

    
        
          AI in Energy: Powering the Smart Grid

        

        
        
          GoodMan, Volume 1

        

        
        
          Patrick Mukosha

        

        
          Published by Patrick Mukosha, 2025.

        

    


AI in Energy: Powering the Smart Grid

Optimizing Power Generation, 

Grid Distribution, Energy Consumption, and Renewable Forecasting.

Table of Contents


Copyright Notice


Abstract

Chapter 1: The Grid’s Development: From Wires to Intelligence

1.1. From Edison’s Light Bulb to the Lifeblood of the World

1.1.1. The Problems with Conventional Grids

1.1.2. Why Intelligent, Adaptive, and Autonomous Systems Are Necessary for the Future

1.1.3. Important ITS NLP Functions:

1.1.4. Digitization: Converting Information into Choices

1.1.5. The Argument in Favour of Autonomy

1.2. An Intelligent Grid That Functions Like a Nervous System

1.3. Decarbonisation through the Use of Renewable Energy

1.4. The Difficulties of Renewable Energy Integration

1.5. Case Studies from the Real World

1.6. The Benefit of AI

1.7. The Path Ahead: Moving Toward a Grid Free of Carbon

1.8. Digitization: Data-Driven Energy

1.9. Advantages of an Energy Ecosystem Driven by Data

1.10. The Way Forward: From Wires to Intelligence

Chapter 2: Artificial Intelligence at the Core of Power Production

2.1. AI Enhancement for All Energy Sources

2.2. Fossil Fuels Power Plants

2.3. Nuclear Power Plants

2.4. Sustainable Energy

2.5. Predictive Maintenance: The Application of Machine Learning

2.6. Case Study: Wind Energy with Google DeepMind

Chapter 3: Smarter Grid Distribution

3.1. Using Real-Time Anomaly Detection to Find and Stop Blackouts

3.2. AI-Powered Grids for Self-Healing and Fault Detection

3.3. The Path Forward: Self-governing, Flexible Distribution

3.4. Self-Optimization according to Generation and Load Conditions

3.5. Distributed Energy Resources (DERs) Integration Easily

3.6. Making Renewables a Priority to Reduce Carbon Footprints

3.7. Constantly Gaining Knowledge from Operational Data to Increase Productivity

Chapter 4: Forecasting Demand and Optimizing Consumption

Overview

4.1. Grid Stability

4.2. Lower Costs of Doing Business

4.3. Reduced Emissions of Carbon

4.4. Smart Energy Management for Better Customer Engagement

4.5. IoT-Enabled Homes and Smart Meters as Sources of Real-Time Data

4.5.1. Smart Meters

4.6. Case Studies

4.7. IoT-Enabled Homes

4.8. Using Machine Learning to Forecast Consumption Trends

4.9. Segmentation and Clustering

4.10. Predictive Load Balancing

4.11. Automatic Regression Integrated Moving Average (ARIMA)

4.12. Long Short-Term Memory (LSTM) Networks

4.13. Prophet

4.14. Case Studies of AI Demand-Side Management

4.15. Advantages of Consumption Optimization and Demand Forecasting

Chapter 5: Forecasting Renewable Energy: Predicting the Unpredictable

Overview

5.1. The Problem: Wind and Solar Unpredictability

5.2. Operational Challenges

5.3. The Importance of Accurate Forecasting

5.4. Artificial Intelligence for Renewable Prediction

5.5. A Case Study: IBM's Hybrid Renewable Energy Forecasting (HREF) System:

5.6. Predictive Renewable Management's Future

5.7. Real-Time Modifications: Automated Energy Management That Is Faster and Smarter

5.8. Managing Various Energy Sources with Hybrid Energy Forecasting

5.9. Global Repercussions: Quickening the Decarbonisation Process

Chapter 6: AI in Energy Storage Systems

Overview

6.1. AI-Driven Predictive Degradation Analysis and Battery Optimization

6.2. Real-time Grid Load Balancing and Storage Matching

6.3. The Role of AI's in Next-Gen Thermal and Hydrogen Storage Systems

Chapter 7: AI-Powered Peer-to-Peer Energy Trading and Decentralized Grids

Overview

7.1. A Combination of Blockchain and AI for Decentralized Energy Markets

