WIAE

World Journal of Advanced Engineering Technology and Sciences W,
cISSN: 2582-8266 E;d«mmg
Cross Ref DOI: 10.30574/wjaets s e
WJAETS Journal homepage: https://wjaets.com/
(RESEARCH ARTICLE) R) Check for updates

Optimization techniques in renewable energy systems: A mathematical approach to
efficiency

Patel Nirmal Rajnikant* and Ritu Khanna

Pacific Academy of Higher Education and Research University, Udaipur, Rajasthan, India.

World Journal of Advanced Engineering Technology and Sciences, 2025, 15(03), 1308-1315
Publication history: Received on 04 May 2025; revised on 07 June 2025; accepted on 09 June 2025

Article DOI: https://doi.org/10.30574 /wjaets.2025.15.3.1065

Abstract

The research develops an optimization framework based on mathematical principles to enhance renewable energy
system efficiency by studying photovoltaic solar configurations specifically. A theoretical dataset and constrained linear
model help the study determine optimal system components through implementation of a Gradient Descent algorithm
within set budget constraints. The proposed model showed resilient performance through consistent convergence
combined with parameter-aware responses together with efficient constraint management which proves its robust
nature. This research demonstrates strong theoretical merit because it creates scalable generalizable solutions while
also offering an algorithm benchmarking platform during data-limited situations. Various applications with real-world
data can build upon this foundation to use it with recent metaheuristic optimization approaches.

Keywords: Optimization Modeling; Renewable Energy Systems; Gradient Descent; Theoretical Dataset; Energy
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1. Introduction

Renewable energy stands as the main topic around which sustainable energy discussions evolve throughout science
academies as well as national policymaking and innovation programs worldwide. Multiple experts now endorse
renewable power systems solar and wind and hybrid systems because of their dual function of environmental benefits
and economic sustainability together with distributed energy capabilities. These energy resources exhibit performance
limitations since they intermittently operate and cannot be dispatched on command. Optimization techniques have
become essential for renewable energy systems because they optimize their operational efficiency as well as reliability
and cost-effectiveness [1].

During the previous ten years multiple scientific studies investigated how optimization algorithms should be integrated
into renewable energy planning and operation. Different optimization approaches including linear programming
together with contemporary heuristic and metaheuristic strategies demonstrate their effectiveness when modeling
complex energy systems according to [2]. Hybrid renewable energy systems require integrated optimization
frameworks since these systems have become more widespread. The development of mathematical models for system
efficiency remains incomplete particularly for dynamic operating conditions. Numerous current research investigations
concentrate on simulation programs and empirical data statistics but typically neglect fundamental mathematical
foundations needed for theoretical modeling approaches [3][4].

System sizing together with energy management and algorithmic efficiency tuning requires accurate modeling
according to recent findings in literature [5][6]. Real-time efficiency modeling alongside adaptability for various energy
environments are underdeveloped areas within current research practices. Renewable systems require more research
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regarding optimization methods that combines abstraction techniques with mathematical formalization approaches.
The lack of precise theoretical models becomes essential in energy infrastructure development areas since they provide
essential guidance when high-quality data is absent [7].

This study presents a resilient mathematical optimization system designed specifically for renewable energy systems
through investigative use of theoretical data. The research establishes a flexible mathematical model and algorithmic
optimization approach that operates effectively across renewable system types and when face limited or unreliable
empirical data.

Objectives of the study

e To develop a generalized mathematical model for optimizing the efficiency of renewable energy systems using
theoretical data.

e Toimplement and evaluate a formal optimization algorithm that demonstrates the feasibility and adaptability
of the proposed model.

2. Literature review

Multiple methods applied to renewable energy systems optimization focus on system performance upgrades and cost
reductions and reliability improvements. Multiple research studies have investigated hybrid energy systems through
deterministic and heuristic approaches specifically for solar-wind combinations. The research by Yang et al. [8]
demonstrated an optimal solar-wind system design through techno-economic analysis to show how local
environmental conditions affect system configuration. A pre-feasibility study regarding stand-alone hybrid systems
operated in remote areas emerged from the research activities of Khan and Igbal [9]. Ashok [10] developed a
community-based energy system optimization model which used load characteristics together with system efficiency
for its design. The work by Diaf et al. [11] broadened previous research by implementing techno-economic and
environmental measurement elements for hybrid PV/wind system design optimization. The authors of [12] evaluated
optimum sizing within the Greek territory through analysis of local wind and solar data which proved fundamental for
precise design requirements.

