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Abstract. In recent years, many homes have installed solar panels to harness renewable energy,
but without proper storage systems, this can lead to financial losses and inefficiencies. Our research
offers a solution using smart grids, smart meters, and fuzzy rule-based algorithms to enhance solar
energy efficiency and minimize these losses. By collecting data from IoT sensors, the system predicts
financial impacts and recommends energy-saving practices. A real-time monitoring framework,
connected to a central database, helps with decision-making and prevents future issues. With
a focus on reducing financial losses through predictive analytics, our system provides a more
comprehensive approach than existing solutions, leading to better energy management, cost savings
and sustainability.
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1 Introduction

In some regions, governments require new homes to include solar panels to harness
renewable energy [10]. However, many buildings lack proper energy storage systems,
leading to wasted energy and financial losses [5]. This makes it difficult to fully
utilize solar energy and integrate it efficiently into the energy grid [4].

A major challenge is the inability to store excess energy produced by solar
panels during the day for use during non-peak hours, leading to wasted power [12].
Additionally, the lack of monitoring and predictive systems makes it hard to manage
energy production and prevent financial losses [17]. While previous studies have
focused on managing energy distribution and improving algorithms for renewable
energy [14], they fall short in providing real-time monitoring and predictive analysis
for optimal solar energy use [2].

Our system uniquely combines smart grids, smart meters, a centralized database
and a fuzzy rule-based algorithm, offering a real-time, predictive solution to minimize
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financial losses and improve solar energy efficiency—providing a more comprehensive
approach compared to existing studies that typically address only individual technical
aspects. The paper outlines related research, presents the proposed system’s framework
and evaluates its performance.

1.1 Major Contributions of the Paper

— We have developed a rule-based expert system to predict revenue losses from
inefficiencies and noncompliance in solar systems, helping to reduce financial
risks.

— We have built a real-time monitoring system that uses IoT sensors, smart
meters and algorithms to verify that residential buildings meet solar energy
requirements, thereby improving efficiency.

— We have proposed a model to forecast the financial impact of inefliciencies,
allowing us to identify high-risk areas and improve financial planning.

— We have established a central database linked to the monitoring system to
improve decision-making and energy grid efficiency.

— We have proposed using smart meters for accurate, real-time monitoring of
energy usage, ensuring compliance and optimizing energy consumption in residential
settings.

The article is organized as follows: Section II reviews key literature, providing
context for our work. Section III outlines the system architecture and implementation.
Section IV evaluates its performance, while Section V addresses limitations. Finally,
Section VI summarizes the findings and future work.

2 Literature Review

Marcelo’s research [10] emphasizes the need to integrate smart grids with smart city
infrastructure, considering environmental, social, and financial impacts through a
cost-benefit analysis. Another study suggests using machine learning (ML) techniques
[2] to develop an Energy Management Model (EMM) for better control of energy
consumption in smart grids, outperforming traditional statistical models. Research
on multi-objective energy [5] optimization uses a genetic algorithm to reduce pollution,
operational costs, and energy supply risks. Albogamy’s study [4] applies a Lyapunov
optimization approach to optimize real-time energy use in smart homes, aiming to
lower energy costs and improve comfort. The Grey Wolf Optimization (GWO)
algorithm [17] shows promise for managing energy demand in solar-powered smart
grids by reducing costs and peak loads. A Home Energy Management Control
System (HEMCS) [9] using renewable energy and heuristic algorithms helps optimize
appliance usage, reducing electricity costs, peak-to-average ratios, and emissions.
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Another study [12] focus on the challenges and opportunities of integrating decentralized
renewable energy into smart grids, emphasizing the importance of automated control
systems and ICT to enhance power quality. Overall, the review points to various
technological approaches aimed at making renewable energy integration into smart
grids more efficient and sustainable.