7.2. Virtual Power Plants (VPPs) and Microgrids

7.3. Enabling Customers to Become "Prosumers"

7.4. Obstacles and the Path Ahead

Chapter 8: AI-Powered Grid Cybersecurity

Overview

8.1. Targeted AI Model Attacks

8.2. Increased Areas of Attack

8.3. Quick Error Propagation

8.3. AI as a Vulnerability and a Protector

8.4. Real-Time Threat Detection

8.4. Case Study: Safeguarding Smart Grids in Europe

8.5. The Way Ahead

Chapter 9: AI for Climate-Resilient Energy Systems

Overview:

9.1. How AI Improves Power Outage Disaster Response

9.2. Predictive Outage Modelling

9.3. Real-Time Incident Identification

9.4. Resource Optimization

9.5. Adaptive Techniques for Hydropower-Related Droughts

9.6. Using AI to Manage Hydropower Adaptively During Droughts

9.7. Using AI to Create Climate-Resilient Energy Systems

9.8. Using AI to Create Climate-Resilient Energy Systems

Chapter 10: Human Factor, Ethics, and Policy

10.1. The Difficulties of Regulating AI in Critical Infrastructure

10.2. Ownership and Data Privacy in Smart Energy Systems

10.3. Retraining Energy Workers for a Future Driven by AI

Chapter 11: The Future: Artificial Intelligence's Contribution to the Net-Zero Revolution

Overview

11.1. Global Carbon Neutrality and AI: Promoting the Sustainable Development Goals (SDGs) of the United Nations

11.2. Smart Grid Development into Decentralized, Self-Learning Ecosystems

11.3. A Forward-Looking Perspective: Is AI Able to Establish a Global Energy Internet?

11.4. Smart Contracts and Blockchain

Appendix: AI and Energy Glossary


Category 1: Artificial Intelligence & Data Science

Category 2: Internet of Things (IoT) & Smart Systems

Category 3: Energy Infrastructure & Grid Intelligence

Category 4: Renewable Energy & Sustainability

Category 5: Operations, Analytics & Business Intelligence


Table of Figures

Bibliography

	[image: ]
	 	[image: ]


[image: ]

​​Copyright Notice


[image: ]


[image: images]

––––––––
[image: ]

All Rights Reserved.

No part of this publication may be reproduced, or stored in a database or retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, recording, or otherwise, without the prior written permission of the publisher. No patent liability is assumed with respect to the use of the information contained herein. 

Although every precaution has been taken in the preparation of this book, the author and publisher assume no responsibility for the errors or omissions. Neither is any liability assumed resulting from the use of the information contained herein.

Copyright 2025© Dr Patrick Chisenga Mukosha

First published: August, 2025

Publisher: Dr Patrick Chisenga Mukosha

Trademarks

All terms mentioned in this book that are known to be trademarks or service marks have been appropriately capitalized. The Author and the publisher cannot attest to the accuracy of this information. Use of a term in this book should not be regarded as affecting the validity of any trademark or service mark.

Warning and Disclaimer

Every effort has been made to make this book as complete and as accurate as possible, but no warranty or fitness is implied. The information provided in this book is on as is basis. The Author and the Publisher shall have neither liability nor responsibility to any person or entity with respect to any loss or damage arising from the use the information contained in this book.

Author:  Patrick Chisenga Mukosha PhD

	[image: ]
	 	[image: ]


[image: ]

Abstract
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The world's energy situation is changing dramatically, moving away from reliance on fossil fuels and toward digital intelligence. From smart grids to renewable integration, artificial intelligence is changing the way the world produces, distributes, and uses energy. This is seen in AI in Energy. 

