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Abstract

:

The COVID-19 pandemic has disrupted global energy markets and caused significant socio-economic impacts worldwide, including the energy sector due to lockdowns and restricted economic activity. This paper presents a comprehensive and analytical review of the impact of COVID-19 on the energy sector and explores the potential role of artificial intelligence (AI) in mitigating its effects. This review examines the changes in energy demand patterns during the pre-, mid-, and post-pandemic periods, analyzing their implications for the energy industries, including policymaking, communication, digital technology, energy conversion, the environment, energy markets, and power systems. Additionally, we explore how AI can enhance energy efficiency, optimize energy use, and reduce energy wastage. The potential of AI in developing sustainable energy systems is discussed, along with the challenges it poses in the energy sector’s response to the pandemic. The recommendations for AI applications in the energy sector for the transition to a more sustainable energy future, with examples drawn from previous successful studies, are outlined. Information corroborated in this review is expected to provide important guidelines for crafting future research areas and directions in preparing the energy sector for any unforeseen circumstances or pandemic-like situations.
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1. Introduction


The world was surprised with a global scale COVID-19 pandemic in early 2020, which caused countless lockdowns to be implemented with the hope of slowing down the infectious rate. The initial affected location is originally detected in a specific region of China called Wuhan and later emerged over hundreds of countries across the globe [1,2]. The effect of national restrictions on public gathering has shaped a new norm of living. A sharp decline in energy demand due to lockdown implementation, including travel restrictions and business closures, significantly impacted various economic sectors. According to the reports by International Energy Agency (IEA), the dramatic impact of COVID-19 lockdowns on global electricity use caused a slump in demand, where the usage typically fell by up to 20% for each month a nation’s lockdown persisted [3]. Generally, the fall in energy demand was due to the reduced level of economic activity. However, with more people working from home, there was a rise in residential load demand [4].



Before the COVID-19 pandemic, there was a steady increase in energy demand globally as a result of population growth, economic development, and urbanization. In fact, the energy demand growth was relatively stable in developed countries, such as the United States of America. Moreover, the efforts to reduce energy intensity and increase energy efficiency by developing renewable energy had some level of success in reducing the rising energy demand. Pre-pandemic also marked the energy demand trends by adopting clean and green technology, and policies targeted to decrease carbon emissions, which align with environmental targets set by countries and international organizations such as United Nations Environment Programme (UNEP). The worldwide spread of COVID-19 has affected the entire global energy system in good and bad ways. For instance, the COVID-19 crisis has negatively affected economic growth due to the decreased electricity demand and industrial production. In addition, it also badly impacts the oil price fluctuations, supply chain disruptions, and changes in job markets within the energy industry. However, a significant reduction in pollutants due to factory closures and decreased transportation demand has shown a positive impact, especially for carbon mitigation pathways envisioned under the Paris Agreement.



On the other side of the perspective, the lesser consumption of power during the pandemic has opened more doors for renewable energy (RE) penetration into the existing power system, as the dependency on coal and gas power production has weakened. The effort to fight monopolism of conventional energy generation sources was definitely a challenge before the pandemic. Some regions, such as India, China and Europe, have grabbed the opportunity of this gap to shift from the traditional way of producing energy to a cleaner way of power production [5]. The importance of practicing green energy sentiments has grown among human society and the number of studied cases on smart RE has escalated two times greater since COVID-19 was officially reported. The focus of the energy sector on long-term sustainability and cleaner energy sources has also presented the opportunity for the integration of Artificial Intelligence (AI) in the sector. As countries begin to recover from the pandemic, the use of AI in the energy sector can play a crucial role in improving efficiency and reducing costs. By adapting to fast-moving energy development, allowing a power system to be monitored remotely or virtually is a charming area to be explored and closely followed. The changes in the energy industry during COVID-19 has been reviewed to properly discuss the impact and revolutionary advancements [6]. In addition to disruptions in energy demand patterns, energy production and consumption, and energy market dynamics, the pandemic has prompted changes in policymaking, necessitating adaptive measures to ensure energy security and sustainability [7,8]. AI technologies offer innovative solutions to address the complexities arising from the pandemic’s effects. By harnessing AI’s predictive capabilities, energy providers can optimize their operations, anticipate demand fluctuations, and devise robust contingency plans [9]. Additionally, AI’s role in enhancing energy efficiency and sustainability cannot be overlooked. The integration of AI in power systems facilitates real-time monitoring and control, enabling smarter utilization of resources and minimizing environmental impact. Indeed, numerous studies have extensively explored the effectiveness of AI in enhancing the efficiency of energy-related research and applications [10,11,12,13,14]. Furthermore, AI is proving to be applicable in other engineering fields, such as its use in predicting the life cycle of machinery, as investigated by Li et al. [15]



