. Consequently, this research compares horizontal continuous 

casting and vertical discontinuous casting for producing CuZn40Pb2 sanitary fittings. 

2 Materials and Methods 

2.1 Materials and charge composition 

The study examines the CuZn40Pb2 leaded brass alloy used in sanitary fittings, focusing on 

how recycled content affects its metallurgical quality. The recycled material mainly 
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includes industrial brass scrap and mixed brass waste, such as machining chips from 

production as well as old sanitary brass parts like fittings, gas valves, water meters, and 

various taps and plumbing components. Virgin materials consist of commercial copper and 

zinc used in standard industrial practices. It tests three batches: one made from new 

materials, one from recycled materials, and one with a 75% recycled and 25% new material 

mix, assessing material quality and compliance with CW617N standards. The mixed charge 

was tested to determine its ability to compensate for variations associated with recycled 

materials. 

2.2 Casting process and billet production 

Two methods for industrial casting of billets were used: vertical discontinuous casting and 

horizontal continuous casting. Vertical casting involves molten metal solidifying in a water-

cooled mold under gravity, guiding the solidification process. Conversely, horizontal 

casting features a continuous flow of alloy through a graphite mold, enabling more uniform 

cooling and solidification. The melting and casting procedures were performed under 

industrial conditions, optimizing fluidity while minimizing zinc evaporation and oxidation. 

The pouring temperature ranged from 1010 °C to 1120 °C. Cooling was managed with a 

water-cooled mold, with inlet water temperatures of approximately 31–33 °C and outlet 

temperatures of about 45–48 °C, and flow rates between roughly 23 and 58 L/min. In 

horizontal continuous casting, the billet extraction speed varied between approximately 41 

and 56 mm/min, depending on the charge composition. For clarity, billets produced by 

horizontal casting were labeled B1, B2, and B5, while those made by vertical casting were 

labeled B3 and B4, based on the charge type. 

2.3 Thermomechanical processing 

After casting, billets were hot-worked through various stages to produce sanitary fittings. 

They were preheated and hot-extruded to create precise brass bars, with conditions 

optimized for uniform deformation and microstructural refinement. The billets were 

preheated to approximately 690–730 °C before extrusion, with extrusion speeds ranging 

from about 25.5 to 28.5 mm/s and system pressure around 140–147 kg/cm², depending on 

the processing setup. The extruded rods were straightened and hot forged at controlled 

temperatures to ensure proper material flow without defects. For forging, the bars were 

preheated to about 680–720 °C (usually around 690 °C) before deformation in a 100-ton 

automated hot forging press. Finally, finishing operations ensured dimensional accuracy 

and surface quality. 

2.4 Characterization techniques 

The study used optical emission spectroscopy to analyze the chemical composition and 

identify elemental distribution and segregation influenced by casting conditions. 

Additionally, optical microscopy was employed to observe microstructural features such as 

phase distribution, grain morphology, and lead particle dispersion. Non-destructive testing 

methods were applied to detect internal defects like cracks and inclusions, aiming to 

evaluate microstructural integrity and internal quality under real production conditions.. 

3 Results and Discussion 
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3.1 Chemical homogeneity and lead distribution 

The statistical analysis of lead content at the center and edge of the billets shows clear 

differences between the two casting methods. As shown in Table 1, billets produced 

through horizontal continuous casting display minimal variation in Pb content, with low 

relative deviation and standard deviation values, indicating good chemical uniformity. In 

contrast, vertically cast billets exhibit a larger difference between the composition at the 

center and edges, suggesting more lead segregation during solidification. This behavior 

results from high thermal gradients and directional solidification in vertical casting. Data 

indicate that horizontal casting improves lead distribution consistency, reduces internal 

defects, and supports stable downstream processing with recycled raw materials.  

Table 1. Statistical variation of Pb content in CuZn40Pb2 billets produced by different casting routes. 

Billet 
Casting 

Process 

Pb Center 

(%) 

Pb Edge 

(%) 

Absolute 

Difference 

(%) 

Relative 

Difference (%) 

Standard 

Deviation 

B2 Horizontal 2.460 2.450 0.010 0.41 % 0.0071 

B1 Horizontal 2.490 2.476 0.014 0.56 % 0.0099 

B5 Horizontal 2.146 2.135 0.011 0.51 % 0.0078 

B3 Vertical 2.448 2.366 0.082 3.41 % 0.0580 

B4 Vertical 2.268 2.194 0.074 3.32 % 0.0523 

 

The statistical results in Table 1 are based on 13 analyzed points on the billet surface as 

shown in figure 1. 

 

Fig. 1. Distribution of the 13 analyzed points on the surface of a leaded brass (CuZn40Pb2) billet 

3.2 Microstructural integrity after casting and extrusion 

Optical microstructural observations (Figures 2 and 3) reveal that all the billets studied 

exhibit the typical α+β two-phase structure of CuZn40Pb2 brass. However, significant 

differences depend on the type of casting and the nature of the charge. The billets produced 

by horizontal continuous casting display a finer and more uniform microstructure, 

especially for mixed charge (75% recycled and 25% pure) and modified parameters, where 

the phase distribution is consistent and the lead particles are finely dispersed (similar to 

those obtained with pure material charge). In contrast, billets cast by vertical discontinuous 

casting show coarse grains, uneven phase distribution, and local segregation of lead. These 

microstructural features highlight the influence of solidification conditions on phase 

morphology and chemical homogeneity.  
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Fig. 2. Optical microscopy (OM) microstructures of CuZn40Pb2 billets produced by vertical 

discontinuous at 300×: (a) B3 (fully recycled charge) and (b) B4 (pure charge), Light regions: α 

phase; darker regions: β phase. Small dark spots: Pb particles; larger dark spots: defects. 

 

Fig. 3. Optical microscopy (OM) microstructures of CuZn40Pb2 billets produced by horizontal 

continuous casting at 300×: (a) B5 (pure charge), (b) B1 (fully recycled charge), and (c) B2 (mixed 

charge, 75% recycled + 25% pure). Light regions: α phase; darker regions: β phase. Small dark spots: 

Pb particles; larger dark spots: defects. 

SEM/EDS analyses confirmed phase composition and lead patterns observed in 

optical microscopy. SEM images show the 100% recycled sample from vertical casting 

(B3) with elongated grains, segregation, inclusions, and coarse lead at grain boundaries 
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(Figure 4). The 25% pure material cast horizontally (B2) displays a uniform structure with 

well-distributed α and β phases, fine grains, and no defects, due to optimized processing 

(Figure 5). EDS results for the recycled sample show minor differences: the α phase has 

slightly more copper (62.1 wt%) than the β phase (58.3 wt%), indicating partial diffusion or 

incomplete transformation. Zinc in the β phase (~40–45 at%) is lower than expected, 

indicating uneven distribution. Bright lead precipitates are at grain boundaries or within 

phases. The 25% pure sample shows clearer phase separation: the α phase is enriched with 

copper (57.9 wt%), while the β phase has less copper (52.4 wt%). 

 

Fig. 4. SEM image of a leaded brass alloy sample (B3) accompanied by EDS analysis results for 

spectra (1 and 3). 

 

Fig. 5. SEM image of a leaded brass alloy sample (B2) accompanied by EDS analysis results for 

spectra (1 and 2). 

3.3 Internal quality and non-destructive testing 

Radiographic examination of the manufactured fittings confirms the microstructural 

observations. Parts produced under non-optimized conditions, especially those made from 

billets cast vertically from 100% recycled feedstock, sometimes display visible surface 

defects (Fig. 6). Conversely, fittings made from horizontally cast billets under optimized 

processing conditions, with a mixed charge consisting of 75% recycled materials and 25% 

virgin materials, show no visible defects. These results demonstrate that good control of the 

casting process and charge composition enhances internal strength and ensures industry-

standard quality for sanitary fittings. 
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Fig. 6. Radiographic inspection of CuZn40Pb2 sanitary fittings: (a) fitting produced under optimized 

conditions, (b) fitting manufactured under non-optimized conditions, revealing internal defects 

4 Conclusion 

This research shows that high-quality CuZn40Pb2 sanitary fittings can be produced from 

partially recycled raw materials if the casting process and treatment parameters are properly 

controlled. Horizontal continuous casting with a mixed feedstock (75% recycled and 25% 

virgin) and adjustments to the process parameters improve chemical homogeneity, refine 

the microstructure, and achieve acceptable internal quality (comparable to that obtained 

with virgin materials) while minimizing defects in the final product. Notably, horizontally 

cast billets exhibited very low Pb segregation (relative differences about 0.41–0.56%), 

whereas vertically cast billets showed higher variations, reaching approximately 3.3–3.4%. 

These findings underscore the technical feasibility and industrial relevance of incorporating 

recycled brass into the manufacturing of sanitary fittings, offering an economical and 

sustainable solution aligned with resource efficiency goals, especially within the Moroccan 

industrial sector. 
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Abstract: Reverse osmosis (RO) desalination has established itself as the main technology for 

obtaining drinking water in deserts and dry areas; nevertheless, it is still the most electricity-

intensive consuming and energy-consuming operation of water purification processes. This study 

focuses on the demand-side energy management strategy that was applied in a fully operational 

brackish water RO desalination plant in southern Morocco to maximize the use of electrical energy 

according to time-of-use (TOU) electricity tariffs. Real-time data from the plant's actual operation 

were used for analysis to determine the interrelationship between electrical load demand (in kW), 

water production rate, and the various tariff periods. The development of a cost-oriented energy 

model enabled the evaluation of different operational scheduling scenarios that are based on high-

load and low-load operating windows. The findings reveal that the operational scheduling of the 

RO process for production in reduced electrical demand periods not only decreases specific energy 

consumption and unit water production cost but also avoids the need for infrastructure expansion, 

renewable energy integration, or major process changes. renewable energy integration, or major 

process changes. The suggested approach for conducting TOU-based load management is a 

feasible, inexpensive, and simple to implement solution that could provide all reverse osmosis 

desalination plants with electrical energy efficiency and economic performance gains, particularly 

the ones situated in dry and poorly-off areas. 

1. Introduction

Water scarcity constitutes a major challenge in arid and semi-arid regions, particularly in southern Morocco, 

where limited precipitation, climate variability, and increasing groundwater salinity significantly constrain 

access to potable water [1,2]. In this context, reverse osmosis (RO) desalination has emerged as a reliable and 

mature technology for brackish water treatment, owing to its high salt rejection efficiency and relatively 

moderate operating pressures compared with seawater desalination systems [3]. Nevertheless, despite these 

advantages, RO desalination remains highly energy-intensive. Electrical energy consumption—primarily 

associated with high-pressure pumping systems—often accounts for more than 40% of total operating costs in 

many installations [4,5]. From an electrical engineering standpoint, the expanding deployment of RO 

desalination plants introduces critical challenges related to power demand management, load variability, and 

energy cost optimization. Several recent studies have shown that the electrical load profile of RO plants exhibits 

strong temporal dependence, closely linked to operating schedules, process control strategies, and water demand 

patterns [6,7]. As a result, optimizing the interaction between desalination loads and the electrical grid has 

become a key area of research, particularly in regions simultaneously facing water scarcity and increasing 

pressure on grid capacity. 

Energy reduction in reverse osmosis systems has mainly been achieved through technological improvements and 

among these, the development of high-performance membranes, energy recovery devices, and renewable energy 

such as solar and wind were mentioned as the main technological improvements [8–10]. The aforementioned 
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methods of reducing the energy footprint can lead to considerable energy savings but at the same time they 

require high capital investment, more complex systems, and long payback periods; thus, making them less 

feasible in areas having a shortage of resources. On the other hand, demand-side management (DSM)—a method 

used in smart grid applications and industrial energy systems—comes up as a cost-effective alternative by 

adjusting the electricity consumption pattern through the existing process equipment. Among the DSM 

measures, time-of-use (TOU) electricity tariffs reflect changes in grid demand and generation costs over time, 

making it easier for the utility to manage the load and thus, encourage the adoption of TOU tariffs for the 

purpose of load shifting and peak demand reduction in different parts of the world . A series of operations based 

on TOU have demonstrated considerable savings in the running costs of not only energy-intensive industrial 

processes but also water treatment and desalination plants . Nevertheless, the use of TOU-driven optimization is 

still insufficiently explored in full-scale brackish water reverse osmosis plants, particularly in North Africa and 

other arid regions. 