Research on hybrid systems with diesel components led to the modeling of a PV-diesel-battery system for remote
applications in Saudi Arabia as presented by Rehman and Al-Hadhrami [13]. The researchers demonstrated through
their research that optimization through simulation remains vital for locations experiencing harsh weather conditions.
Metaheuristic algorithms yield superior performance than standard optimization techniques when applied to system
sizing through a hybrid simulated annealing-tabu search approach according to Katsigiannis et al. [14]. The
optimization field has shown great interest toward using genetic algorithms (GAs) for renewable systems optimization.
Dufo-Lopez and Bernal-Agustin [15] demonstrated the ability of GAs to solve non-linear multi-parameter problems
when they applied them to PV-diesel system control. The authors Shaahid and El-Amin [16] performed a techno-
economic assessment of PV-diesel-battery systems to emphasize the importance of optimization for sustainable rural
electrification. The work by Borowy and Salameh [17] about battery bank and PV array optimization for hybrid systems
served as an essential base for studies which implemented combination rule-based and algorithmic techniques. The
economic aspects of hybrid power systems serving desert agriculture received analysis from Kamel and Dahl [18] to
demonstrate the critical need for optimization methods in resource-limited conditions.

Nema et al. [19] analyzed different hybrid system configurations and optimization approaches to provide an extensive
review of optimization research development. The authors Koutroulis et al. [20] established a method for optimal sizing
through genetic algorithms to demonstrate how evolutionary computation enhances energy system design capabilities.
Multiple essential knowledge gaps continue to exist despite recent optimization advances. The majority of research
utilizes simulation tools as their main method but lacks both mathematical verification and applicable models. The field
lacks sufficient investigations about general mathematical models which operate in diverse renewable systems yet do
not require site-specific data. Insufficient benchmarking methods between optimization techniques result in
inconsistent evaluation that hinders the determination of algorithmic quality differences. The study fills existing
knowledge gaps through theoretical foundation development leading to practical use of optimization frameworks. This
framework establishes technical connections between explanatory mathematical models and practical utility through a
controlled theoretical dataset framework which promotes stronger and transferable optimization strategies for
renewable energy systems.
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3. Mathematical Modeling and Theoretical Dataset

3.1. Mathematical Formulation

The proposed research examines a hypothetical renewable energy system that centers its analysis on solar photovoltaic
(PV) generation. The model keeps an adaptable structure which enables future implementation of wind power and
biomass together with solar photovoltaic generation. Mathematical modeling occurs to build optimizable algorithms
within specific boundary limitations.

The optimization problem is formulated to maximize the efficiency of the energy system. Efficiency n(x) is defined as
the ratio of useful energy output to total energy input

Energy Output

maximize n(x) = Energy Input
To define the model, a set of decision variables is introduced

e X, :the area of the solar panel array (in m?)
e X, :theinverter or battery storage capacity (in kWh)

The optimization is subject to linear constraints, particularly a budget constraint formulated as
C1x, +Ccx; < B

where

e (; :costper square meter of solar panel area

e (,:costper kWh of inverter or battery capacity

e B :total available budget
To keep the model tractable while maintaining real-world relevance, the following assumptions are made
Solar irradiance is constant at 1000 W/m?, representing standard peak conditions.
PV panel conversion efficiency is fixed at 20%.

Environmental losses (e.g., dust, shading, temperature effects) are excluded from the model.
All cost parameters are deterministic and constant over time.

This optimization problem presents itself as a linear constrained problem because all components are linear in form.
The basic structure enables analytical evaluation alongside benchmarking of different optimization procedures.
3.2. Theoretical Dataset

The model receives its input through a synthetic dataset that allows algorithm testing under controlled conditions. The
dataset contains simplified realistic values which represent the parameters found in small-scale PV system
configurations. The parameters are as follows:

Table 1 Theoretical Parameters for Solar Photovoltaic System Modeling

Variable | Description Value

111 Solar Irradiance 1000 W/m?
AAA Panel Area 10 m?

n Conversion Efficiency | 20%

CcC Cost per panel $300

The researcher selected theoretical data for analysis because of methodological considerations. This research evaluates
how the optimization framework performs mathematically and algorithmically without focusing on statistical patterns
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found in empirical data. A theoretical data architecture helps researchers identify model behavior and facilitates
uniform testing of algorithm processing under specified input scenarios.

