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Abstract: Bringing renewable energy sources (RES) like solar and wind power, into our modern energy systems is 

important for being more sustainable and lowering carbon emissions.  This study shows a clear plan for setting up an Energy 

Management System (EMS) that uses solar, wind, and biomass energy. Developing EMS systems achieves three main 

objectives: reduced conventional energy usage, optimized efficiency and stable power grids through data analysis and smart 

software combined with emergency batteries. The system's validity was proven through regression analysis and ANOVA as 

well as time-series prediction statistical tests. Research findings demonstrated that power consumption from the grid dropped 

by 40% together with a 30% reduction in carbon emissions at the same time as achieving 20% improved efficiency. Rural 

test results demonstrated the actual operational success of the system. The study demonstrates that EMS implements 

powerful methods for renewable energy adoption and global sustainability goals achievement regardless of high initial 

expenses. 
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Introduction 

The world energy industry undergoes 

major changes at present.  The need for sustainable 

energy solutions emerged from the simultaneous 

growth in energy requirements and diminishing 

fossil fuels and worsening environmental problems 

(Kaygusuz, 2012).  The substitution of fossil fuels 

occurs through renewable energy sources which 

include biomass and solar and wind energy. These 

intermittent power sources present difficulties 

when network integration occurs (Ali, et al. 2022). 

The growing power sector challenges 

require Energy Management Systems (EMS) as a 

solution. EMS facilitates the easy integration of 

RES into power grids through optimization of 

energy production, distribution, and usage 

(Østergaard et al., 2020).  The system achieves 

better reliability and efficiency through this 

implementation. The main goal of this research 

project involves creating and testing an EMS which 

optimizes renewable energy consumption for rising 

electricity requirements. 

 

 
Figure 1: An overview of Energy Management Systems 

(EMS) 
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RES utilization enables climate protection 

through reduced gas emissions and strengthens 

energy stability while boosting economic 

advancement according to study conducted by 

Ibrahiem & Hanafy 2021.  Solar and wind power 

represent vital components in energy policies 

across the world because they possess 

sustainability and abundance (Mariano-Hernández 

et al., 2021). Advanced energy management 

solutions are needed to guarantee electricity 

reliability because weather-dependent RES systems 

affect their energy generation (Rathor & Saxena, 

2020). The integration of solar and wind power into 

power grids demands problem-solving solutions 

that center on storage methods and demand 

equilibrium as well as instantaneous energy 

management techniques (Al-Ghaili, et al. 

2021).The investigation explores how EMS 

systems help address such difficulties to optimize 

renewable energy utilization. 

 

Research goals and focus  

This research aims to look into how EMS can 

improve the efficiency and dependability of 

renewable energy systems.  The main goals are:  

• Creating a flexible EMS system that can work with 

different renewable energy sources.   

• To study how well the EMS works by testing it in 

simulations and in real-life situations.   

• To study the financial and environmental 

advantages of the suggested system.   

This research wants to help improve our 

understanding of sustainable energy and give 

useful advice to people who make policies, 

engineers, and researchers.   

 

Methodology  

The EMS model framework contains three 

principal RES that include wind turbines and solar 

panels and biomass generators. A microgrid system 

centralizes control over all interfaced energy 

sources so energy transportation and management 

become easier. The renewable resource energy 

storage system includes lithium-ion batteries and 

hydrogen storage to balance the intermittent energy 

production. The EMS receives real-time energy 

usage information from smart meters and Internet-

based sensors through its data feed.  

 

 

 

Data Analysis  

To evaluate the EMS performance, simple 

statistics and advanced statistics have been 

conducted. The descriptive statistics tool provides 

fundamental insights into the data regarding energy 

production and storage and consumption patterns. 

The three-key metrics for assessing success include 

total energy output, maximum power usage and 

storage system effectiveness. 

The research employed Regression 

Analysis as the main investigation tool for 

understanding power grid stability with respect to 

renewable energy production levels. The 

researchers used multivariate regression for 

analyzing the weather conditions alongside energy 

storage quantities and energy consumption data.   

ANOVA (Analysis of Variance) functions as a 

technique which evaluates the EMS performance 

across different operational conditions such as peak 

energy consumption periods and times when 

renewable energy generation decreases.   

Time-Series Analysis is used to predict future 

energy needs and how much renewable energy will 

be produced by looking at past information. 

 

Control Algorithm 

A hybrid optimization algorithm combining 

genetic algorithms and real-time data analytics was 

developed to: 

• Optimize the scheduling of energy production and 

consumption. 

• Allocate energy storage resources efficiently. 

• Minimize energy losses during transmission and 

storage. 

The algorithm was implemented using 

MATLAB Simulink, with additional simulations 

conducted in HOMER Pro to validate the system's 

performance under various conditions. 

 

Performance Metrics 

The following metrics were used to assess system 

performance: 

• Energy Efficiency: The ratio of useful energy 

output to total energy input. 

• Grid Stability: Measured through frequency and 

voltage variations. 

• Carbon Footprint Reduction: Estimated based on 

the reduction in fossil fuel dependency. 