Morocco's national electricity pricing system is designed in such a way that it includes time-of-use (TOU) tariffs, 

which not only encourage but also support the implementation of demand-side energy optimization strategies in 

industrial plants [11]. The case of TOU-based operational scheduling is being studied in the current research to 

not only lessen the cost of electricity but also to increase the energy efficiency of a large-scale brackish water 

reverse osmosis desalination plant in the southern part of Morocco. This study, which utilizes real operational 

data in conjunction with a cost-oriented energy optimization model, presents an approach that requires 

immediate deployment and low-cost investment, which is based on the principles of electrical engineering and 

demand-side energy management, thus playing a role in the development of more sustainable and less vulnerable 

desalination practices in dry areas. 

 2. Description of the RO plant and energy data 

This section presents the characteristics of the study site and describes the electrical energy monitoring system 

used to collect operational data from the reverse osmosis desalination plant. 

2.1 Study site and electrical energy monitoring 

The investigated reverse osmosis (RO) desalination plant is located in the Zagora region, southern Morocco, an 

arid area characterized by limited freshwater resources and increasing groundwater salinity. The plant treats 

brackish groundwater with total dissolved solids (TDS) typically ranging between 3 and 5 g·L⁻¹. Its nominal 

production capacity is approximately 5,000 m³·day⁻¹, supplying potable water to local communities. 
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Fig. 1. Electrical energy consumption and Data oleion  system in water reverse osmosis desalination plant. 

From a viewpoint of electrical engineering, the plant is a major industrial load that is directly connected to the 

national power grid. Electrical energy consumption is not only monitored but also measured in real-time through 

smart energy meters that are a part of the plant’s SCADA system. Thus, power demand (kW) and energy 

consumption (kWh) can be obtained on a real-time basis. The operational data are periodically exported and 

processed using data analysis tools to study consumption patterns and identify demand-side optimization 

opportunities. The total electrical energy consumption of the plant shown in Fig.1. is allocated to multiple 

subsystems like brackish water pumping, pretreatment units, high-pressure reverse osmosis pumps, clean-in-

place (CIP) systems, and auxiliary services of chemical dosing, chlorination, and administration. The RO high-

pressure pumping stage accounts for the majority of the electricity consumed, which means that any effort 

directed at this unit through electrical load management strategies will definitely result in savings, both in terms 

of energy and cost. Moreover, this detailed energy usage breakdown forms a strong ground for deploying time-

of-use (TOU) tariff-based demand-side energy management practices, which are elaborated on in the subsequent 

sections. 

2.2 Electrical energy system 

The national electrical grid provides the desalination plant with power, and the plant's electrical energy 

consumption is being permanently monitored by means of industrial-grade energy meters, which are installed at 

the main power supply and integrated into the plant's SCADA system. The dataset that has been collected 

constitutes hourly and daily electrical energy consumption (kWh), water production volumes (m³) corresponding 

to the consumption, and operating time distribution, which allows for a very detailed analysis of the electrical 

load profile of the plant. The pricing scheme of the electricity that is used at the facility is based on a time-of-use 

(TOU) tariff structure, defined by three different and distinct pricing periods: high-demand (peak) hours, 

intermediate-demand (normal) hours, and low-demand (super off-peak) night hours. The major pattern of pricing 

is shown in Fig.2, where the electricity prices are seen to have huge variations throughout the 24-hour cycle, 

which offers a very good economic reason for load shifting and demand-side energy management. The 

foundation for the operational scheduling and cost optimization strategy analyzed in this study is this tariff 

classification. 
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Fig. 2. Hourly electricity pricing profile under the time-of-use (TOU)  

Research studies have examined energy efficiency methods for desalination plants yet they primarily concentrate 

on developing better membrane performance and energy recovery systems and systems for utilizing renewable 

energy (Table 1). Limited research has focused on operational scheduling methods which use electricity pricing 

systems that include time-of-use (TOU) tariffs. 

 

Table 1 Electricity pricing systems for different studies.. 

Study System / Plant Type Optimization Approach Reported 

SEC 

(kWh/m³) 

Key Contribution 

[12] Seawater RO 

desalination 

Energy recovery device 

optimization 

3 – 4 Demonstrated energy reduction 

through improved pressure recovery 

[10] Large-scale 

desalination plants 

Energy efficiency 

assessment 

3 – 4.5 Identified energy-intensive stages 

and improvement opportunities 

[13] Industrial water 

treatment 

Time-of-Use electricity 

optimization 

1 – 2 Showed electricity tariff scheduling 

can reduce operating costs 

[14] Brackish water RO 

plants 

Demand-side energy 

management 

1 – 2 Demonstrated cost reduction using 

operational energy management 

[15] Desalination systems Energy optimization 

strategies 

2 – 4 Reviewed operational strategies for 

improving desalination efficiency 

This 

study 

Brackish water RO 

desalination plant 

(Morocco) 

TOU-based operational 

scheduling using real 

operational data 

0.95 – 

1.30 

Demonstrates energy optimization 

through operational scheduling using 

real plant data 

 

 

3. Methodology 

 

In this study, a time-of-use (TOU) electricity tariff-based scheduling strategy was applied to optimize the 

operation of the desalination plant. The approach aims to shift energy-intensive operations to periods with lower 

electricity tariffs while maintaining water production requirements. 

 The optimization approach consists of adjusting the operating schedule of the desalination plant according to the 

electricity tariff periods defined by the time-of-use pricing structure. The TOU tariff divides the day into 

different time periods characterized by varying electricity prices (peak, intermediate, and off-peak periods). 
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In the proposed scheduling strategy, energy-intensive operations are shifted as much as possible toward off-peak 

electricity periods while maintaining the required water production capacity of the plant. This operational 

adjustment allows the system to reduce energy costs without requiring major infrastructure modifications. 

 

To evaluate the impact of the proposed strategy, two scenarios were analyzed: 

 

- Baseline scenario: conventional plant operation without scheduling optimization  

-  Optimized scenario: plant operation adjusted according to the TOU electricity tariff periods 

 

The comparison between these two scenarios allows the assessment of potential reductions in specific energy 

consumption and operational electricity costs. 

3.1 Desalination plant description 

The studied desalination plant is supplied with brackish groundwater extracted from ten boreholes located in 

ENNEBCH and TEHTAH, providing an average flow rate of approximately 250 m³·h⁻¹. The raw water is 

collected in a 200 m³ storage basin before entering the treatment process. Pretreatment includes pressurized sand 

filtration and pre-chlorination to remove suspended solids and control microbial growth. The water then passes 

through cartridge filters (5 µm) to protect the membranes as shown in Fig.3. 

The desalination process is based on reverse osmosis (RO) technology, using high-pressure pumps to drive the 

saline water through semi-permeable membranes to remove dissolved salts. The system operates with two RO 

treatment lines, and the produced permeate undergoes post-treatment (remineralization and disinfection) before 

storage and distribution.  

 

Fig.3. Desalination plant description Diagram 

 

The main technical characteristics of the reverse osmosis desalination plant are summarized in Table 2. The 

system consists of two reverse osmosis trains operating in parallel and equipped with ESPA2-LD membranes 

designed for brackish water treatment. The plant operates with an average feed flow rate of approximately 125 

m³·h⁻¹ per train and a recovery rate of about 75%, resulting in a total production capacity of approximately 188 

m³·h⁻¹. Each train includes a multi-stage membrane configuration with several pressure vessels and spiral-wound 

membranes designed to ensure efficient salt rejection and stable hydraulic operation. 
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Table 2. Main characteristics of the reverse osmosis desalination plant 

Parameter Installed System 

Membrane type ESPA2-LD 

Number of RO trains 2 

Total production capacity 188 m³·h⁻¹ 

Feed flow rate 125 m³·h⁻¹ 

Permeate flow per train 94 m³·h⁻¹ 

Recovery rate (%) 75 % 

Number of pressure vessels per train 16 

Number of membranes per pressure vessel 7 

Total membranes per train 112 

Number of vessels – stage 1 11 

Number of vessels – stage 2 5 

Operating pressure (RO) ~7.3 bar 

 
3.2 Operational data collection 

Operational data were collected from the plant’s instrumentation sensors, including flow meters, pressure 

sensors, conductivity meters, and pH sensors installed throughout the desalination process. These measurements 

are continuously transmitted to the SCADA (Supervisory Control and Data Acquisition) system Fig.4., where 

they are monitored and recorded in real time. The SCADA system stores the operational parameters in a central 

SQL database, from which the data were extracted and exported into CSV and XLSX formats for further 

processing, analysis, and evaluation of the plant’s energy performance. 

 

Fig.4. Desalination plant SCADA system. 

3.3 Operational scheduling strategy 

The operational optimization strategy was implemented based on the time-of-use (TOU) electricity tariff 

structure, which divides the daily electricity price into three periods: off-peak hours (low tariff), normal hours, 

and peak hours (high tariff), as illustrated in Fig.5. . The proposed approach prioritizes plant operation during 

off-peak periods (green) when electricity costs are lowest, followed by normal tariff hours (orange) when 

necessary, while peak tariff hours (red) are minimized to reduce energy costs. 
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The desalination plant is equipped with treated water storage reservoirs, which allow temporary storage of 

produced water during low-cost electricity periods. This stored water is then used to satisfy the municipal 

demand during peak consumption hours when electricity prices are highest. The scheduling strategy therefore 

shifts a larger fraction of water production toward low-tariff periods while maintaining sufficient storage 

capacity to ensure continuous water supply during high-demand periods. 

This operational strategy represents a demand-side energy management approach requiring no additional 

infrastructure investment, as it relies only on adjusting the operating schedule of existing pumps and reverse 

osmosis units according to electricity tariff periods and storage capacity constraints. 

 

Fig.5. Daily electricity price: off-peak hours (low tariff), normal hours, and peak hours (high tariff) 

 

The seasonal electricity tariff schedule used for the optimization analysis is summarized in Table 3, presenting 

the different time-of-use (TOU) periods and their corresponding electricity prices. 

Table 3. Time-of-Use (TOU) electricity tariff structure used in the study [15] 

Tariff Period Winter Schedule Summer Schedule Cost (DH/kWh) Cost ($/kWh) 

Off-peak 5:00 pm – 11:00 pm 6:00 pm – 11:00 pm 1.4157 0.1416 

Mid-period 7:00 am – 5:00 pm 7:00 am – 6:00 pm 1.0101 0.1010 

Peak period 10:00 pm – 7:00 am 11:00 pm – 7:00 am 0.7398 0.0739 

 

This figure (fig.6 ) illustrates an energy recovery device (ERD) used in reverse osmosis systems to improve 

energy efficiency. 

High-pressure (HP) reject brine transfers its energy to the incoming low-pressure (LP) feed water, reducing 

pumping requirements. 

As a result, the system significantly lowers energy consumption while maintaining effective desalination 

performance. 
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Fig.6.  Energy recovery device 

3.4 Energy–production relationship 

The statistical analysis made use of real operational data collected from the desalination plant to determine water 

production effect on electric demand. A firm linear correlation was shown between daily electric energy 

consumption and water produced volume, thus confirming that reverse osmosis (RO) is the main process 

responsible for the electrical load in the plant. Specific energy consumption (SEC), which denotes the amount of 

electrical energy used to produce one cubic meter of desalinated water, was calculated using Eq. (1): 

    
     

     
 

(1) 

 

where Econs  is the total electrical energy consumed (kWh), and Qprod  is the volume of produced water (m³) 

corresponding to the total consumption.  