Table 1 shows the collective of review papers published in Scopus based on the search using the keyword “artificial intelligence” AND “energy sector”. The search was refined where only “review” documents were selected from 2015 to 2023. Only “full access” documents in the “English” language are presented. Based on the refined search, 18 review papers were found that related to the utilization of AI in the energy sector. Reviews on AI in the energy sector started to be published in 2019, where three papers were found. Then, it increased to seven papers in 2021, followed by six papers in 2022. We believe that the number of review papers on AI in the energy sector will keep increasing since the growing interest in using AI to enhance energy efficiency, reduce energy costs, and optimize energy management across various industries is prevalent. Moreover, the development of new AI technologies and the increasing ease of implementing AI applications have led to more industries adopting these systems, further increasing interest in this area, finally leading to more publications. To obtain an insight into the new revolution of AI in the energy sector, especially after the pandemic crisis, we have presented this review that aims to analyze and compare the change in energy demand in three timeframes: pre-pandemic, mid-pandemic, and post-pandemic crisis. A detailed analysis of the COVID-19 impact in the energy-related sector is discussed, including policy making, communication, digital technology, energy conversion, environmental, energy market, and power system operation. This review stands as a pioneering effort in analyzing the impacts of COVID-19 on various energy sectors within distinct timeframes of the pandemic crisis, while also exploring the revolutionary role of AI in the energy recovery process post-pandemic. The comprehensive temporal analysis yields valuable insights into the dynamic nature of energy demand patterns during different phases of the pandemic. Furthermore, the focus on AI integration highlights its significant novelty, as it emerges as a promising and increasingly intriguing area of interest in shaping the future of the energy industry. This review includes the methodology and scope of the research that was discussed in Section 2. Then, Section 3 discusses the impact of COVID-19 on the energy sector, including policy-making, communications, power systems, and others. A summary of AI applications in the energy sectors is discussed in Section 3 too, followed by recommendations in Section 4, and finally the conclusion in Section 5.




2. Review Methodology and Scope


This review paper focuses on the effect of COVID-19 on the energy sector. To clearly compare pre-, mid-, and post-pandemic, we have limited the search from 2015 to 2022. By limiting the search results from 2015–2022, we can achieve our aim to compare the impact of the pandemic on the energy sector by focusing on the most up-to-date and relevant materials. In addition, the publications and data analyzed within the limited years are current and reflect the most current status of the energy sector, besides helping to narrow the search focus. The referenced articles and the data presented in this review are collected from reputable journal search engines such as Scopus, Google Scholar, and others. A few keywords used to find the related articles and data were: ‘policy on energy sector’, ‘digital technology’, ‘energy conversion’, ‘environmental effect’, ‘economy’, and ‘power system operation’.



Figure 1 shows the number of published articles related to the energy sector from 2015 to 2022. The graph shows increasing trends in articles published from the pre-pandemic until the post-pandemic period. The results proved that research on the energy sector is still actively performed despite the world having faced a pandemic crisis. No doubt, the priority on finding alternative and renewable sources of energy, such as wind, solar, and hydro power, has resulted in a growth in research and development in the energy sector, leading to more publications. Additionally, government policies and regulations have played a role in the increase in publications in the energy sector. A large investment has been made for innovation and improvements in technology related to energy production, transmission, and storage, which encourages more research and publications in the industry.



Among the published articles presented in Figure 1, we have analyzed the articles in different timeframes, pre-pandemic, mid-pandemic, and post-pandemic. For the purpose of the discussion in this paper; we define the timeframe as follows:



	
Pre-pandemic: Refers to the time before the WHO declared COVID-19 a global pandemic on 11 March 2020. This could range from before 2020 to March 2020, depending on the country and region.