2.1 Gap Analysis

Table 1: Gap Analysis Table

Papers Rule Based Real Time Predictive Models Centralized Database
[10] No No No No
[4] No Yes No No
12] No Partial Yes No
5] No No No No
[17] No No No No
[13] No No No No
112] No No No No
[14] No Yes No No
[15) No No No No
19] No Partial No No
[16) No No No No
18] No No Yes No
13] No No No No
[11] No Yes No No
1] No No No No
112] No No No No
18] No No Yes No

Our Paper Yes Yes Yes Yes

Table[I]shows the gap analysis and the need for better integration of green computing,
real-time monitoring, financial impact prediction and centralized databases to improve
solar energy management in smart grids. The proposed solution addresses these
gaps by combining energy efficient algorithms with green computing methods.
Using IoT sensors and smart meters, the system collects real-time data and uses a
rule-based expert system to detect errors and suggest improvements.This approach
ensures efficient solar energy use, enhanced sustainability and cost savings.

2.2 Gaps in Current Research

The current research on solar energy and smart grids has made progress, but there
are still several gaps:
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1. Green Computing, Smart Grids and Rule-Based Systems: There is very limited
research on combining these three elements to improve solar energy efficiency,
even though various optimization methods exist for solar power.

2. Real-Time Monitoring Systems: Few studies focus on developing user friendly
systems that integrate IoT sensors, smart meters, and rule-based algorithms to
ensure compliance with energy regulations.

3. Predictive Models for Financial Loss: There is a lack of accurate predictive
models that can estimate the financial impact of inefficiencies and non-compliance
in solar energy systems.

4. Centralized Database Integration: The potential of using a centralized database,
linked with real-time monitoring and smart grid data, to optimize decision-
making and grid efficiency is largely unexplored.

3 Proposed works

3.1 Architecture

Residential Building

Energy

Solar Panel Storage

Ruled Based Expert System Centralized Database

Central Monitoring System(CMS)

Fig. 1: Optimized Solar-Smart Grid Architecture
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The proposed system (Figure improves the application of solar energy in
homes through the utilization of solar panels, smart meters, a central database,
and a fuzzy rule based system. Solar panels harness the energy from the sun and
convert it into electricity which is used in household appliances while excess of the
energy is sent to the grid. Smart meters measure and log energy generation, energy
usage, and grid export generation and store this data in a central database.

This data is sent to the fuzzy rule based system and it helps in identifying
inefficiency and financial losses and gives recommendations through a web interface.
It connects to the smart grid to harmonize load demand and supply between
the building and the smart grid system. ICT powers the system utilizing green
computing strategies as well as a smart grid to properly manage energy and fulfill
solar panel standards. It also incorporates a financial risk model for the early
prediction of the risks involved in project financing.

Our system is unique because it is both preemptive as well as monitoring in
real-time and covers other possibilities as well. In contrast to approaches already
used in practice and aimed at monitoring one or another aspect of solar energy
management, our system offers a single integrated solution for management in real-
time, risk and regulatory compliance optimization and improving power-to-weight
ratio and financial performance at the same time.

3.2 Solar Panel

Convert sunlight into electricity. Monocrystalline panels (Figure [2|) are chosen for
their high efficiency, producing more power in limited space and lasting over 25
years.

Mono

To make cells for
monocrystalline panels,
silicon is formed into bars
and cut into wafers

polycrystalline panels,
Fragments of sillicon are
melted together to form the
wafers

Fig.2: Mono and Poly Solar Panel
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3.3 Inverters

Convert the direct current (DC) electricity produced by solar panels into alternating
current (AC) for household use and grid export, as shown in Figure

Inverter Net Meter

Solar Panel

Home
Battery

Fig. 3: Inverter Mechanism

3.4 Rule-Based Expert System

Rule-based model is a type of machine learning system where instead of using an
algorithm, a set of rules with an ‘IF-THEN’ statement is used for the prediction.
Since decision trees are easy to explain and more universally understood, due to low
complexity, interpretations, and simplicities, they are preferred in credit ratings,
medical diagnoses, fraud detection, and adherence to regulations. These models
depend on decision trees or algorithms of CN2 and RIPPER for rule extraction
from data but these fail to model structural inter-dependencies properly and make
wrong rules when the data is noisy. Nevertheless, they are still widely preferred
due to their simplicity and usability in all those situations when there is little need
for extensive decision-making procedures. Expert systems, developed using fuzzy
logic, are used to detect inefficiencies and suggest corrections in energy utilization
to avoid hasty outings.