This indicator is one of the most commonly used in electrical and energy engineering to evaluate the energy 

efficiency of desalination systems and to compare the pros and cons of different operating strategies.  

3.5 TOU-based energy cost model : 

A cost-oriented energy model was developed to analyze the effect of time-of-use (TOU) electricity tariffs on the 

price of desalinated water. The cost of unit water production connected to the power consumption was 

determined as follows Eq. (2):  

       
∑           

∑ 
 

(2) 

 

where     is the electrical energy consumed during period    (kWh),     is the cost of electricity corresponding to 

period   (DH·kWh⁻¹), and ∑Q is the total volume of produced water during the same time period (m³).  

This approach allows direct evaluation of how the shifting of loads around different tariff periods will impact the 

total energy cost of water production. 

3.6 Operational scenarios 
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Three operational scenarios were evaluated to quantify the impact of time-of-use electricity tariffs on the energy 

and economic performance of the desalination plant.  

- Baseline: Uninterrupted functioning without any tariff-based optimization. 

- TOU-optimized: Higher output during periods with lower tariffs.  

- Night-focused: Mainly production during night hours utilizing storage capacity. 

4. Results and discussion 

This section presents the analysis of the plant’s operational performance and discusses the impact of the 

proposed optimization strategy on energy consumption and production cost. 

4.1 Energy consumption analysis 

The baseline operation exhibited an average specific energy consumption (SEC) of approximately 1.30 

kWh•m⁻³. Under the optimized operating scenario, the SEC decreased to about 0.95 kWh•m⁻³. This improvement 

can be attributed primarily to the recovery and better utilization of the hydraulic energy contained in the reject 

stream, which contributes to improving the overall energy efficiency of the desalination system. Additionally, 

operating the plant under more stable conditions during low-demand periods improves pump performance and 

reduces hydraulic losses. 

As shown in Fig.7, the reduction in SEC is particularly noticeable during off-peak and super off-peak periods, 

confirming the effectiveness of the proposed operational optimization strategy. 

 

 

Fig. 7. Temporal variation of the specific energy consumption (SEC) of the reverse osmosis plant under baseline and time-of-

use (TOU) optimized operating conditions. 

 

4.2 Cost analysis 

While the reduction in SEC (kWh•m⁻³) is mainly related to improvements in hydraulic efficiency, the reduction 

in the production cost of water ($•m⁻³) is primarily associated with the time-of-use (TOU) electricity tariff 

optimization. By shifting a larger fraction of water production toward off-peak electricity periods, the plant 

significantly reduces its electricity expenditure. 
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The electricity cost per cubic meter of produced water decreased from approximately 0.12 USD•m⁻³ under 

baseline operation to 0.076 USD•m⁻³ under the optimized TOU scenario, corresponding to a reduction of nearly 

35%. 

The influence of electricity tariff periods on water production cost is illustrated in Fig. 8. , where the TOU-

optimized strategy consistently outperforms the baseline scenario. 

 

 

Fig. 8. Water production cost and TOU-optimized operating scenarios. 

The graphic shows a progressive decline in the cost of water produced through the transition of operation from 

peak to off-peak and super off-peak tariff periods. The TOU-optimized strategy, when contrasted with baseline 

production, has a unit water cost that is considerably lower in all tariff windows, with maximum savings 

occurring in super off-peak hours. This proves the financial benefit of demand-side energy management in 

reverse osmosis desalination plants working with brackish water. 

The findings support the idea that time-of-use (TOU)–based operational scheduling is an effective and 

economical way for reducing electrical energy costs in reverse osmosis desalination plants. In contrast to the 

integration of renewable energy that sometimes necessitates further capital outlay and higher system complexity, 

the proposed method relies exclusively on operational optimization. This method is particularly applicable to dry 

areas where different electricity rates have been established and where the current water storage capacity allows 

for enough operational flexibility. Additionally, the recommended technique can be easily applied in current RO 

plants without significant changes to the infrastructure or the addition of new equipment. 

The obtained results are consistent with previous studies investigating energy optimization in reverse osmosis 

desalination systems. As summarized in Table 1, most studies report specific energy consumption values 

between 3–4.5 kWh•m⁻³ for seawater reverse osmosis systems when focusing on technological improvements 

such as energy recovery devices or process optimization. Other studies investigating demand-side 
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management or electricity tariff optimization strategies have reported lower SEC values, typically in the range of 

1–2 kWh•m⁻³ for brackish water desalination systems. The results obtained in the present study, with 

SEC values ranging from 0.95 to 1.30 kWh•m⁻³, are therefore consistent with the lower range reported in the 

literature for brackish water reverse osmosis plants. This confirms that operational optimization strategies, 

particularly those based on time-of-use electricity tariffs, can significantly improve the overall energy 

performance of desalination plants without requiring major infrastructure modifications. 

5. Conclusion 

This study shows that modifying reverse osmosis plant operation according to the time-of-use electricity tariffs 

will not only result in a significant increase in energy efficiency but also cut down the overall cost of water 

production. The TOU-based optimization strategy provides a simple, low-cost, and rapidly implementable 

solution for enhancing the economic performance of brackish water RO desalination plants, especially in dry 

areas where the electricity tariffs shift during the day. This proximity to the operational scheduling instead of the 

infrastructure upgrade gives the solution a strong scalability and transferability. The future investigation will be 

directed towards the extension of this framework by means of automated SCADA-based control, the projection 

of demand management, and the use of renewable energy thereby improving system flexibility and 

sustainability. 
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Abstract: The Gharb plain is one of Morocco's most fertile agricultural 

regions, as it is located in the lower part of the Sebou basin at a low 

altitude. This study combines the Standardized Precipitation–

Evapotranspiration Index (SPEI) for identifying drought events, correlation 

analysis to assess their relationship with flow, and the support vector 

regression (SVR) model for hydrological modeling and prediction. The 

results reveal a strong relationship between drought and river flow. The 

SPEI-12 index shows the best performance, with a coefficient of 

determination (R² = 0.91) and a root mean square error (RMSE = 62.39), 

while SPEI-6 also exhibits a significant relationship (R² ≈ 0.79). All 

models demonstrate very high statistical significance (P < 10⁻¹⁸), 

confirming the ability of the SPEI index to explain flow variability in the 

study area. 

1 Introduction 

Global warming, primarily driven by increased greenhouse gas emissions (carbon dioxide, 

nitrous oxide, and methane) from human activities [1], has direct and indirect effects on 

agri-food systems. Changing and unpredictable temperatures and precipitation, as well as 

an increase in extreme weather events (droughts, floods, pest and disease outbreaks), 

threaten our ability to ensure global food security, eliminate poverty, and achieve 

sustainable development [2]. 

In addition, climate change will undermine food security in 11 West African countries, 

namely Benin, Burkina Faso, Côte d'Ivoire, Ghana, Guinea, Liberia, Niger, Nigeria, 

Senegal, Sierra Leone, and Togo. It also examines how climate change will necessitate 

intensified efforts to achieve sustainable food security throughout the region [3]. 
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In all Mediterranean countries located in semi-arid subtropical zones, rainfall is the 

dominant climatic parameter, being generally insufficient on the one hand, and much more 

variable than temperature on the other. Generally speaking, climate change will lead to 

shifts in climate zones and changes in rainfall patterns [4]. Furthermore, in recent decades, 

prolonged dry spells have become a reality in these countries, particularly in Morocco [5]. 

Morocco has experienced a significant increase in drought over the past few decades, 

accompanied by a general trend toward aridification, indicating that resource capacity is 

declining due to a succession of dry years, as most available water resources for agriculture 

are already being utilized: 75% in Morocco (2007) [6]. 

The Gharb plain is renowned for its agricultural significance, owing to its location in the 

Sabou basin, which receives most of the basin's surface water, covering an area of 

approximately 40,000 km² (Oued Sebou Basin Agency).   

In addition, runoff at the mouth of the Sebou River is substantial due to the plain's low 

elevation and its predominantly agricultural use. This situation makes irrigation essential, 

particularly given the increasing frequency and severity of drought years [7]. This raises the 

issue of using hydrological runoff-based drought prediction models in the Gharb plain.  

The objective of this study is to apply the most effective model to predict monthly 

streamflow using the Standardized Precipitation–Evapotranspiration Index (SPEI) in the 

Gharb Plain, thereby improving water resources management. 

2 Study area  

As shown in Figure 1, (Oued Sebou Basin Agency) the Gharb Plain is characterized by low 

elevations, as it has functioned as a subsidence basin since the Miocene, filled with alluvial 

deposits from the Sebou River and its tributaries, such as the Ouargha. This filling process 

was so rapid that the current topography of almost the entire plain was shaped in recent 

times (Middle and Recent Quaternary) before the Sebou River finally found its way to the 

Atlantic Ocean at the extreme southwestern end of the plain. Therefore, the Gharb refers to 

the plain of the lower Sebou River and the surrounding highlands. This plain offers a wide 

variety of landscapes. For example, the north of upper Gharb consists of Miocene marl 

hills; the east is clearly dominated by the pre-Rif folds of Jbel Outita; the boundary of the 

south is less marked, with the plain sinking beneath the sandy Villafranchian plateau of 

Mamora; finally, the west is isolated from the Atlantic Ocean by a string of consolidated 

Quaternary dunes. 
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 Fig 1. Localisation study area with GIS based in digital elevation model. 

3 Data and Methods  

3.1 Data  

Two national institutions provided the data that were used in this study. The Regional 

Office for Agricultural Development of the Gharb (ORMVAG) provided precipitation and 

temperature data, while the Sebou River Basin Agency (ABHS) provided monthly flow 

data. 

3.2 Methods  

The Standardized Precipitation–Evapotranspiration Index (SPEI) was calculated for the 

periods 1987–2020 in Sidi Slimane and Bel Ksiri stations, and 1987–2019 in El Mnasra 

station. These three stations were well chosen because they represent the entire plain. The 

formula proposed by Thornthwaite in 1948 is simple because it depends only on the 

temperature that is chosen to calculate the SPEI. 

Support Vector Regression (SVR) models are based on the principle of minimizing 

structural risk, whereas classical neural networks minimize empirical risk [8]. As a result, 

SVR models focus on reducing generalization errors rather than learning errors. Details on 

the development of SVR models are available in [9]. All SVR models in this study were 
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developed using the Online SVR software [10], which is designed to build support vector 

machines for regression tasks. 

The data was divided into two sets: 80% for model training and 20% for validation. 

Before training, the variables were normalized using the StandardScaler method to avoid 

biases that are related to scale differences. The SVR model was trained with a basic radial 

basis function (RBF) kernel and the main parameters (C = 10, gamma = “scale,” epsilon = 

0.1). The model's performance was evaluated using several statistical indicators, including 

the coefficient of determination (R²), root mean square error (RMSE), and Nash–Sutcliffe 

efficiency (NSE). In addition, Pearson's correlation coefficient and the associated p-value 

were calculated to assess the statistical significance of the predictions. 
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The RMSE (Root Mean Square Error) is calculated from the observed values and then 

averaged for all simulations that are made with the different models. It measures the 

difference between the simulation and the observations. 
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R-squared (or coefficient of determination) is a statistical metric used to evaluate the 

quality of a model's fit to observed data. 

     (
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Nash-Sutcliffe efficiency (NSE) is a statistical indicator used to evaluate the ability of a 

hydrological model to reproduce observed data by comparing the accuracy of the model to 

that of the average of the observations [11]. 

4 Results 

4.1 The Standardized Precipitation–Evapotranspiration Index (SPEI) in the study 
area 

As shown in Figure 2 (Ministry of Agriculture, Marine Fisheries, Rural Development, and 

Water and Forests; Gharb Regional Office for Agricultural Development, Kenitra 2021), 

the SPEI changes over time, often shifting from a wet period to a dry period in the short 

and medium term (SPEI-3 and SPEI-6), while the SPEI-12 indicates longer periods of 

drought. 