• Cost Savings: Calculated from energy bills and 

operational costs. 
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Results 

The analysis of energy storage solutions 

revealed that lithium-ion batteries outperformed 

hydrogen storage in efficiency, achieving 90% 

compared to 80% as shown in Table 1. However, 

hydrogen storage demonstrated higher capacity at 

1000 kWh, twice that of lithium-ion batteries. 

Energy loss was minimal in lithium-ion batteries at 

50 kWh, whereas hydrogen storage experienced a 

loss of 200 kWh. Charge cycle life for lithium-ion 

batteries was notably higher at 3000 cycles, making 

it a cost-effective option despite its cost per kWh 

being $200 compared to $300 for hydrogen 

storage. 

 

Table 1: Energy Storage Performance Metrics 

Storage Type Efficiency 

(%) 

Capacity 

(kWh) 

Energy Loss 

(kWh) 

Charge 

Cycle Life 

Cost 

($/kWh) 

Lithium-ion Batteries 90 500 50 3000 200 

Hydrogen Storage 80 1000 200 1500 300 

 

Over a six-month period, the EMS 

consistently managed energy generation and 

storage efficiently as demonstrated in Table 2. The 

mean energy output was 1800 kWh, with a 

standard deviation of 150 kWh, indicating stable 

performance across varying conditions. Peak 

energy demand averaged 2500 kWh, with storage 

efficiency at 85%. The data exhibited a range of 

values, with minimum and maximum energy 

outputs of 1600 kWh and 2000 kWh, respectively. 

 

Table 2: Descriptive Statistics of Energy Data (6-Month Period) 

Metric Mean 

Value 

Median 

Value 

Standard 

Deviation 

Minimum 

Value 

Maximum 

Value 

Unit 

Energy Output 1800 1750 150 1600 2000 kWh 

Peak Energy Demand 2500 2450 200 2300 2700 kWh 

Storage Efficiency 85 87 3 80 90 % 

 

The regression analysis identified energy 

storage levels as the most influential predictor of 

grid stability, with a coefficient of 0.60 and a 

highly significant p-value of 0.001 as mentioned in 

Table 3. Solar PV output and wind energy output 

also significantly contributed to grid stability, with 

coefficients of 0.45 and 0.35, respectively, and p-

values of 0.01 and 0.02. The overall R-squared 

values for the predictors ranged from 65% to 85%, 

reflecting robust model performance. 

 

Table 3: Regression Analysis Results (Predictors of Grid Stability) 

Predictor Coefficient p-Value R-Squared 

(%) 

Standard 

Error 

Significance 

Solar PV Output 0.45 0.01 75 0.08 Significant 

Wind Energy Output 0.35 0.02 65 0.10 Significant 

Energy Storage Levels 0.60 0.001 85 0.05 Highly 

Significant 

 

ANOVA demonstrated significant 

differences in EMS performance under various 

scenarios as shown in Table 4. During high-

demand periods, the system achieved a mean 

output of 2000 kWh, with an F-statistic of 4.5 and a 

p-value of 0.02. Under low renewable energy 

output scenarios, the mean output was slightly 

lower at 1800 kWh, with an F-statistic of 6.2 and a 

p-value of 0.01. The balanced load scenario 

exhibited marginal significance, with a mean 

output of 1900 kWh and a p-value of 0.05. 
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Table 4: ANOVA Results (Performance under Different Scenarios) 

Scenario F-Statistic p-Value Mean Output 

(kWh) 

Variance Conclusion 

High Demand 4.5 0.02 2000 100 Significant 

Low Renewable 

Output 

6.2 0.01 1800 120 Significant 

Balanced Load 3.8 0.05 1900 90 Marginally 

Significant 

 

Table 5: Time-Series Analysis (Energy Forecast for July Month) 

Day Forecasted 

Solar Output 

(kWh) 

Forecasted 

Wind Output 

(kWh) 

Forecasted 

Biomass Output 

(kWh) 

Total Forecasted 

Output (kWh) 

Forecasted 

Energy Loss 

(kWh) 

1 1900 1300 800 4000 200 

2 1950 1350 850 4150 220 

3 2000 1250 900 4150 210 

 

Energy forecasting for July month showed 

consistent outputs from RES and is shown in Table 

5. Solar PV contributed a forecasted average of 

2000 kWh daily, wind energy ranged between 1250 

and 1450 kWh, and biomass maintained an output 

of 800 to 900 kWh. The total forecasted energy 

output ranged from 4000 to 4150 kWh per day, 

with minimal forecasted energy losses of 200 to 

220 kWh. 

The implementation of the EMS resulted 

in a 30% reduction in carbon emissions, aligning 

with global climate goals is given in Table 6. Cost 

savings were observed at 20%, with a confidence 

interval of 18–22%, demonstrating financial 

viability. Additionally, grid dependence was 

reduced by 40%, underscoring the EMS's 

effectiveness in enhancing energy security and 

sustainability. 