3.5 Smart Meters

Measure the electricity generated, used, and exported. They provide real-time data
to both consumers and utility companies, allowing for accurate billing and better
energy management. The system uses SMETS2 meters for reliability across energy
providers.
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3.6 Centralized Database

Stores all the data collected from the system, enabling detailed analysis, tracking
energy usage, and predicting future demands. A relational database like MySQL is
used for effective management and analysis of large datasets.

3.7 User Interface (UI)

Displays real-time and historical energy data in a user-friendly format, helping users
monitor energy use, receive alerts, and make informed decisions. It is web-based for
accessibility on both desktop and mobile devices.

3.8 Smart Grid Integration

Allows excess energy to be sent back to the grid or drawn from it as needed,
enhancing overall energy efficiency and stability. The system uses a distribution
smart grid for better energy management.

3.9 Flowchart

Data Collection
(10T Sensors)

Data Transmission
(To Central Database)

I S

| Real-Time Monitoring
(CMS)

—

Rule-Based Evalution
(Expert System)

e

Inefficient/
Non-Complint,

L Continue Advance
Monitoring Analytics
v
Notification
Decision Predict
Making Revenue Loss
End < Optimizati

Fig. 5: Flowchart
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Flowchart Steps as shown in Figure

1. Start:The system starts by initializing all components.

2. Data Collection:Solar panels and smart meters gather energy production and
consumption data.

3. Data Transmission: The data is securely sent to a central database.

4. Real-Time Monitoring:The central monitoring system continuously checks for
issues and updates users.

5. Rule-Based Evaluation: The system evaluates energy efficiency and regulatory
compliance.

6. If efficient, monitoring continues; if inefficient, the system analyzes the issue and
recommends improvements.

7. The cycle repeats for ongoing optimization.

8. End: System Process for the current cycle ends here.

3.10 Algorithm

In this project, we have used fuzzy rule-based algorithm. A fuzzy rule-based algorithm
is a algorithm used by computers to deal with unclear or uncertain data. It uses
fuzzy logic, which is more flexible than simple yes/no logic. This algorithm follows a
set of rules to analyze input data and make decisions or predictions. It’s particularly
helpful when straightforward logic isn’t enough to understand the complexities of
the real world [6] [7].

We are using this algorithm because a fuzzy rule based algorithm handles
complex relationships and adapts to changing solar conditions. It works well with
noisy data from IoT sensors and smart meters, creating flexible rules and processing
data in real-time to predict revenue loss effectively.

Fuzzy rule based algorithms have a wide range of applications due to their
ability to handle uncertainty and imprecise data. In healthcare, they assist in
medical diagnosis by analyzing complex patient data. Automotive systems use them
for tasks like controlling vehicle stability and improving safety features. In home
automation, they manage smart devices for energy efficiency and comfort. Financial
institutions apply them for risk assessment and decision-making, and in robotics,
they help machines navigate and operate in uncertain or dynamic environments.
Their flexibility makes them useful in any system that requires real-time decision-
making with complex data.

3.11 Mathematical Formula

Table [2] presents mathematical notations used in the system to specify various
energy measurements, efficiency levels, and expected revenue loss in a solar energy
optimization framework at a particular time t.
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Algorithm 1 Rule-Based Fuzzy Logic Evaluation System

—_

13:
14:

15:
16:

17:
18:

19:
20:

21:
22:
23:
24:

25:

Input: IoT data with inefficiency and non-compliance features (X)
Output: Risk evaluation, predicted revenue loss, system adjustments, alerts

Step 1: Data Collection
data < collect_data() > Collect data from IoT sensors and smart meters

Step 2: Data Transmission
transmit_data(data) > Store collected data in a database for future processing

Step 3: Real-Time Monitoring
data < real_time monitoring() > Continuously monitor and transmit real-time data

Step 4: Rule-Based Evaluation with Fuzzy Logic

: evaluation < rule_based_evaluation(data) > Evaluate inefficiency and non-compliance

levels using fuzzy logic

: Step 5: Advanced Analytics with Fuzzy Logic
12:

predicted_loss < advanced_analytics(data) > Predict potential revenue loss using fuzzy
logic analytics

Step 6: Notification

notify_user(predicted_loss) > Send an alert to the user if potential revenue loss is detected

Step 7: Predict Revenue Loss
loss < predict_revenue_loss(data) > Predict revenue loss based on inefficiency and
non-compliance