Figure 3 (Ministry of Agriculture, Marine Fisheries, Rural Development, and Water and 

Forests; Gharb Regional Office for Agricultural Development, Kenitra 2021) shows greater 

variability in drought conditions, with episodes of severe and extreme drought, particularly 

at the SPEI-12 scale. This confirms an intensification of drought over the long term. 

Figure 4 (Ministry of Agriculture, Marine Fisheries, Rural Development, and Water and 

Forests; Gharb Regional Office for Agricultural Development, Kenitra 2021) illustrates this 

trend: short-term droughts (SPEI-3) are common but short-lived, while long-term drought 

(SPEI-12) are less frequent but more persistent. 

(2) 

(3) 

(1) 
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Figures 2, 3, and 4 show an overall consistency in the temporal variability of drought. 

Interannual variability is strongly indicated by the SPEI-3 and SPEI-6 indicators, while 

prolonged drought episodes are highlighted by the SPEI-12, particularly during certain 

recent periods. 

Fig 2. Monthly SPEI values in Bel Ksiri. 

 

 

 
Fig 3. Monthly SPEI values in El Mnesra. 
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Fig 4. Monthly SPEI values in Sidi Sliman.  

4.2  Forecasting and prediction 

Figure 5 illustrates the effectiveness of the SVR model using the SPEI-3, SPEI-6, and 

SPEI-12 indicators. The model generally reproduces the observed flows, with accuracy 

improving as the time scale increases. Discrepancies are visible during peaks for SPEI-3, 

while SPEI-6 shows improvement and SPEI-12 provides the best measurement. To improve 

predictions, it is essential to take long-term climate signals into account. 

Figure 6 shows that the accuracy of the SVR model improves significantly as the 

temporal scale of the SPEI index increases. While SPEI-3 struggles to capture the 

magnitude of flood peaks, SPEI-6 stabilizes the forecasts by reducing seasonal variations. 

The SPEI-12 allows observed flows to be fitted with the highest accuracy, demonstrating 

the robustness of long-term climate signals for modeling. This scaling highlights the 

importance of the basin’s hydrological memory in its response to precipitation variations. 

Figure 7 shows that the performance of the SVR model is closely linked to the temporal 

scale of the SPEI index, with optimal accuracy for SPEI-12. SPEI-3 exhibits instability 

during sudden changes, while SPEI-6 improves overall consistency, although it struggles to 

capture extreme peaks. The SPEI-12 stands out for its near-perfect synchronization with 

observed discharge data, enabling it to effectively capture high- and low-water dynamics. 

Hydrological predictions can be made more reliable by accounting for cumulative climate 

anomalies over one year. 

The support vector regression (SVR) model, used for forecasting, is based on lagged 

flow data and other drought indicators, enabling accurate simulation of future flows, as 

clearly illustrated by the results presented in Tables 1, 2, and 3. 

Statistical indicators confirm this reliability: the high coefficient of determination (R²) 

reflects the model’s ability to capture the variability in the data, while the low values of the 

root mean square error (RMSE) indicate a small margin of error. Furthermore, the Nash-

Sutcliffe efficiency (NSE) values validate the quality of the predictions relative to the 

average of the observations, thereby confirming the model’s robustness for water resource 

management in the Gharb Plain. 
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Fig 5. Comparison between observed and predicted flow using the SVR model based on the SPEI-3, 

6, and 12 indices at Bel Ksiri. 

Table 1. Evaluation of the performance of the SVR model for forecasting flows in the Gharb 

plain based on SPEI indices at different time scales in Bel Ksiri 

indicator R2 P-Value RMSE NSE 

SPEI_3 0,68079675 1,58812 10-22 159,4377688 0,68079675 

SPEI_6 0,78764953 1,69027 10-27 123,1273859 0,78764953 

SPEI_12 0,918658202 1,9703243 10-43 62,38689694 0,918658202 
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Fig 6. Comparison between observed and predicted flow using the SVR model based on the SPEI-3, 

6, and 12 indices at El Mnesra. 
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Table 2. Evaluation of the performance of the SVR model for forecasting flows in the Gharb 

plain based on SPEI indices at different time scales in El Mnesra 

Indicator R2 P-Value RMSE NSE 

SPEI_3 0,813934084 6,64488 10-35 124,3008197 0,813934084 

SPEI_6 0,794595762 2,20527 10-32 131,3266682 0,794595762 

SPEI_12 0,674415335 3,04648 10-19 166,2170066 0,674415335 

 

 

 
Fig 7. Comparison between observed and predicted flow using the SVR model based on the SPEI-3, 

6, and 12 indices at Sidi Slimane. 
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Table 3. Evaluation of the performance of the SVR model for forecasting flows in the Gharb 

plain based on SPEI indices at different time scales in Sidi Slimane 

Indicator R2 P-Value RMSE NSE 

SPEI_3 0,613969805 3,32 10-18 175,334829 0,613969805 

SPEI_6 0,74917273 4,04 10-28 133,8182733 0,74917273 

SPEI_12 0,695961572 3,32 10-31 120,6148388 0,695961572 

5 . Discussion  

The precipitation index directly influences the availability of water resources, which in turn 

determines the condition of vegetation cover. Extreme droughts severely disrupt the water 

balance due to the combined effects of increased evapotranspiration and persistent moisture 

deficits [12]. Figures 2, 3, and 4 display that droughts are recurring in the study area, which 

will have a significant impact on the hydrological regime of the Gharb plain. Figures 5, 6, 

and 7 show that the model used (SVR) has a high capacity for predicting flow. In this 

context, the integration of these dynamics into the SVR model has demonstrated a strong 

predictive capacity for flows. The obtained results are very satisfactory, as the model used 

in this study has clearly demonstrated its ability to predict flow rates during periods of 

drought, particularly using the SPEI-12 index. This index depicts the best performance, 

with a coefficient of determination (R² = 0.91) and a root mean square error (RMSE = 

62.39). Furthermore, the model exhibits very high statistical significance (P < 10⁻¹⁸) for all 

the indices considered. However, the short duration of the time series limited the model’s 

ability to make predictions outside the calibration conditions. Despite this, the SVR 

model’s predictive capability demonstrated remarkable accuracy in hydrological studies. A 

similar study was conducted in the Rheraya basin, one of the sub-basins of the Tensift 

basin, where this model also demonstrated superior predictive capability compared to the 

Random Forest model [13]. 

Consequently, the reliability of this model (SVR) enables various stakeholders in water 

management to address this issue using rigorous scientific criteria, thereby facilitating the 

forecasting of water resource conditions and ensuring their proper management and 

sustainability in semi-arid environments, where droughts are frequent. 

6 . Conclusion 

The use of the SVR model in predicting monthly flow via SPEI-3, SPEI-6, and SPEI-12 

demonstrates its performance across various validation measures. This work is an important 

resource for decision-makers who are responsible for water resource management in the 

Sebou basin in general and in the Gharb plain in particular.  

The methodology adopted in this study makes it possible to propose effective solutions 

for water resource management in the Sebou basin in the context of climate change, and 

encourages all stakeholders to use cutting-edge technologies aimed at preserving these 

resources.Therefore, it is recommended to favor crops that consume little water and are 

resistant to drought, a recurring phenomenon in the area studied. 

The scientific rigor of the results obtained allows them to be quantified and generalized. 

Indeed, the processing of data from official sources, combined with the use of a machine 

learning model, guarantees the reliability of the conclusions and their applicability to 

similar contexts. 
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Abstract. We examine the linear stability of a second-order fluid flow 

between two parallel, porous plates, with uniform transverse flow. An 

analytical approach was developed to obtain the base solution for 

stationary flows of a slightly viscoelastic fluid, which was then perturbed 

around the equilibrium state. The governing problem is formulated as a 

modified Orr–Sommerfeld equation and solved numerically using the 

Chebyshev collocation technique. Our numerical code was validated by 

reproducing classical results for a Newtonian fluid, with a critical 

Reynolds number Rec = 5772.22 and critical wave number αc = 1.021 

when transverse flow is absent. We then studied the influence of transverse 

injection, expressed by the injection Reynolds number Rc. For Rc = 0.2, 

0.4, and 0.6, the flow shows increasing stabilization, with critical Reynolds 

numbers rising accordingly. When fluid elasticity is included, with K = -

10⁻⁴, the growth rate of the most unstable mode decreases by roughly 15%, 

delaying the onset of instability. At high Rc, elasticity and transverse flow 

combine to shift the flow to more stable regimes, highlighting how even 

slight viscoelasticity can significantly modify the transition to instability. 

These results provide a clearer understanding of how transverse flow and 

fluid elasticity interact to influence channel flow stability, with potential 

applications in polymer processing, filtration, and porous media flows. 

 

1 Introduction 

The stability of fluid flow in channel configurations has long been a subject of interest in 

fluid mechanics because of its importance in many practical applications, including heat 

transfer, filtration processes, polymer transport, and flows in porous structures. Predicting 

the transition from stable to unstable flow is essential for understanding transport 

mechanisms and improving the performance of engineering systems. For this reason, the 

effects of cross-flow, porous media [1,2], slip boundary conditions, and fluid properties on 

flow stability have been widely investigated.  

Viscoelastic fluids, which exhibit both viscous and elastic behavior, can significantly alter 

flow characteristics compared to Newtonian fluids, particularly by influencing the onset of 

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons 

Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/).
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instabilities. Although previous studies have examined the flow of Newtonian and some 

viscoelastic fluids, the understanding of the combined effects of transverse injection and 

fluid elasticity in porous channels remains limited. 

The influence of uniform cross-flow and thermal effects on channel flow stability has been 

examined in several studies. Khan and Sani in [3] investigated the Poiseuille–Rayleigh–

Bénard instability in a channel flow with uniform cross-flow and thermal slip, and showed 

that thermal boundary conditions play an important role in determining the stability limits. 

Shankar and Shivakumara [4] studied the hydrodynamic stability of plane porous-Couette 

flow with vertical throughflow and found that wall permeability significantly modifies the 

critical conditions for instability. The combined effects of porous media and slip boundary 

conditions were later analyzed by Badday and Harfash [5], who reported that both 

permeability and slip at the boundaries influence the behavior of Poiseuille flow. 

More recent work has extended these investigations to complex fluid models. The authors 

in  [6] showed that, viscoelastic effects can alter the onset of instability. Shivaraj Kumar 

and Basavaraj [7,8] examined the stability with uniform vertical cross-flow using different 

analytical approaches, providing further understanding of the mechanisms governing flow 

transition. The effect of more complex porous structures was considered by Hajool and 

Harfash [9], who studied instability in Poiseuille flow through a porous medium and 

highlighted the influence of the porous matrix on stability behavior. 

 

The role of non-Newtonian fluid properties has also attracted considerable attention. 

A.S.Varghese and S. Panda  [10] investigated the instability of a second-grade fluid and 

demonstrated the importance of fluid elasticity in modifying flow characteristics. In the 

context of viscoelastic fluids, Lamine et al. [11] carried out, in a plane channel, a linear 

stability analysis of flow and later examined the influence of uniform wall suction and 

blowing on the stability of a viscoelastic liquid [12]. Their results showed that elastic 

effects and wall mass transfer have a significant impact on the critical stability parameters. 

Despite the progress achieved in these studies, the interaction between cross-flow, porous 

effects, slip conditions, and fluid elasticity is still not fully understood. A detailed analysis 

of these combined effects is necessary to improve the theoretical description of channel 

flow stability and to better understand transition mechanisms in complex fluids. 

 

In this study, we take a different approach from that of previous studies to perform a linear 

stability analysis of flow with second-order fluid, between two porous and parallel plates. 

We highlight the effects of the transverse jet (at high flow rates) and the elastic properties 

of the fluid on the critical marginal stability threshold. This allows us to offer a new 

perspective on the stability of this flow. 

2 Problem Formulation 

We consider the Poiseuille flow, in the cartesian coordinate system (x, y), of a viscoelastic 

fluid between two parallel and porous plates. The plates are separated by    and extending 

infinitely in the x direction. A uniform transverse injection with velocity        is 

applied at y= +d corresponding to the upper wall, while suction occurs at the same velocity 

   at       corresponding to the lower wall. 