	
Mid-pandemic: Refers to the period during the pandemic, which began in March 2020 and continued until the end of 2021. Some people may consider the period from the beginning of widespread vaccine distribution in late 2020 to mid-2021 as the mid-pandemic period. This period is characterized by a global health crisis, economic slowdowns, travel restrictions, and various public health measures to slow the spread of the virus.



	
Post-pandemic: Refers to the current period after the pandemic, where most countries have declared they are over or have successfully controlled the pandemic’s effects. The exact timeframe for the post-pandemic period is difficult to predict and may vary by countries, but some experts predict that it begins when the majority of the population is vaccinated, the easing of restrictions, the recovery of global economies, and daily COVID-19 cases and deaths are consistently low. In this review, we consider 2022 as a post-pandemic period.






Analyzing and comparing the effects of COVID-19 to the energy sectors between pre-, mid-, and post-pandemic can provide an essential foundation for developing policies and strategies to navigate a similar public health crisis, as well as continue to develop and shape the energy industry to meet the needs of the future better. However, several limitations and challenges to analyzing and comparing the results between the timeframe need to be noted. Since the COVID-19 pandemic is still a new phenomenon, there is limited research to reference on this topic. Therefore, there may be a lack of available data to conclude the true impact of the pandemic on the energy sector. Additionally, it is challenging to have a comprehensive perspective in this review due to constantly emerging information and changing government policies and market trends.




3. Analysis of COVID-19 Impact towards Energy Sector: Pre–Mid–Post Pandemic


This section is divided into seven sub-sections that detail the analysis of COVID-19’s impact on the various energy sectors. This analysis includes the obvious changes experienced by the energy industry, which bring positive and negative effects to society.



3.1. Policy Making in Energy Sector


Policy making in the energy sector plays a crucial role for achieving various objectives, including energy security, economic growth, technological innovation, and global cooperation. The specific policies and approaches adopted by governments can vary depending on national priorities, available resources, technological advancements, and political contexts. Table 2 shows the general policy adopted by different countries prior to different timeframes. Effective energy policies provide a roadmap for a sustainable and resilient energy future, benefiting both current and future generations.



Prior to the pandemic, efforts were already in progress to address the impact of energy production and consumption on the environment, and to transition towards RE sources. These efforts of transitioning were driven by variety of factors, including concern about climate change [32], air pollution [33,34], and energy security [35]. Policy approaches on these issues have varied across different countries and regions, but typically involve a mix of regulatory measures, financial incentives, and educational campaigns. One example of policy efforts towards the energy sector is the Paris Agreement [36]: an international deal that was signed in 2015 that aims to limit global warming to well below 2 °C by 2030. Under the agreement, countries commit to reducing their greenhouse gas emissions, particularly in the energy sector that is responsible for a significant portion of global emissions. To achieve the goal, France applied an Act on Energy Transition for Green Growth in 2019 to reduce greenhouse gas emissions and improve energy efficiency [37]. In addition, the US federal law enforced the Clean Air Act in the 70s, which establishes air quality standards and regulates the emission of air pollutants, including those from the energy sector [38]. Other policy approaches towards the energy sector have included financial incentives such as subsidies and tax credits, and regulatory measures such as energy efficiency standards and renewable portfolio standards. These measures have been adopted by countries around the world, including the United States, China, India, Germany, France, the United Kingdom, and Japan. Furthermore, the operation of the energy sector is working on normal operating conditions of power systems and usual business activity is conducted by executing previous or existing strategy plans [39,40]. In addition, normal budget allocation is implemented by respective governments in the world for the energy sector, with no preparation of a global pandemic [41,42]. Experts in the power and energy sector have already predicted that the existing business model would transform in the future due to SDGs regulation by the UN, which has been promoted since 2015 [43]. However, most signatories had failed to meet the agreed targets of the SDGs. This is due to the high cost to deploy RE and digital energy systems, and the mechanism for recycling and reusing retired units of conventional plants was not yet established [44].



During the mid-pandemic phase, policy makers faced the challenge of responding to the rapid and unprecedented changes in energy demand and supply. On the demand side, lockdowns and other measures to contain the spread of the virus have led to a sharp drop in energy consumption around the world in 2020, particularly in the transportation and industrial sectors. The energy consumption in the US shows an example of the sharp drop, as can be observed in Figure 2.