Step 8: Optimization

optimize_system() > Automatically optimize the system based on analysis
Step 9: Decision Making

decision making(data) > Decide whether to take action or continue monitoring based on
data

Step 10: Main Loop
while True do
data < real_time monitoring()
decision making(data) > Continuously monitor data and make decisions based on
real-time conditions
end while

Energy Balance Equations:

1. Energy Generated by Inverter: Egen(t) = Esolar(t) - Miny

2. Energy Consumption: Feons(t) = Eload(t) + Eappi(t)

3. Energy Stored in the Battery: Egiored(t) = Fgen(t) — Econs(t)

4. Energy Fed into the Grid: Ffeq(t) = Egen(t) — Feons(t) — Estored (t)

Rule-Based Evaluation: The rule-based system estimates the efficiency and

compliance of the solar energy system. Let 7ys(t) be the overall system efficiency
and Rjoss(t) be the predicted revenue loss.

5. Rule-Based EfﬁCienCy: nsys(t) = f(ninvv Moad s Mappls ngrid)
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Table 2: Mathematical Notations

Symbol Description

Egen(t) Energy generated by solar panels at time t

Eioqalt) Energy consumed by the household at time t

Estore(t) Energy stored in the system at time t

Egria(t) Energy fed into the grid at time t

Efea(t) Energy fed to the grid at time t

Lypred(t) Predicted revenue loss at time t

Nopt (t) Operational efficiency of the system after optimization at time t
Ntotal (t) Overall efficiency after optimization at time t

Prediction Analysis: Predicting empirical values of predicted revenue loss Rjogs(t)
due to inefficiency and non-compliance.

6. Predicted Revenue Loss: Rpred(t) = f(7invs Moads Nappl, Merid)

Optimization: The system undergoes optimization to improve efficiency and
reduce revenue loss.

7. Operational Efficiency: nopt(t) = f(sys; Minvs Moad)
8. Energy Balance after Optimization: Eeq(t) = Egen(t) — Econs(t) — Estored(t)

Objective Function: The objective is to minimize the predicted revenue loss
Rpred(t) while maximizing the overall system efficiency ngys(t).

Objective: min ), Rpred(t) and  max ), nopt(t)

Constraints:

Egen(t) >0
Econs(t) > 0

>
Nsys(t) =
Rloss(t) Z 0

4 Performance Evaluation

This section is divided into four major phases namely Setup, Key Generation,
Signature Generation Protocol and Signature Verification Protocol. Our project
relies on a complex platform that combines many technologies for efficient data
collecting, transmitting, and processing. The following are the platform’s major

elements:
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— Internet of Things (IoT) Sensors: These sensors will be used to collect data on
solar panel energy generation in real time.

— Smart Meters: Smart Meters will be installed to measure energy consumption
and export, thus providing detailed information on energy usage patterns.

— Centralized Database: A secure database system that will efficiently ensure data
retrieval and analysis by storing and managing the data collected.

— Real-Time Monitoring System: A complex system that will keep an eye on the
data all the time enabling performance tracking and real-time analysis.

4.1 Performance Measurement Criteria

The performance of our solar energy integration system will be evaluated using a
variety of key criterias. These criteria include:

— Energy Efficiency: This refers to how efficiently the system converts solar energy
into usable power. It is measured by comparing the total energy generated by
the solar panels to the energy successfully transformed by the inverter.

— Accuracy of Revenue Loss Predictions: This criterion evaluates how precisely
our system can predict potential revenue losses resulting from inefficiencies. It
also helps in identifying areas where financial savings can be maximized.

— System Optimization Impact: This metric looks at how effective the recommended
changes are in improving system efficiency and reducing energy loss.

4.2 Evaluation Metrics

The performance of predictive models will be evaluated using a variety of key
metrics, namely Accuracy, Precision, Recall, F1 Score, Confidence Interval (CI), and
Machine Learning. It will ensure that our predictive models are not only accurate
but also reliable, contributing to the overall system performance.

Accuracy The ratio of real results (both true positives and true negatives) among
all the cases that were looked at. It measures how accurate the model’s predictions
are altogether. We can calculate accuracy using the formula:

|Actual Revenue Loss — Predicted Revenue Loss|
Accuracy = 1

(1)

Actual Revenue Loss
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Table [3|shows data on energy production, consumption, storage, and financial losses
across different time periods. Table [4] compares the predicted revenue loss to the
actual revenue loss for each time period, displaying the prediction accuracy.