 

Table 6: Environmental and Economic Impact Metrics 

Metric Value Unit Confidence 

Interval (95%) 

Baseline Comparison 

(%) 

Statistical 

Significance 

Carbon Emission 

Reduction 

30 % 28-32 +30 Significant 

Cost Savings 20 % 18-22 +15 Marginally 

Significant 

Grid Dependence 

Reduction 

40 % 38-42 +50 Highly 

Significant 

 

 

Discussion 

Energy Storage Efficiency and Capacity 

The results show that lithium-ion batteries 

and hydrogen storage work well together in the 

energy management system.  Lithium-ion batteries 

are great for short-term energy storage because 

they work really well, around 90% of the time (Liu 

et al., 2019).  They can quickly adjust to changing 

energy needs.  On the other hand, hydrogen storage 

can hold a lot more energy, up to 1000 kWh, which 

makes it good for storing energy for a long time.   

The energy loss when storing hydrogen 

shows that we need better technology to make it 

more efficient (Rasul et al. , 2022) Lithium-ion 

batteries are a good choice for small to medium 

projects because they balance cost, efficiency, and 

how long they last.  On the other hand, hydrogen 

storage works better for large projects that need a 

lot of capacity. 

 

Predictors of Grid Stability 

The power grid stability strongly depends 

on the levels of energy storage according to 

regression analysis (Mehrjerdi, 2020).  The results 

show a significant 0.60 coefficient with p=0.001 

which proves the essential need to maximize 

storage space within the EMS. The power grid 

stability depends on solar energy and wind power 

systems which rate at 0.45 and 0.35 respectively. 

The research data confirms that multiple energy 
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sources need implementation to enhance the power 

system's stability. 

 

Impact of Operational Scenarios 

ANOVA test results show that EMS 

operations demonstrate substantial variations 

across different circumstances.  During peak usage 

periods with low renewable energy involvement 

the EMS delivered a steady supply of electricity at 

2000 kWh despite high energy demand.  Good load 

management practices demonstrate their 

importance for system efficiency through an even 

load condition with p-value equal to 0.05 (Mbungu 

et al., 2022). 

 

Forecasting and Predictive Accuracy 

The system demonstrated accurate time-

series prediction capabilities which supported 

efficient resource utilization according to the 

research of Aslam et al. 2021. During July month, 

the system forecasted energy production between 

4000 and 4150 kWh while losing between 200 to 

220 kWh of energy. EMS demonstrates effective 

prediction capabilities through these results which 

indicates that better prediction methods should be 

implemented. 

 

Environmental and Economic Benefits 

The EMS cut down carbon emissions by 

thirty percent so it can help meet global climate 

goals.  The system's decreased operating costs by 

20% enhances its value especially for regions 

where power expenses are high.  Enhanced energy 

independence and security emerge through the 

EMS since it reduced dependence on the grid by 

40% (Said et al., 2020). 

 

Problems and Suggestions  

The EMS demonstrates success yet faces 

two main issues including its expensive start-up 

costs and complicated integration of various RES 

with different power generation dynamics (Raya-

Armenta et al., 2021). We need to address these 

challenges by taking the following steps: 

New Technology: Better methods to store energy 

must be developed and improved for more efficient 

and cost-effective operation. 

Policy Support: The government provides financial 

support through funding programs which help 

lower the installation expenses and promote 

renewable energy resource adoption. 

Advanced Algorithms: Smart computer programs 

through advanced algorithms enable human 

intelligence enhancements for better energy 

generation and consumption processes. 

 

Future Plans  

Future investigation should aim to 

enhance EMS application ranges across cities and 

factories while implementing blockchain security 

systems for energy deals and establishing AI-based 

predictions of actual energy requirements.  The 

system functionality will improve through these 

developments while achieving better reliability and 

scalability. 

 

Conclusion 

The study shows how EMS enables 

changes to modern energy utilization methods 

through the inclusion of renewable energy sources 

including solar power and wind and biomass.  The 

proposed EMS system solves renewable energy 

production variations through improved energy 

storage systems coupled with intelligent planning 

methods. The system proves its ability to stabilize 

grid power and boost energy efficiency and reduce 

conventional power source usage.  The system 

successfully completed laboratory evaluations as 

well as field implementation tests.  Reducing 

carbon emissions by 30% and cutting energy costs 

by 20% constituted the environmental and 

economic results of the system. The research 

findings align with universal sustainability 

objectives because they show the necessity to 

transition toward renewable power sources.  This 

system presents trustworthy forecasting capabilities 

along with immediate operational modifications for 

usage across both urban and rural zones.  The study 

presents two key challenges: the expensive 

beginning costs along with the need for upgraded 

power storage methods. Political actors together 

with academic researchers and business entities 

need to work jointly to solve existing issues.  

Scientific studies need to investigate how 

blockchain technology and AI capabilities will 

improve system capacity as well as performance 

capabilities.The achievement of sustainable energy 

solutions requires adoption of EMS systems based 

on renewable resources.The energy infrastructure 

system improves both the production and 

distribution processes and storage systems of 

energy which results in a cleaner and stronger 

energy future. 
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