In response to the drop in demand, many governments have implemented policies to support the energy sector, including measures to stabilize prices and provide financial assistance to affected companies [42,45]. Some governments have also used the pandemic as an opportunity to accelerate the transition to renewable energy sources, recognizing the potential long-term benefits of this shift in terms of both economic and environmental sustainability. One example of a policy measure implemented in response to the pandemic is the extension of tax credits and other incentives for renewable energy projects. US and France have expanded the tax credits for EV and charging infrastructure to escalate the usage of EV in the community. Additionally, the pandemic saw an increase in the cost of maintaining normal operations of power systems, with the IEA estimating an increase of 5% in 2020 compared to the previous year [46]. This has led to many state-investigated energy projects and plans for new facilities and infrastructure being delayed or shelved, as well as a significant reduction in investment in the energy sector, with an estimated drop of 18% in 2020.



In the wake of the COVID-19 pandemic, policy-making related to energy security has been revised and improved to better prepare for a potential global infectious virus outbreak in the future. This involves a heightened awareness of energy security and the need to be able to adapt to changing circumstances quickly. Policymakers also had to scramble to create laws and regulations that can ensure a gradual transition to renewable energy sources, rather than a revolutionary change. Such a transition requires careful consideration of the various factors involved, including the potential for job losses, social stability, economic growth, and the energy market. According to a report by IEA, the deployment of renewable energy sources has been boosted by high motivation from governments, businesses, and individuals to transition to cleaner energy sources faster [47]. This is due to a combination of factors, including the declining cost of renewable energy technologies, the need to meet climate targets, and the need for energy security. In response to the economic downturn caused by the COVID-19 pandemic, many countries have implemented policies to encourage investment in renewable energy and digital energy systems [48]. In the United States, the federal government provided more than $90 billion in investment and tax incentives for renewable energy projects from 2009 to 2019. This has led to significant growth in the sector, with renewable energy sources accounting for more than 20% of the country’s total energy production in 2020. It is also important to develop new cost-effective strategies that reflect the current domestic and international realities. Such strategies can help various audiences be more innovative and proactive by rethinking and reshaping global energy strategies based on trend-based insights and big data. Additionally, data from the United Nations Environment Programme shows that the share of renewable energy in global energy consumption grew from 16.1% in 2010 to 18.4% in 2021 [49]. This suggests that renewable energy is becoming increasingly cost-effective and viable in many countries.



Policy-making on the energy sector post-pandemic has been driven by a more vigorous push to promote sustainability and achieve the SDGs. This is reflected in increased funding for research and development in the renewable energy sector, as well as a focus on investing in sustainable energy technologies and infrastructure, the progress, impact analysis, challenges and new perceptions for electric power and energy sectors in the light of the COVID-19 pandemic [45]. This has also enabled the quick growth of renewable energy sources in order to maintain air quality during the COVID-19 pandemic. However, the impact of the pandemic on the energy sector was initially viewed as temporary, and it remains to be seen whether the progress towards SDG 7 (affordable and clean energy) by nations will be significantly affected in the long term. There is also the potential for serious employment issues to arise if the transition to renewable energy happens too quickly, as many workers in the fossil fuel industry may be displaced. According to a report by the International Labour Organization (ILO), the global transition to renewable energy could result in the displacement of up to 6.5 million workers in the fossil fuel industry. This number could be even higher if the transition happens too quickly, and the ILO estimates that up to 17 million jobs could be at risk. Additionally, the report argues that the transition to renewable energy could also create up to 24 million new jobs but warns that these jobs may not be accessible to all workers, as they may require specific skills or qualifications.



However, not all countries are able to implement such policies. Countries with large financial funds are often able to execute proposed policies more quickly and effectively than those with limited resources. Therefore, while countries with strong financial resources are in the best position to take advantage of policy incentives for renewable energy and digital energy systems, those with limited resources are still able to make progress in this area. By implementing policies that are tailored to their specific needs and resources, such as providing tax exemptions and incentives to local businesses, they can still make progress towards a more sustainable energy future. Additionally, international collaboration between countries can help to ensure that all countries are able to benefit from the advances in renewable energy technologies and digital energy systems.