Table 3: Energy Data and Revenue Loss

Time Energy Energy Battery Energy Predicted Actual

Period Generated Consumed Storage Exported Revenue Revenue

(hr) (kWh) (kWh) (kWh) (kWh) Loss (8) Loss (8)

1st 100 80 15 5 1000 1050

2nd 120 100 10 10 1200 1150

3rd 110 95 12 3 1150 1120

4th 130 105 15 10 1100 1080

5th 125 110 12 5 1300 1350

6th 140 115 18 7 1250 1230

7th 135 120 10 5 1400 1380

8th 145 130 15 0 1450 1420

10th 155 140 20 5 1550 1500
Table 4: Prediction Accuracy Data

Time Period Predicted Revenue Actual Revenue Prediction Accuracy

(hr) Loss ($) Loss ($) (%)

1st 1000 1050 95.24

2nd 1200 1150 95.65

3rd 1150 1120 97.32

4th 1100 1080 98.15

5th 1300 1350 96.29

6th 1250 1230 98.37

7th 1400 1380 98.55

8th 1450 1420 97.89

9th 1500 1480 98.65

10th 1550 1500 96.67
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4.4 Calculation Details

Energy Efficiency Over Time

o—Energy Generated (kWh) ~ =—e=Energy Consumed (kWh)

Energy (KWh)

1 2 3 4 5 6 7 8 9 10
Time Period (h)

Fig. 6: Energy Efficiency Over Time

We have created a set of graphical representations (Figure@, Iﬂ that illustrate the
system’s performance metrics, including prediction accuracy, revenue loss comparison,

and energy efficiency over time. These graphs provide a comprehensive overview of

how our proposed system performs in terms of predicting revenue losses, comparing

actual versus predicted financial losses, and optimizing energy generation and consumption.
They highlight the system’s effectiveness in maintaining high prediction accuracy

95% to 98% and improving energy efficiency while reducing financial risks.

Predicted vs Actual Revenue Loss

—e—Predicted Revenue Loss ($) —e—Actual Revenue Loss ($)

1600 1550

1500
1500
1400
1300

1200

Revenue Loss($)

1100

1000

900

Time Period (h)

Fig. 7: Predicted Vs Actual Revenue Loss
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Prediction Accuracy Over Time
—e—Prediction Accuracy (%)

100

o0 98.55 9865

98

97

Accuracy (%)

96

95

94

1 2 3 4 6 7 8 9 10

5
Time Period (h)

Fig.8: Prediction Accuracy Over Time

5 Discussion

The proposed system effectively optimizes solar energy use in residential buildings
by integrating smart grids, smart meters, and IoT sensors. It monitors energy
generation and consumption in real time, allowing the system to predict inefficiencies
and revenue loss. The system’s consistent high accuracy in predicting financial
impacts shows its practical value in managing solar energy, improving efficiency,
and supporting sustainable energy practices.

Despite the promising results, the system does have some limitations that should
be acknowledged. First, the model is highly dependent on the accuracy of the IoT
sensors and smart meters used to collect data. Any inaccuracies in the data can
potentially lead to incorrect predictions of revenue loss or inefficiencies. This means
the reliability of the system is directly tied to the quality of the data inputs.Second,
the system is currently designed to operate in residential buildings with solar energy
integration. While this approach is effective in such settings, it may need further
adaptation to function optimally in larger, more complex infrastructures, such as
commercial buildings or industrial facilities.Lastly, the rule-based system, though
effective, may not fully capture more complex, dynamic changes in energy patterns
over time. A more adaptive machine learning model could improve the system’s
responsiveness to changes in weather conditions or energy demand spikes.

6 Conclusion

The system showed excellent performance in optimizing solar energy use, with
prediction accuracy for revenue loss ranging between 95% and 98.7%, averaging
about 97.2%. It successfully improved energy efficiency and reduced financial losses,
making it a reliable tool for residential energy management. Future improvements
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could focus on making the system adaptable to larger environments and incorporating
advanced predictive models.
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