It examines how machine learning, predictive analytics, and intelligent automation are transforming energy systems by improving grid dependability, anticipating renewable production, optimizing power generation, and promoting sustainability on a large scale. It was written by a well-known technologist and energy strategist. 

This book deconstructs the energy of the future into practical ideas and applications:

	Smart Grids: How digital twins, edge computing, and AI-powered sensors build adaptable, self-healing energy networks. 

	Power Generation Optimization: Increasing productivity, decreasing downtime, and dynamically balancing load through the use of predictive analytics. 

	Grid Distribution: Using demand response, fault detection, and microgrid intelligence driven by AI, energy distribution is being reinvented. 

	Energy Consumption: AI-enabled energy management solutions allow for the personalization of efficiency at the domestic, business, and national levels.

	Renewable Forecasting: Using deep learning to forecast hydro, wind, and solar output with previously unheard-of accuracy. 


By demonstrating how data, algorithms, and human creativity can come together to create the next-generation energy ecosystem—one that is cleaner, smarter, and self-optimizing—AI in energy bridges the gap between engineering and intelligence.

This book offers the road map for comprehending how AI is driving the energy revolution, one intelligent watt at a time, regardless of your background as an energy executive, data scientist, legislator, or entrepreneur.

Dr. John H. Cunningham – Energy & Utilities Consultant
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Chapter 1: The Grid’s Development: From Wires to Intelligence 

[image: ]


	[image: ]
	 	[image: ]


[image: ]

1.1.  From Edison’s Light Bulb to the Lifeblood of the World
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The first central power plant in history, the Pearl Street Station in New York City, was turned on by Thomas Edison in 1882. Powering a few hundred lamps throughout lower Manhattan, it provided Direct Current (DC) electricity to just 59 consumers. The electric age began at this time. Soon after, George Westinghouse and Nikola Tesla promoted Alternating Current (AC), which made it possible for electricity to traverse great distances. More than just a technological competition, the AC vs. DC "War of Currents" established the groundwork for the centralized power systems that still rule today.

Grids grew into enormous, linked networks throughout the course of the following century. Power from massive coal facilities, hydroelectric dams, and subsequently nuclear power plants was sent into homes and factories via transmission lines. With its ability to drive urbanization, industrial revolutions, and digital change, electricity became the lifeblood of modern society. A one-way power flow from centralized producers to passive consumers, however, was the mainstay of the system. 
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1.1.1.  The Problems with Conventional Grids 
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Although they supported economic expansion, older grids were not designed to meet the demands of the modern world. Their shortcomings are becoming more obvious:

1.1.1.1.  Rigidity

Strict supply-demand balancing governs how traditional grids function. In order to prevent shortages, operators frequently overproduce, wasting resources and causing inefficiencies. For instance, billions of dollars are spent on infrastructure to manage the infrequent surges in demand that only happen a few hours a year in the United States.


	Example: Rolling blackouts during the 2020 heatwaves in California demonstrated the grid's inability to swiftly adjust to unexpected spikes in demand while renewable output decreased at sunset (the so-called "duck curve" issue). 



1.1.1.2.  Inefficiency 

Approximately 8% of the electricity produced worldwide is lost in the transmission and distribution process. Power plants themselves are inefficient; only 30–40% of fuel is converted into useful power by thermal plants, with the remaining fuel being wasted as heat. 


	India Case Study: India's traditional grid loses an estimated 20% of electricity in transmission and distribution, while having one of the fastest-growing energy markets. This is mostly because of theft and aging equipment. Frequent outages and increased expenditures are caused by this inefficiency. 



1.1.1.3.  Vulnerability 
Conventional grids are centralized and vulnerable to interruptions from equipment malfunctions, hacking, and natural disasters. Entire regions can be affected by a single fault.