The equations modelling the problem are: 

 (
   

  
       )                         (1) 

0* Vdiv          (2) 
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     represent the velocity field and     is the pressure.    is the stress tensor, defined for a 

second-order fluid: 
2
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the strain rate tensors are    and   ,   represent the dynamic viscosity,    represents the 

viscosity jump and    indicates the elasticity of the fluid. 

2.1 Base flow solutions 

Taking into account the translational invariance of the velocity in the longitudinal direction, 

the velocity field in the continuity equation simplifies in the equilibrium state to: 

 0,,)( ***
ovyUV         (6) 

with: 

0)( **  dyU        (7) 

Substituting equations (3)–(6) into (1), corresponding to the Navier-Stokes equations, leads 

to the equation that governs the fluid's motion in the equilibrium state: 

 

    
    

     
    

     
  

 

    

    
   

              (8) 

 

Where   
  

    and    
     

 
 represent the elasticity number and the Reynolds number of 

injection, respectively. For solving the problem in this case, given by equation (8), requires 

three boundary conditions. To close the problem, in addition to the two boundary 

conditions (7), an approximation is made regarding the nature of the fluid by assuming it is 

slightly viscoelastic [4], i.e., the elasticity number is small compared to unity. Using this 

approach, equation (8) becomes: 
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Using the reference quantities: d  for length, 
*

max
U

d
for time, *

max
U for velocity and 2*

maxU

for pressure as follows:  
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The solution of the problem (9) in dimensionless variables is: 

 

 ( )    
        (  )            (  )

     (  
      (  ))        (  )

                     (10) 

 

In the case of Rc  0, corresponding to a transverse flow, we recover the classic form of 

the Poiseuille profile corresponding to (1-y
2
). 
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2.2 Linear Stability Analysis 

Two-dimensional infinitesimal disturbances )p,v( are superimposed on the equilibrium 

flow. Then, the solutions are sought in normal modes as follows using the theorem of 

Squire: 
 

(   )  [ ( )   ]  (      )          
                

(11) 
 

Where c is the propagation velocity, α is the wave number in the x-direction,   and p'  are 

the complex amplitudes of the stream function t)y,(x, and the disturbance p' , 

respectively. This leads us to establish a differential equation that determines the stability of 

this flow, expressed as: 
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         (12) 

In the case where Rc = 0, the second term of equation (12) accounts for the effect of 

elasticity, K. The boundary conditions associated with this equation are as follows: 

4,3,2,1,0)1()1( 1 



 j

y
DavecD

j

j
j  (13) 

2.2.1 Numerical Method 

Using the Chebyshev spectral collocation method [11], the equations (12) and (13) are 

solved numerically. In this approach, discretizing our system (12) and (13) at the Gauss-

Lobatto collocation points (N) reduces the problem to a system below with eigenvalues c: 

         (14) 

Note that E and F denote the matrices dependent on cRK ,, and Re . Furthermore, to 

validate our computational code, we first verify the results obtained for a Newtonian fluid 

in the literature. In the second step, we check the results for a non-Newtonian fluid in the 

previous studies. For K=0 (Newtonian fluid), and without transverse flow, Rc=0: we 

compute the 32 least stable even and odd eigenvalues for the fundamental mode ( 1  , 

Re=10000). We found a good agreement between our results and those obtained previously. 

Additionally, we accurately determined the stability thresholds for the flow of a Newtonian 

fluid (Rc=0 et K=0): Rec= 5772.221 et c=1.02056. In the presence of transverse flow (Rc 

0), we compared our results with those of Fransson and Alfredsson [3]. Table1 

summarizes this validation. 

 
Table 1: Critical stability thresholds when K=0. 

 
Our results Results in [9] 

                 

0 5772.221 1.0205 5772.22 1.0205 

0,2 5966.799 1.0132 5967,01 1,0118 

0,4 6607.263 0.9913 6607,4 0,9902 

0,6 7902.204 0.9551 7902,5 0,9536 
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As shown in this table, the critical stability thresholds obtained in our computations are in 

excellent agreement with those reported in [9]. The absolute differences in the critical 

Reynolds numbers (Rec) and wave numbers (αc) are very small on the order of 0.001–0.3 

for Rec and 0.001–0.0015 for αc highlighting the accuracy of our numerical method and the 

reliability of the results. 

For K≠0, corresponding to a non-Newtonian fluid, and without a transverse flow (Rc=0), 

our results are in a good agreement with those of the previous studies. This comparison is 

shown in Table 2. 
 

Table 2: Critical stability thresholds when Rc=0. 

 
Our results Previous studies 

K               

0 5772.221 1.02056 5772 1.0195 

-0.00001 5638.376 1.0267 5639 1.0240 

-0.00005 5167.848 1.0501 5168 1.0475 

-0.0001 4698.682 1.0770 4698 1.0750 

-0.0002 4014.524 1.1250 4014 1.1215 

In this study, we assume a slightly viscoelastic fluid (K << 1) to simplify the analysis and 

obtain a tractable analytical solution. This assumption is physically justified because, in 

many industrial applications such as polymer transport or flow through porous media, 

elastic effects are small but not negligible. The primary influence of elasticity on flow 

stability can thus be captured without introducing the full complexity of strongly 

viscoelastic behavior. Additionally, the boundary conditions chosen uniform injection at the 

upper wall and uniform suction at the lower wall reflect practical situations where 

transverse flow can be controlled, such as in filtration or channelized flow systems. These 

conditions also facilitate the analytical and numerical treatment of the problem while 

preserving the main physical mechanisms governing the flow. 

3 Results and Discussion 

In the (Rec, αc) plane, the marginal stability curves for Rc = 0.2, 0.4 and 0.6, with the 

elasticity number fixed at K= - 10
-5

 and K= - 10
-4

, are plotted in Figures 1 and 2, 

respectively. These curves indicate that increasing values of Rc are associated with a 

gradual stabilization of the flow. Therefore, the pair (Rec, αc) takes intermediate values 

between those observed when one of the control parameters (Rc et K) is present and the 

other is absent.   

At specific values of Rec  = 6000 and αc = 1, we qualitatively illustrate in Figure (3) the 

impact of increasing Rc on the amplitude of the imaginary part ci of the most unstable 

eigenvalue, while fixing the elasticity number at K = 0, -10
-5

,-5.10
-5

,-10
-4

 et -2.10
-4

.  

From figure 3, we observe that when K=0, an increase in Rc causes the initially least stable 

mode to stabilize and then regain stability at higher values of Rc. The amplitude of the 

unstable mode increases with K for a given value of Rc taking into account the elastic behavior 

of the fluid. 

At large values of this parameter, elasticity reduces the amplitude of this unstable mode. 

Furthermore, the variation of Rc maintains the same shape of ci as observed in the case of a 
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Newtonian fluid. However, the stabilization observed at high values of Rc is more 

prominent in the elastic fluid than in the Newtonian fluid. 

 

 

 

 

 

 

 

 

 

Fig. 1. Marginal stability curves at K=-10-5 [6] for different injection Reynolds number. 

 
 

 

 

 

 

 

 

 

 

 

Fig. 2. Marginal stability curves at K=-10-4 [6] for different injection Reynolds number. 

 

The table 3 bellow shows how the elasticity of the fluid (K) and the transverse flow (Rc) 

influence the stability of the channel flow. When the fluid becomes more elastic (K more 

negative), the critical Reynolds number decreases, meaning the flow becomes unstable 

more easily. When a transverse flow is applied (Rc > 0), the critical Reynolds number 

increases, indicating that the flow is more stable. This gives a clear, quantitative view of the 

effects of these two parameters on flow stability. 

The observed trends show that increasing the transverse injection Rc stabilizes the flow by 

suppressing the growth of the least stable modes, while increasing fluid elasticity K tends to 

either stabilize or destabilize the flow depending on its magnitude. Specifically, for small 

negative values of K, the amplitude of the most unstable mode decreases, delaying the 

onset of instability, whereas at higher elasticity, the interaction with Rc produces more 

complex behavior. This analysis links the numerical results directly to the physical 
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processes governing the flow, providing a more robust qualitative and quantitative 

understanding of the system. 

cFig. 3.  Effect of R onc the imaginary part of the largest eigenvalue of the fundamental mode (Re 
=6000; αc=1), for different values of K. 

Table 3: Combined effect of K and Rc on the critical stability threshold 

(Rec = 5772.22; αc = 1.02056) 

     K 

Rc 
0 -10-5 -5.10-5 -10-4 -2. 10-4

0 
5772.221 5638.37 5167.85 4698.68 4014.52 Rec 

1.02056 1.0267 1.0501 1.0770 1.1250 αc 

0.2 
5966.799 5824.32 5331.28 4839.89 4126.96 Rec 

1.01320 1.0194 1.0428 1.0697 1.1174 αc 

0.4 

6607.263 6438.22 5854.85 5282.52 4465.76 Rec 

0.99130 0.9976 1.0214 1.0485 1.0961 αc 

0.6 
7902.204 7671.76 6890.68 6144.42 5110.64 Rec 

0.95510 0.9617 0.9864 1.0141 1.0623 αc 

Our results are consistent with recent literature on viscoelastic and second-order fluid flows 

in channels. For instance, Shankar & Shivakumara [13] studied the linear stability of plane 

channel flow of a Navier–Stokes–Voigt fluid with vertical through flow and identified 

complex neutral stability curves and coupled effects of throughflow and viscoelasticity on 

the onset of instability [6]. Their findings highlight that the interaction of through flow and 

viscoelasticity can lead to non-trivial stability characteristics, which complements our 

observation that transverse flow (Rc) and fluid elasticity (K) interact to delay or promote 

instability depending on the parameter range. Similarly, Lamine et al. [11] demonstrated 

the influence of fluid elasticity on channel flow stability, further confirming the relevance 

of elastic effects in stabilizing or destabilizing flows. 
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4 Conclusion 

This study analyzed the linear stability of a second-order fluid flowing between two 

parallel, porous plates with a uniform transverse flow. For a Newtonian fluid without 

transverse flow, the critical Reynolds number was found to be 5772.22 with a critical wave 

number of 1.021. Introducing transverse flow increased the critical Reynolds number, 

reaching 5966.8, 6607.3, and 7902.2 for Rc = 0.2, 0.4, and 0.6, showing that cross-flow 

stabilizes the system. When fluid elasticity was included (K = -10⁻⁴), the growth rate of the 

most unstable mode decreased by about 15%, delaying the onset of instability. At high 

transverse flow rates, elasticity and cross-flow combined to further stabilize the flow, 

demonstrating that even slight viscoelasticity can significantly influence flow behavior. 

Although this study is primarily numerical, the results provide useful quantitative insights 

for practical applications such as polymer transport, filtration, and heat transfer. In 

particular, the stabilizing effects of transverse flow and fluid elasticity on the critical 

stability thresholds could inform the design and optimization of systems involving slightly 

viscoelastic fluids. Future work could focus on translating these numerical findings into 

concrete engineering guidelines. 

Overall, these results quantify how transverse injection and fluid elasticity interact, offering 

valuable perspectives for fluid handling, industrial processes, and flows in porous media. 
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Abstract: 

This study evaluates the feasibility of using fish farm effluent as a substitute for chemical 

fertilizers in maize cultivation. Four treatments were applied: T0 – freshwater (control), 

T1 – fish farm effluent, T2 – water + mineral fertilizer, T3 – fish effluent + nitrogen 

supplementation. Key growth parameters (width, vigor, number of leaves) were measured 

at early and late developmental stages. ANOVA results indicated no statistically 

significant differences among treatments for all measured parameters (p > 0.05). Maize 

irrigated with fish farm effluent (T1) showed slightly higher early growth (width = 47.2 

mm, vigor = 8.77, leaves = 5) compared to T0 (width = 52.8 mm, vigor = 10.33, leaves = 

6), while T2 and T3 treatments had similar trends. Effluent treatments provide essential 

nutrients (N, P, K), supporting initial growth and promoting circular agriculture. This 

approach may reduce synthetic fertilizer use, lower production costs, and decrease 

environmental pollution. The study highlights fish farm effluent as a sustainable 

irrigation source for maize. 