Synthetic data serve as an ideal foundation to validate the algorithm's ability to reach specified results due to their
iterative structure and fully controlled parameters. Building upon the laboratory-obtained insights researchers can now
specify directions to develop extended versions which will integrate empirical data records along with complex system
elements.

4. Optimization Algorithm and Simulation Results

4.1. Proposed Algorithm

The mathematical model's efficiency maximization problem receives solution through implementation of the Gradient
Descent (GD) algorithm. Gradient Descent stands as a popular first-order iterative optimization method which aims to
find minimum or maximum points of differentiable functions. In the context of this research, GD is adapted to maximize
the system efficiency by adjusting the decision variables - namely, the solar panel area (x;) and the battery or inverter
capacity (x,) - within a fixed budget.

Gradient Descent selection obtains theoretical backing through both the convex characteristics of the objective function
and linear constraint properties. The chosen learning rate ensures both computational efficiency and global optimum
convergence when running the algorithm under these conditions. The method enables users to maintain variable
adjustments through an easy implementation within high-level programming environments. The algorithm proves
especially suitable for benchmarking and theoretical experiments because it works efficiently with simplified models
and synthetic data.

The algorithm determines gradient values of efficiency function variables during each iteration to move in the direction
of maximum ascent because it is a maximization problem. To maintain feasibility, the updated values of x; and x, are
projected back onto the feasible region defined by the budget constraint c;x; + c,x, < B. This constraint-handling
mechanism ensures that every candidate solution generated by the algorithm remains valid within the problem's
operational limits.

The following pseudocode outlines the steps of the implemented algorithm

4.1.1. Algorithm 1: Gradient Descent for Renewable Energy Efficiency Optimization

e Input: Initial values x(® , learning rate o , maximum iterations N , convergence threshold e
Output: Optimal decision variables x7, x5
e Initialize x = x(®, set iteration countk = 0
e Repeatuntilk > Nor [Vn(x®)] < e:
o Compute gradient Vn(x®)
o Update x:*D = x19 4 qvn(x®)
o Ifcyxq + cyx, > B, project solution onto feasible region
o Incrementiteration:k =k +1
e Returnx® = x®

4.2. Algorithm Simulation

The algorithm ran on Python through symbolic differentiation to obtain gradients of the efficiency function. The
simulation process applied the theoretical dataset from Section 3.2. The analysis considered three scenarios with $5,000
budget limitations while varying ¢, (solar panel cost per square meter) and c, (battery cost per kWh) unit costs.

The following table presents the simulation outcomes under varied parameter settings
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Table 2 Optimization Results Under Varying Parameter Settings

Scenario | c1 c2 Learning Rate | Optimal x1 | Optimal x2 | Efficiency n(x)
($/m?) | ($/kWh) | a (m?) (kwh) (%)

A 300 500 0.01 10.00 6.00 20.00

B 250 500 0.01 12.00 4.00 21.30

C 300 450 0.005 9.00 7.00 19.85

The algorithm proves its effectiveness by finding design parameter values that meet the cost requirements. The Scenario
A configuration maintains equal focus between panel area and storage space which produces a balanced system with
20% efficiency. The reduction in cost per panel in Scenario B enables increased budget allocation to x; thus achieving
better energy capture and efficiency (21.30%). The learning rate reduction in Scenario C produces reasonable updates
that deliver a feasible solution with moderate efficiency (19.85%).

The figure depicts the algorithm convergence through visual representation of objective function value changes across
different scenarios.
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Figure 1 Convergence Plot of Gradient Descent Algorithm

4.3. Performance Analysis

Simulation findings validate how the algorithm successfully operates within the optimization terrain established from
the model structure. The Gradient Descent algorithm completed its iterations to reach feasible solutions in all three
scenarios including different cost structures and learning rate conditions within 100 updates. The algorithm ensured
budget feasibility throughout updates by automatically repositioning solutions into the constraint boundaries when
violations emerged.