	Case Study: The 2003 Northeast Blackout (United States & Canada): 



An Ohio utility's control room failed to detect a software flaw. Fifty million people in eight U.S. states and Ontario lost power in a matter of hours. An estimated $6 billion was lost as a result of the paralysis of communications, hospitals, and transportation. 


	Case Study: Ukraine, 2015: 



230,000 citizens lost power when hackers breached the nation's electrical grid. This demonstrated the vulnerability of centralized systems as it was the first known cyberattack to successfully take down a power infrastructure. 
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1.1.2.  Why Intelligent, Adaptive, and Autonomous Systems Are Necessary for the Future 
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With the ability to anticipate, prepare, and comprehend their environments, autonomous systems can complete tasks, reach objectives, and engage with their environment with little assistance from humans. AI's position in autonomous systems is essential to transforming how we interact with the real and virtual worlds. 

By combining deep learning and neural networks, autonomous AI optimizes operations in a variety of industries by automating complicated processes, handling real-time data processing, making quick judgments, and adapting to changing situations.

In the past, the electric grid was built for a more straightforward scenario in which a few sizable power plants produced electricity that travelled in a single path to homes and businesses. However, the grid now has to deal with issues that its initial designers did not foresee. Three strong forces—decentralization, decarbonisation, and digitization—define the energy landscape of the twenty-first century. Collectively, they call for a smart grid that is also flexible and self-sufficient. 
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1.1.3.  Important ITS NLP Functions: 
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1.1.3.1.  Consumers to Prosumers: Decentralization 

The conventional "hub-and-spoke" grid is disintegrating. Nowadays, millions of residences and commercial buildings generate their own energy using biogas systems, tiny wind turbines, and rooftop solar panels.

They are now prosumers—simultaneously producing, storing, and consuming electricity—instead of passive consumers thanks to battery storage and electric vehicles (EVs). 

In order to maintain stability and control two-way power flows, this decentralization calls for real-time intelligence. 


	Example: Germany's Energiewende: In Germany, individuals, farms, and cooperatives own about 50% of the renewable capacity rather than utilities. Without sophisticated digital tools that forecast, balance, and dispatch energy in milliseconds, it would be difficult to manage this patchwork of producers. 
Decentralized networks would collapse into chaos in the absence of intelligent systems. 



1.1.3.2.  The Challenge of Renewable Integration in Decarbonisation

Renewable energy usage is accelerating due to the global drive to achieve net-zero emissions. However, solar and wind are erratic and variable by nature. Even though the sun and wind don't always shine and blow, society nonetheless requires electricity all the time. Conventional grids overproduce and waste energy to deal with variability. The grid of the future must anticipate and adjust to it. 


	Google DeepMind & Wind Energy Case Study: Google used artificial intelligence (AI) on its wind farms in the Midwest of the United States to predict output 36 hours ahead of time. This increased wind energy's economic value by 20% and made it a more dependable resource. Renewable energy sources become grid assets rather than liabilities thanks to this predictive knowledge.



Only AI-driven, adaptive forecasting and balancing systems can remain reliable as the proportion of renewable energy sources increases without using fossil fuel backup. 
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1.1.4.  Digitization: Converting Information into Choices 
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Data is everywhere on the modern grid: sensors embedded in power lines and substations, smart meters, IoT-enabled gadgets, and weather satellites. Petabytes of data can be produced annually by a single utility. 

However, without intelligence, data is meaningless. This volume is too large for traditional systems to handle, and they cannot respond fast enough to stop cascade failures. Real-time operation optimization, failure prediction, and anomaly detection are made possible by AI and machine learning.

Example:  Consider Enel in Italy, which converted its whole grid into a digital ecosystem by installing 33 million smart meters. These days, AI systems can automatically reroute electricity during outages, identify theft, and balance demand—all of which minimize downtime and save millions of dollars in lost revenue. 
The grid is now more observable thanks to digitization, and AI makes it actionable. 
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