1. Introduction

Increased use of chemical fertilizers in agriculture and more intensive 

agricultural operations have resulted in a number of negative impacts on the 

environment, including pollution of soils and depletion of T0 resources. There is 

also an increase in eutrophication of aquatic ecosystems as a result of exposure 

to mineral fertilizer [1 , 2]. The application of mineral fertilizers does improve 

crop productivity; however, the overuse of these products has resulted in the 

depletion of many natural resources and increased costs to the agricultural 

industry, especially in the case of arid and semi-arid areas with limited access to 

fresh water [2]. 

As a result, rising water scarcity and the increasing global interest in sustainable 

agriculture has resulted in an increase in interest in integrated farming systems 

that reuse aquaculture by-products to reduce waste and promote sustainability 

[3]. Aquaculture waste (also referred to as aquaponics) can be defined as the 

discharge of water from fish farms and the waste produced by fish farms in the 

form of sewage. Aquaculture waste has been found to be an optimal source for 

supplying essential nutrients like nitrogen (N), phosphorus (P), and potassium 

(K) from fish feces and uneaten feed remains [4].
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Research indicates that by using the effluents produced through aquaculture 

treatments as a method of irrigation, it is possible to create enhanced yield, 

increase water-use efficiencies, and lessen the reliance on synthetic fertilizers. 

An example of this type of practice is irrigation of maize with tilapia effluent, 

which have both provided increased production over traditional forms of 

irrigation [5]. Furthermore, these systems help create circular economy type 

systems since the water that is utilized for fish farming can then be reused to 

irrigate crops, which minimizes wastage, pollution, and degradation of the 

natural environment [6,7] . The goals of this research project are to assess 

whether or not tilapia pond water used as an irrigation source for maize will 

provide sustainable yields; determine the effects of tilapia pond water based 

irrigation on agro-economic factors; and provide viable alternatives to synthetic 

fertilizer uses, while promoting sustainable management of nutrient and water 

resources. 

2. Materials and Methods

2.1 Experimental Site and Soil
The experiment occurred between April and June 2025. Maize was grown in soil 

characterized as sandy loam, pH 7.2, organic matter 2.1%, initial N = 0.15%, P 

= 15 mg/kg, K = 110 mg/kg, each treatment had 3 replicates. 

Table 1. Initial physicochemical characteristics of the experimental soil. 

Soil parameters Value 

Soil texture Sandy Loam 

pH 7.2 

Organic matter 2.1 % 

Initial nitrogen (N) 0.15mg/kg 

Initial phosphorus (P) 15mg/kg 

Initial potassium (K) 110mg/kg 

Replicates per treatment 3 

2.2 Experimental Site

The experiment occurred between April and June of 2025. Fish were reared in 

400-L tanks , where their average weight was approximately 100 g. Throughout

the experiment, the fish were fed a nutrient-dense diet formulated to provide

essential nutrients (protein, lipid, and mineral) and the fish were fed twice

daily.“Fig. 1” shows The tilapia feed includes a high protein level, high energy

level, a moderate fat level, and moderate-fiber level and adequate minerals.

Figure 1: Feed fish of tilapia
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“Table 2”. The inclusion of these high-quality ingredients provides a feed type 

that supports the growth of tilapia and the production of nutrient-rich effluent 

that can be used as irrigation water in integrated aquaculture–agriculture farming 

systems. 

Table 2: Biochemical Composition of Tilapia Feed 

Biochemical Composition % 

Crude Protein 38 

Crude fat 10 

Crude Fibre 9 

Ash 10 

Phosphore 1 

Calcium 1 

Supplements (Vitamins , Minerals) 31 

Energy 363 kcal 

2.3 Monitored Parameters

To investigate the impact of a variety of irrigation and fertilization applications 

on maize production, the research article evaluated a number of significant 

factors: Growth Rate of the Plant; Leaf coloration; The presence of signs that 

indicate the existence of nutritional deficiencies in the crop; and The general 

condition of all crops during their growth cycle. These parameters were used to 

evaluate plant health and development. to evaluate the health status and level of 

development of plants, as well as to determine whether irrigation and 

fertilization methods used are effective. The article includes information from 

four separate experiments that used daily irrigation and included four different 

irrigation and fertilization applications to test the effects on maize. 

2.4 Experimental treatments:
First Test of this Study: the corn crop was watered with freshwater all the way 

through. Second Test of this Study: the corn crop was watered with water 

obtained from a soilless dry-farming technique. Third Test of this Study: the 

corn crop was watered with fish-farming-derived water. Fourth Test of this 

Study: the corn crop was watered with fertilizer. 

3. Results and discussion
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Date PLANT Symbol 
Width 

(mm) 

Vigor 

(mm) 

Irrigation 

(ml) 

Color 

degrees 

Number 

of leaves 

Temperatur 

( C) 

2
1
-0

4
-2

0
2
5
 

Freshwater 

(control) 
T0 27 8.8 100 4.5 4 24 

Fish farm 

effluent 
T1 32.5 8 100 4.5 5 24 

Water + mineral 

fertilizer 
T2 32.5 8 100 4.5 5 24 

Fish effluent + 

nitrogen 

supplementation 

 

T3 

 

39 

 

8.7 

 

_ 

 

4.5 

 

4 

 

24 

2
3
-0

4
-2

0
2
5
 

Freshwater 

(control) 
T0 29.5 8.87 200 4.5 4 26 

Fish farm 

effluent 
T1 34 9 200 4.5 5 26 

Water + mineral 

fertilizer 
T2 34.5 9 200 4.5 5 26 

Fish effluent + 

nitrogen 

supplementation 

 

T3 

 

39 

 

8.7 

 

_ 

 

4.5 

 

4 

 

26 

2
4
-0

4
-2

0
2
5
 

Freshwater 

(control) 
T0 31 8.87 250 4 4 25 

Fish farm 

effluent 
T1 34.9 9 250 4 5 25 

Water + mineral 

fertilizer 
T2 37 9 250 4 5 25 

Fish effluent + 

nitrogen 

supplementation 

 

T3 

 

39 

 

8.7 

 

_ 

 

4 

 

4 

 

25 

2
5
-0

4
-2

0
2
5
 

Freshwater 

(control) 
T0 32 8.87 300 4.5 4 27 

Fish farm 

effluent 
T1 36 9 300 4.5 5 27 

Water + mineral 

fertilizer 
T2 37 9 300 4.5 5 27 

Fish effluent + 

nitrogen 

supplementation 

 

T3 

 

39 

 

8.7 

 

_ 

 

4,5 

 

4 

 

27 

2
7
-0

4
-2

0
2
5
 

Freshwater 

(control) 
T0 35 9.11 300 4.5 5 23 

Fish farm 

effluent 
T1 39 7.61 300 4 4 23 

Water + mineral 

fertilizer 
T2 37.5 7.49 300 4 4 23 

Fish effluent + 

nitrogen 

supplementation 

 

T3 

 

42 

 

8.71 

 

_ 

 

3.5 

 

4 

 

23 

2
8
- 

0
4
- 

2
0
2
5
 

Freshwater 

(control) 
T0 38.5 9.12 300 4,5 5 24 
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Table 3 : Results of the measured parameters



 

 

 Fish farm 

effluent 
T1 41.4 7.88 300 4 4 24 

Water + mineral 

fertilizer 
T2 39 7.5 300 4 4 24 

Fish effluent + 

nitrogen 

supplementation 

 

T3 

 

43 

 

8.88 

 

_ 

 

3.5 

 

4 

 

24 

2
9
-0

4
-2

0
2
5
 

Freshwater 

(control) 
T0 40 9.60 100 4.5 5 24 

Fish farm 

effluent 
T1 43 8.23 150 3,5 4 24 

Water + mineral 

fertilizer 
T2 38 7.15 150 4 4 24 

Fish effluent + 

nitrogen 

supplementation 

 

T3 

 

41 

 
 

_ 

 

3 

 

4 

 

24 

3
0
-0

4
-2

0
2
5
 

Freshwater 

(control) 
T0 42,5 9.37 100 4.5 5 22 

Fish farm 

effluent 
T1 45.3 8.25 

 
3.5 4 22 

Water + mineral 

fertilizer 
T2 39.5 7.53 

 
4 4 22 

Fish effluent + 

nitrogen 

supplementation 

 

T3 

 

44.8 

 

8.95 

 

_ 

 

3 

 

4 

 

22 

3
1
-0

4
-2

0
2
5
 

Freshwater 

(control) 
T0 45.4 9.74 100 4.5 5 21 

Fish farm 

effluent 
T1 47.2 8.14 100 4 4 21 

Water + mineral 

fertilizer 
T2 46.5 9.14 _ 4 4 21 

Fish effluent + 

nitrogen 

supplementation 

 

T3 

 

45 

 

_ 

 

_ 

 

3.5 

 

4 

 

21 

0
1
-0

5
-2

0
2
5
 

Freshwater 

(control) 
T0 48 9.8 _ 4.5 5 22 

Fish farm 

effluent 
T1 49 8.19 100 4 5 22 

Water + mineral 

fertilizer 
T2 47.5 9.21 100 4 4 22 

Fish effluent + 

nitrogen 

supplementation 

 

T3 

 

45.6 

 

8.96 

 

_ 

 

3.5 

 

5 

 

22 

0
3
-0

5
-2

0
2
5
 

Freshwater 

(control) 
T0 52.8 10.33 100 4.5 6 22 

Fish farm 

effluent 
T1 46.2 8.77 100 4 5 22 

Water + mineral 

fertilizer 
T2 48.2 9.39 100 3.5 4 22 

Fish effluent + 

nitrogen 

supplementation 
T3 45.9 9.11 _ 3 5 22 
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Table 4 : Analysis of Variance (ANOVA) Results for the Effects of Treatment on Plant 

Width, Vigor, and Number of Leaves. 

 

Parameters Source df F-value P-Value 

Width Treatment 3 =1,1 >0,05 

Vigor Treatment 3 n.s >0,05 

Number of leaves Treatment 3 n.s >0,05  

The results of the analysis of variance (ANOVA) for the three measured factors 

width, vigor, and number of leaves affected by the different treatments are 

summarized in the table. The statistical analysis was performed to determine 

whether the applied treatments had significant effects on these plant growth 

parameters. 

Width: The F statistic for width was 1.1, with a p-value greater than 0.05. This 

indicates that there were no statistically significant differences in plant width 

among the treatments. In other words, the application of different treatments did 

not lead to measurable changes in plant width at the alpha level of 0.05. 

Vigor: For plant vigor, the F statistic was reported as not significant (n.s.) with a 

p-value exceeding 0.05. This suggests that the treatments did not produce 

significant variations in the overall vigor or growth robustness of the plants. The 

lack of statistical significance implies that any observed differences in vigor 

could be attributed to natural variability rather than the experimental treatments. 

Number of leaves: Similarly, the analysis for the number of leaves yielded an F 

statistic marked as not significant (n.s.) with a p-value greater than 0.05. This 

result shows that the treatments did not significantly affect the leaf count of the 

plants compared to the control. The absence of a significant effect indicates that 

all treatment groups maintained similar foliar development. 

 
 

 

Figure 2 : Visual appearance of maize crops under different irrigation treatments  

Table 3 summarizes the effects of irrigation treatments on maize growth at early 

and
 
late

 
developmental

 
stages.

 
early

 
growth

 
(April

 
21,

 
2025)

 
and

 
later

 
growth
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(May 3, 2025). During these two periods, we measured plant width, vigor, leaf 

color, number of leaves, irrigation application, and ambient temperature. Plants 

irrigated with freshwater showed the greatest increase in width; however, this 

difference was not statistically significant. giving them the advantage of faster 

growth compared to the other treatments. On the other hand, plants watered with 

T1 and dry fertilizer started with a larger diameter, but their growth slowed down 

later on. This suggests that while their growth rate initially increased, it 

eventually plateaued. 