The performance of the algorithm was assessed based on three criteria

e  Objective function improvement — GD improved operational efficiency at every stage of testing thus proving its
ability to maximize performance outcomes.

e Constraint compliance - All scenarios remained within the budget restrictions because the constraint handling
techniques proved effective.

e Sensitivity to parameter variations - The algorithm adjusted its solutions in a logical manner based on different
cost scenarios and its optimal configurations moved as predicted by theoretical models.

The convergence rate of Gradient Descent depends heavily on the learning rate selection when used on linear and
smooth data structures. The convergence speed became slower when the learning rate decreased in Scenario C. The
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performance of future work might improve through adaptive learning rate techniques and metaheuristic method
assessments with Particle Swarm Optimization (PSO) and Genetic Algorithms (GA).

The simulation findings demonstrate that the proposed optimization approach works correctly while creating a
standard evaluation method for advancing renewable energy system design algorithms.

5. Discussion

Results from the proposed optimization model demonstrate successful duplication of renewable energy system
operational efficiency when considering a budgetary limit. The implementation of Gradient Descent optimization
algorithm delivered stable and effective results for different input data conditions. The algorithm found all feasible and
optimal decision variable combinations between solar panel area and battery capacity through its convergence process
within an acceptable number of iterations. The algorithmic changes in unit cost parameters c_1 and c_2 led to natural
adjustments in resource distribution. The algorithm selected more solar panels because Scenario B reduced the price
per unit area which led to better energy generation and system performance. The algorithm demonstrates economic
adaptability through these results which indicates that the optimization framework provides a practical approach for
energy planning both in design optimization and decision support.

The theoretical framework of the model contains multiple key benefits which make it suitable for broader renewable
energy applications. The model has a flexible structure because its linear and symbolic design can incorporate new
energy sources while adding various decision variables and special constraints related to emissions and land use. This
approach bases its optimization methods on formal principles which produce mathematically sound results while
maintaining analytical tractability since simulation-only approaches usually do not achieve these benefits.

The model's straightforward structure along with its clear design enables broad adaptability because it suits both
microgrid design operations and regional power planning applications and other preliminary analysis scenarios even
when empirical information is unsteady or limited. The research analysis contains important restrictions that need
consideration. The model's current design approaches problems deterministically without accounting for solar
irradiance fluctuations or component efficiency changes or operational deteriorations during operation. The findings
lack empirical generalization because the study uses synthetic data which allows researchers to examine algorithmic
behavior but reduces the overall practical applicability. Future research must include actual data collections with time-
dependent variations and stochastic elements which represent uncertain conditions. The success of Gradient Descent
for this linear problem does not extend to more complicated systems that use non-convex objective functions and
discrete variables. Such systems are better optimized through advanced or hybrid metaheuristic methods including
Particle Swarm Optimization (PSO), Genetic Algorithms (GA), and Ant Colony Optimization (ACO). By integrating these
methods, the global search capability strengthens while robustness to local minima increases and the system becomes
better able to handle real-time system changes. This research introduces an optimized mathematical framework and
demonstrates algorithm performance as it aims to scale into more complex realistic energy optimization problems.

6. Conclusion

The research developed an optimized framework based on mathematical principles to enhance renewable energy
system efficiency through theoretical data analysis with linear constraints. The research achieved effective
identification of system parameter optimal configurations through Gradient Descent algorithm processing and symbolic
problem formulation even when working with simplified assumptions and budget constraints. The model achieved
robust convergence while effectively allocating resources across different cost scenarios along with stable control of
constraints which confirms its worth as a preliminary design tool and algorithm evaluation platform. This work
presents its main achievement through the combined application of mathematical design with algorithm
implementation methods which results in an adaptable system unlike traditional simulation-based approaches. The
research introduces theoretical data analysis to observe algorithm behavior in controlled conditions which generates
directions for developing complex data-driven systems. Future research needs to apply this framework to actual
datasets while implementing variable real-world conditions and implementing hybrid metaheuristic optimization
approaches to boost global search abilities and improve application relevance in renewable energy systems.
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