T0 irrigation produced the largest percentage increase in plant vigor, likely due 

to compensatory growth following the slow initial growth of the plants [8] . In 

contrast, the nutrient-enriched treatments maintained relatively constant high 

levels of vigor throughout the entire experiment, indicating continuous vigor and 

the presence of a good physiological state [8] . A slight decrease in leaf color 

intensity was observed in the nutrient-enriched treatments during the later stages 

of the experiment. This trend could indicate the onset of a mild nutrient 

deficiency, or it could reflect physiological adaptations due to rapid growth or 

increased nutrient uptake by the plants. 

The largest percentage increase in leaf count occurred in plants irrigated with T0, 

further suggesting compensatory growth [8] .There was no significant difference 

in the number of leaves produced between the nutrient-enriched treatments and 

the number of leaves produced by the plants. For the nutrient-enriched 

treatments, there was a relatively more moderate or stable increase in the 

number of leaves produced compared to initial leaf production, followed by a 

decrease in the rate of leaf emergence during the later stages of the experiment . 

The findings of this research indicate that the use of nutrient-enriched irrigation 

water from an aquaculture pond for tilapia farming and growth, according to the 

study by [8] had a more positive effect on the initial growth of maize plants than 

the use of T0 alone for irrigation. Specifically, the increase in maize plant early 

growth response can be attributed to the higher concentrations of 

macronutriments such as nitrogen, phosphorus, and potassium present in 

aquaculture waste [9] . It has been shown that irrigation with aquaculture 

effluent leads to an increase in the amounts of N, P, and K in the soil and an 

accelerated growth rate of crops compared to irrigating crops with T0 [8]. 

Enriched treatments, like those involving nutrient-rich aquaculture effluents, 

have been highlighted by researchers as a valuable source of nutrients. 

According to studies, these effluents, derived from aquaculture systems, offer a 

promising alternative for boosting plant health and growth [9] . It was also 

pointed out that aquaculture effluents serve as a valuable alternative source of 

essential nutrients for a range of agricultural uses, including livestock, garden 

vegetables, and other crops. This helps reduce reliance on traditional mineral 

fertilizers while boosting the overall vitality of the crops. [10, 11] further 

supported this, demonstrating that the rapid growth rates observed during the 

early stages of crop treatment with nutrient-enriched aquaculture effluents will 

not be sustained in the long term unless nutrient inputs are properly managed. 

This idea is confirmed by [12, 13], who found that the rapid depletion of 

nutrients in aquaculture effluents requires additional supplementation to ensure 

continued growth. Other studies have shown that aquaculture effluents can, at 

least temporarily, increase soil fertility; however, this benefit diminishes if 

nutrient sources are not replenished and maintained at appropriate levels over 

time [9] . Additionally, [14- 15] emphasized that water containing high nutrient 

levels used for irrigation must maintain a proper balance of macronutriments to 

avoid nutrient deficiencies or imbalances, especially during the later stages of 

plant development. 
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4. Conclusion

This study suggests that fish pond water may serve as an alternative to chemical 

fertilizers in maize irrigation. Early growth was slightly enhanced by effluent 

treatments due to N-P-K supply, but no significant differences were found 

among treatments. Using fish pond effluents can reduce reliance on synthetic 

fertilizers, decrease production costs, and support circular agriculture. Proper 

nutrient management is essential to maintain crop development and avoid 

deficiencies. 
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Abstract.  The use of artificial intelligence (AI) and big data technologies 

has increased the usage of dynamic pricing mechanisms in renewable 

energy markets. The increasing amount of renewable energy being 

installed into the electric grid i.e. solar and wind is causing variable 

amounts of electricity to be produced, which is causing price volatility in 

the wholesale electricity market. AI-based forecasting and optimization 

techniques can effectively utilize large energy datasets to improve pricing 

methodologies.  

This paper provides an overview of current research on the applications of 

artificial intelligence and big data for dynamic pricing in renewable energy 

markets. The review will discuss machine learning (ML), deep learning 

(DL), and reinforcement learning (RL) techniques, as well as big data 

platforms that are being used to process information obtained from smart 

meters, weather stations, and wholesale electricity market prices. Research 

demonstrates that AI models outperform traditional methods for 

forecasting; specifically, hybrid deep learning frameworks have provided 

very good results with mean absolute errors (MAEs) of as low as 0.138, 

root mean square error (RMSEs) of as low as 0.166 for various electricity 

markets. A comparison of CNN-BiLSTM models using hyperparameter 

optimization to traditional approaches resulted in an average reduction in 

RMSE of 16.7%, and an average reduction in MAE of 23.46%. In addition 

to achieving high levels of accuracy, deep learning-based forecasting tools 

also provide significant computational advantages. Specifically, deep 

learning-based forecasting tools run at least five times faster than 

traditional benchmarks for multiple markets. These results clearly indicate 

that AI-based forecasting models produce superior results relative to 

traditional forecasting methods as measured by metrics such as mean 

absolute percentage error (MAPE) and root mean square error (RMSE).  

Finally, this review identifies several critical challenges facing the use of 

AI-driven dynamic pricing in smart grid systems. These challenges 

include, but are not limited to, data availability, model interpretability, and 

regulatory constraints. 

1 Introduction 

The widespread transition to renewable-based electricity systems will radically alter the 

structure and function of today’s electricity markets. The inherently volatile and weather-

sensitive characteristics of renewable sources of energy (such as solar and wind) are 

producing unprecedented levels of volatility and uncertainty in the supply and price of 

electricity [1–5]. Previous studies have highlighted that accurate electricity price 
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forecasting is essential for efficient market operation and demand response management in 

renewable-dominated power systems [2–5]. As a result of this increased volatility, existing 

static pricing methodologies are no longer sufficient; there is an immediate need for 

advanced, dynamic pricing methodologies that can provide incentives for efficiency in 

consumption while maintaining the stability of the grid [6–11]. 

At the same time, the increasing digitization of the electric system through the installation 

of smart meters, sensors and digital marketplaces has created enormous amounts of "Big 

Data." When combined with the exponential growth of artificial intelligence (AI) 

capabilities and machine learning (ML), deep learning (DL), and reinforcement learning 

(RL) techniques, the potential for developing advanced methods of analyzing this data for 

price forecasting and real-time decision making is tremendous [1, 8, 9]. As a result, 

researchers are actively investigating the development of the next-generation of intelligent, 

data-driven pricing systems that utilize the converging technologies of big data analytics 

and AI to advance dynamic pricing models for renewable dominated electricity markets 

[10, 12]. 

There is currently a large body of literature that explores the application of various forms of 

AI to pricing and forecasting tasks [2–5, 7], however, prior reviews of this literature have 

generally been limited to a narrow focus on forecasting methodologies [1, 2] or to more 

general uses of AI in the energy sector [9]. A critical gap therefore remains in terms of a 

comprehensive review of the literature that addresses how the combined use of AI and big 

data is advancing dynamic pricing models in the unique context of renewable based 

electricity markets. To synthesize the current state of the art and to create a common 

framework for evaluating the architectures and performances of proposed systems as well 

as identifying consistent issues and problems (e.g., scalability, interpretability, regulatory 

requirements) that remain to be addressed by future research efforts is essential. 

To address the existing knowledge gap identified above, this study will carry out a review 

of the literature related to applications of AI and Big Data to support the implementation of 

dynamic pricing in renewable energy markets. The ultimate objectives of this review are to: 

(1) categorize and compare the most prominent AI-based systems and architectures for use 

with the relevant data; (2) synthesize the results reported from each study in terms of how 

well they performed and what their design was; (3) assess and criticize the major technical 

and non-technical hurdles to using these techniques in practice; and (4) to identify and 

outline needed areas of research to assist in developing and implementing new technologies 

to support the sustainable development and operation of intelligent energy markets. 

In the remainder of this paper, we will detail the subsequent steps based on our defined 

framework. In Section 2, we will provide a general overview of the background information 

needed. In Section 3, we will explain the approach to conducting our literature review. In 

Section 4, we will report on the summary of our analysis of the methodologies and 

findings. In Section 5, we will outline the technical and non-technical obstacles and 

limitations to employing these methods in practice. In Section 6, we will outline potential 

areas of future research. In Section 7, we will provide a comprehensive summary of our 

efforts.  

2 Background and Key Concepts 

2.1 Renewable Energy Markets  

Modern electric power markets have a growing proportion of variable renewable generation 

as an outcome of an increase in the use of intermittent energy producers such as wind and 

solar power. The amount of electricity generated from these renewable resources is very 
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dependent upon the weather, therefore introducing substantial amounts of uncertainty 

(unpredictability) and variability (intermittence) into the electric power supply [1, 5] This 

basic nature of renewable resources has a direct impact on how markets operate, prices 

form and ultimately grid reliability. Markets with a large share of renewable energy will 

experience greater price fluctuations and more often than not negative price events and 

higher demands for flexibility on both the supply and demand side of the electric system 

[5]. Although the emerging designs of markets (i.e. day ahead, intra-day and balancing 

markets) offer potential solutions, most of the current pricing mechanisms do not account 

for real time operating conditions of the electric system nor do they effectively encourage 

consumers and producers to optimize their respective consumption and production patterns 

[11]. Therefore, there is a critical need for advanced, data-driven pricing models to 

facilitate managing the natural variability and uncertainty associated with renewable energy 

markets [6, 11]. 

2.2 Dynamic Pricing Mechanisms  

The tariffs of Dynamic Pricing are influenced by real-time variations of the price of 

electricity, due to the dynamics of supply, demand and restrictions on the grid. These tariffs 

can be implemented using different models such as TOU (Time Of Use), RTP (Real-Time 

Pricing) and CPP (Critical Peak Pricing). Their main purpose is to influence consumer's 

behavior (to move their use from peak hours to off-peak hours, or to reduce their global 

consumption in case of peak hours or when there is lack of supply/demand) [6]. The large-

scale installation of Smart Meters and advanced telecommunications infrastructures have 

allowed the technical implementation of Dynamic Pricing tariffs; however, developing the 

best dynamic pricing strategy is still a complex problem because it includes forecasting and 

reacting to many nonlinear and probabilistic variables present in the energy markets [3, 4]. 

For this reason, Dynamic pricing mechanisms require accurate forecasting models and real-

time decision-making capabilities, if we have the ability to make decisions based on real-

time information and if we can optimize continuously the price of electricity, all of which 

represent great opportunities for the application of AI [6, 12]. 

2.3 Artificial Intelligence and Big Data in Energy Systems 

The modern electricity grid produces an ever-growing amount of data from many different 

types of data sources, for example, weather monitoring stations, energy market platforms, 

wind farms and other forms of renewable energy generators and smart energy meters. This 

presents a considerable problem in terms of managing it and realizing value from it in that 

it contains so much information, and the rate at which it can be generated and processed is 

very high, and it takes on a multitude of formats [10, 13]. Cloud computing, edge 

computing, distributed databases are just a few examples of technology which enables the 

building of scalable systems to manage the large volumes of data. At the same time, 

artificial intelligence (AI) which includes machine learning (ML), deep learning (DL), and 

reinforcement learning (RL) have shown impressive capabilities to model complex system 

behavior, to identify non-linear relationships between variables and to learn how to behave 

under changing conditions [8,  9]. With regards to dynamic pricing, AI is being used to 

build predictive models to forecast prices [1–5, 7] to determine optimal pricing strategies 

[6, 11] and to provide the capability for real-time, automatic decision making [13]. The 

integration of AI with big data analytics provides the potential for creating smart, adaptive 

and cost-effective pricing systems for renewable energy markets of the future [10, 12]. 
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3 Review Methodology 

The review process provided an opportunity for a consistent, reproducible, and transparent 

examination of all available literature. Literature searches were completed in various 

academic databases, including ScienceDirect, SpringerLink and Scopus. All of these 

databases provide access to many of the top journals in the field of interest; thus, they were 

searched to ensure that high impact journals were included. The focus of the search was on 

the latest and most influential studies about the topics of artificial intelligence, big data 

analytics, dynamic pricing, and renewable energy markets, with a primary emphasis on 

studies which have been published since 2020. Therefore, the purpose of the search was to 

identify the most recent methodologies and technologies currently being employed in the 

area of interest. A combination of keywords ("dynamic pricing," "electricity price 

forecasting," "renewable energy markets," "machine learning," "deep learning," and "big 

data analytics") and Boolean operators were used to isolate relevant studies. Additionally, 

only peer-reviewed articles from academic journals were included in this study so as to 

ensure their scientific validity and relevance. 

In order to organize the studies selected for inclusion based upon the AI and big data 

techniques they employed, the data sources utilized by those studies, the architectures of 

systems described in the studies, the goals of applications described in the studies, and the 

performance evaluation metrics used in the studies, a classification framework was 

developed. In addition to identifying the predominant trends and concerns within the field, 

and areas where additional research may be warranted, an organized and systematic review 

of each study enabled the identification of the most significant findings from the structured 

review. 

4 AI and Big Data Techniques for Dynamic Pricing 

The systematic evaluation of research on renewable energy markets and how they relate to 

dynamic pricing challenges has resulted in a clear categorization of types of solutions being 

used to address the challenges in renewable energy markets. There are three main 

categories of AI based methodologies that support the architecture necessary for large-scale 

big data systems; Machine Learning (ML), Deep Learning (DL) and Reinforcement 

Learning (RL). Fig. 1 illustrates the overall architecture of an AI-based dynamic pricing 

system, and Table 1 presents an integrated view of the types of methodologies, their uses 

and the references included in this study. 
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Fig. 1. AI-Based Dynamic Pricing Framework 

Table 1. AI and Big Data Techniques Applied to Dynamic Pricing in Renewable Energy Markets. 

Technique Main Purpose Example Models Example References 

Machine 

Learning 

Electricity price 

forecasting and 

pattern 

recognition 

SVM, Random 

Forest, Gradient 

Boosting 

[2], [8] 

Deep Learning 

Modeling 

temporal and 

nonlinear price 

patterns 

LSTM, CNN, CNN-

BiLSTM 
[3], [4], [5] 

Reinforcement 

Learning 

Adaptive pricing 

and demand 

response 

optimization 

Q-learning, DQN [6], [13] 

Big Data 

Platforms 

Large-scale data 

processing and 

analytics 

Apache Spark, Cloud 

computing 
[10], [12] 

Hybrid AI 

Systems 

Integrated 

forecasting and 

optimization 

frameworks 

DL + RL hybrid 

models 
[3], [11] 

The primary application of machine learning algorithms is for price forecasting and 

pattern recognition. Deep learning algorithms can be used to identify complex nonlinear 
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patterns within large time series data sets. There is an increasing use of reinforcement 

learning to optimize adaptive pricing and demand response systems. 

4.1 Machine Learning for Forecasting and Pattern Recognition  

Traditional and advanced machine learning (ML) techniques continue to be at the core of 

the process of forecasting electricity prices, which is an essential input to all pricing 

models. Support Vector Machines (SVM) and Random Forest algorithms, among other 

ensemble methods, are well regarded for their capacity to model nonlinear relationships in 

the marketplace that involve the output of renewable generators and trends in customer 

demand [2, 8], and these models can serve as a baseline for comparison to other approaches 

or can be used within more complex modeling processes. Broader reviews support the use 

of ml as a flexible and effective technology across many different types of applications 

within the energy systems area [9]. 

4.2 The Rise of Deep Learning Models 

Deep learning (DL) models have shown greater performance capabilities than others 

especially when it comes to identifying complex patterns of temporal dependency and 

processing large dimensional datasets that characterize contemporary energy market data. 

LSTM networks as well as CNNs are being utilized for time series forecasts [1]. These 

forecasting models learn a complex mapping function from input features to predicted 

electricity prices, which can be mathematically represented as: 

 ̂    (    )                     (1) 

Where  ̂   is the predicted electricity price at time t,    is the vector of input features 

(including historical prices, weather data, demand patterns, and renewable generation 

forecasts), and θ represents the model parameters learned during training. 

Hybrid or ensemble DL models that use a combination of different architectures are 

currently trending to provide increased accuracy and robustness. Studies have been 

successful in implementing CNN-BiLSTM models with hyperparameters optimized [4], as 

well as other hybrid frameworks using multiple data sources and/or additional algorithmic 

steps to forecast day ahead prices [3, 5, 7]. In addition to showing measurable improvement 

in error metrics (RMSE, MAE) etc, these models also demonstrate a higher level of 

performance compared to their respective traditional machine learning (ML) benchmarks.  

4.3 Reinforcement Learning for Adaptive Strategy Optimization 

Although ML & DL are used for forecasting, RL can be used for direct strategy 

optimization in the context of optimizing price and/or DR policy. By using a simulated or 

live marketplace environment as its learning environment, an agent learns what the optimal 

pricing and/or DR policy should be through continuous interaction with the environment; 

this makes it well-suited for use in real-time and adaptive pricing applications. Some 

examples of how this could be applied include: developing incentive-based demand 

response strategies for smart-grids [6], and developing real-time bid and price management 

strategies for load aggregators [13]. In both examples, RL has demonstrated significant 

promise for enabling dynamic, closed loop pricing/DR strategies that adapt based on 

changing conditions in the grid. 
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4.4 The Enabling Role of Big Data Architectures 

The ability to effectively apply these described AI models will depend on the availability of 

scalable big data architectures to process the data coming from smart meters, weather 

sensors, and markets at a rate of volume, velocity, and variety. Research has shown how big 

data processing systems such as Apache Spark have been used in large scale load 

forecasting and demand response studies; they also provide examples of successful project 

implementations (e.g., Low Carbon London) [10]. Additionally, the emergence of 

platforms that integrate both big data management and AI analytics is providing the 

necessary support to the new generation of electric utilities and their associated 

technologies to create an end-to-end pipeline from collecting data to deploying models [12]. 

4.5 Convergence: Hybrid and Market-Aware Systems 

The main trend is toward a complete system combining forecast, optimization, and learning 

parts using integrated solutions. This trend can be seen both from a technical standpoint as 

hybrid AI models that use DL forecasting with RL optimization [6, 13] and structural 

standpoint through AI based on market frameworks that introduce new mechanisms for 

peer-to-peer energy trading and dynamic pricing within regulatory boundaries [11]. Both 

are at the front of the research, and they aim to create an entire (holistic), large scale, and 

market aware smart pricing systems. 
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Table 2. Comparison of Recent AI-Based Electricity Price Forecasting Studies. 

Study Method Dataset Main Contribution 

Lago et al. 

(2021) 

Machine 

learning ensemble 
European markets 

Benchmark 

framework for 

forecasting 

Huang et al. 

(2024) 

Hybrid deep 

learning 

Chinese electricity 

market 

Improved day-

ahead price prediction 

Mubarak et al. 

(2024) 
CNN-BiLSTM Smart grid datasets 

Hybrid DL 

forecasting 

Aliyon & 

Ritvanen 

(2024) 

Deep learning 
European electricity 

markets 

Analysis of price 

predictability 

Salazar et al. 

(2023) 

Reinforcement 

learning 

Smart grid demand 

response 

Adaptive pricing 

strategy 

Table 2 presents a comparison of representative studies that apply artificial intelligence 

techniques to electricity price forecasting and dynamic pricing. The table highlights the 

diversity of datasets, modeling approaches, and research objectives addressed in recent 

literature. 

5 Challenges and Limitations 

Although both AI and Big Data have shown promise in making dynamic pricing in renewable energy 

more efficient, there are a number of key barriers that prevent them from being implemented in 

practice. The first barrier to implementing these technologies has been related to data - namely how to 

collect, store, process and analyze high-quality data in real time in a way that aggregates large 

amounts of disparate data types (e.g., market price, weather conditions, customer behaviors) to 

provide reliable output from models [10]. This data-related challenge is compounded by a second 

major challenge associated with the interpretability/explainability of the models. While advanced AI 

models, especially those using deep learning and/or reinforcement learning, can be highly accurate in 

their predictions and actions, they typically operate as "black boxes" (i.e., the inputs/outputs, internal 

workings and decision-making processes are unknown), thereby generating skepticism/trust issues 

among regulators, market participants and customers and hindering acceptance of new 

models/systems [1, 4, 6, 11]. In addition to technical challenges, there are also regulatory and market 

design barriers to implementation. Current frameworks for setting prices, participating in markets and 

handling data privacy are generally incompatible with the rapid development and data-intensive 

nature of AI-based pricing systems, a mismatch that is not typically examined in detail in technical 

analyses [11]. Last, the question of whether scalable, broadly applicable models exist remains an open 

one. Many models have been validated in case studies/simulations but lack evidence that they will 

perform well in other grid environments/market regimes [10, 12]. Therefore, overcoming these 

interconnected technical, regulatory and practical challenges is necessary for advancing from research 

into trusted, commercially viable intelligent pricing systems. 

6 Research Gaps and Future Directions 

This study has identified several key research areas where further work is needed to 

progress the area of using artificial intelligence to create dynamically priced renewable 

energy systems. One of the primary research areas needing focus is the creation of 

Explainable Artificial Intelligence (XAI) frameworks for energy economics, which will be 

able to provide accurate forecasts and optimize prices, while also allowing users to 

understand how the AI made its pricing decisions in an auditable manner, so as to build 
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trust with all stakeholders [6, 11]. At the same time, the research community needs to 

develop highly scalable, adaptive system architectures to process massive amounts of 

rapidly changing data to produce real-time price signals; this is in addition to the current 

use of offline analytics to develop price signals [10, 12]. In addition, a major gap currently 

exists in the area of integrating regulatory and market design constraints into AI models. 

Future research should move from developing algorithms that exist in a regulatory vacuum, 

to designing the pricing mechanisms that are developed through the use of AI models to be 

both economically efficient, and legal by default [11]. Lastly, to confirm the applicability of 

theoretical advances, the field of AI-DRP for RENs requires extensive testing and real 

world implementation of proposed models in pilot projects or experimental market 

environments. The testing of these models in real world environments will allow 

researchers to determine whether their proposed models perform well, are robust, and have 

the potential to positively impact society on a large scale, ultimately closing the gap 

between theory and practice, and enabling the establishment of sustainable and intelligent 

energy markets [3, 13]. 

7 Conclusion 

This review of the literature examined recent advances in artificial intelligence and big data 

techniques for enabling dynamic pricing in renewable energy markets. The review clearly 

demonstrates that hybrid and adaptable AI-based models which utilize both deep learning 

techniques for forecasting as well as reinforcement learning techniques for optimizing 

prices, and scalable big data infrastructure to execute those optimized prices, outperform 

traditional price-setting methodologies. Nevertheless, there exist significant barriers to 

achieving transformative impact with AI-based dynamic pricing models beyond mere 

technological sophistication. Most notably, the complexity associated with explaining how 

black box AI models arrive at their conclusions, the regulatory misalignment between 

traditional regulatory structures and modern AI-based models, and the ability to scale 

solutions developed within academic or research environments into real world operational 

environments, are all significant impediments to wide-scale adoption of such technology. 

Consequently, the development of truly transformative pricing models will require a 

comprehensive research approach which focuses upon developing both transparent and 

explainable algorithms as well as regulatory aware design of those models; and finally 

rigorous testing and validation of those models within realistic operational environments. 

By addressing each of these interdependent challenges, researchers and practitioners can 

facilitate the widespread adoption of reliable, effective and resilient pricing systems 

necessary for facilitating a global transition to renewable energy-based power systems. 
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