At the same time, it is important to note that these initiatives and strategies provide only a general insight into the global energy market. A detailed analysis is needed to test and refine these strategies based on local circumstances in order to obtain a more accurate and realistic insight. As an example, the International Energy Agency has conducted research which suggests that the cost of renewable energy varies significantly between countries and regions. While some countries, such as Germany and Denmark, were able to achieve a significant share of renewable energy in their energy mix, other countries have struggled to keep up. Additionally, the cost of energy storage was identified as a major obstacle to the global adoption of renewable energy. To address these issues, governments can look to implement policies and regulations that incentivize investment in renewable energy and energy storage technologies. Additionally, countries can look to collaborate with businesses and organizations to develop innovative solutions that reduce the cost and increase the efficiency of renewable energy sources.



The introduction of RE and distributed energy resources (DER) into retired units of conventional power plants has become increasingly popular in the aftermath of the pandemic [50]. By introducing RE and DER into retired units of conventional power plants, it can avoid serious resource waste while also creating a more sustainable future. Additionally, this approach provides an opportunity for innovative businesses models, such as leasing out space within a plant site or providing services related to maintenance of equipment associated with RE/DER installations at sites where they have been installed previously. By retrofitting these units, it is possible to improve their efficiency and reduce their carbon emissions. It is important, however, that when considering installing RE/DER systems at any site, careful consideration must be taken regarding safety issues, especially if there are hazardous materials present such as those found in nuclear power plants, which may affect how suitable a particular location may be for installation purposes. Furthermore, since many retired systems will already have aged components, it can make them less attractive from both cost and efficiency standpoints, this making it difficult for their saleability or recyclability even after retrofitting with newer technologies is completed successfully.



The US has implemented various policy initiatives and incentives in favor of production of bio-ethanol from corn [51], which has helped to increase corn prices and farmers’ income, enhance rural employment, and encourage value-added businesses. In addition to these benefits, the production of bio-ethanol has also helped to increase energy security and reduce pollutants and greenhouse gases. To further improve energy efficiency, the US government should develop and implement policies and incentives that encourage energy efficiency in buildings, industry, and transportation. This could include incentives for energy-efficient appliances, investments in public transportation, and regulations that require buildings to meet certain energy efficiency standards. Additionally, the US should invest in research and development to develop new technologies that can further improve energy efficiency. A shift to renewable energy sources will reduce the amount of pollution emitted into the atmosphere and help to combat climate change. This shift will also create jobs and stimulate economic growth in many countries. Therefore, it is important for government and lawmakers to consider the potential implications of their decisions, and to ensure that they create policies that are designed to promote economic growth, energy security, and sustainability.




3.2. Communication


Figure 3 shows different timeframes and the use of communication mediums. Before the pandemic happened, face-to-face communication was the normal or usual way for humans to communicate. Face-to-face communication requires the physical presence of an individual and may involve the use of transportation and buildings, which contribute to low electricity usage but high energy usage on transportation and traveling. In contrast, electronic communications medium such as telephone calls, emails, and online meetings can be conducted remotely and may have a lower energy footprint [52]. During the COVID-19 pandemic, the medium through which human communication occurred has had an impact on energy consumption. One key trend during the pandemic was the shift towards electronic communication mediums, such as telephone calls, emails, and online meetings, which can be conducted remotely and may contribute to lower energy footprint compared to face-to-face communication. Zoom reported that it had surpassed 300 million daily meeting participants in April 2020, which was up from 10 million daily meeting participants in December 2019 [53]. In addition, more than 91% of registered students worldwide were affected by the closure of academic institutes, according to the United Nations Education, Scientific and Cultural Organization (UNESCO). Thus, they shifted to online/virtual meeting due to the need for social distancing and the widespread adoption of remote work and online education. In addition, the way in which different communication mediums are used can also impact energy usage. The use of energy-intensive devices such as laptops and smartphones can contribute to energy consumption [54]. For example, using a laptop or desktop computer with a high-performance processor can result in a higher energy usage than a smartphone or tablet with a lower-powered processor. This is also proven by the increase in electricity in the residential area as people were required to stay at home.



Nonetheless, the shift to virtual communications has a higher impact on mankind, as it can reduce travelling cost and time. In addition, people were forced to acquire computational knowledge/skill in order to resume daily activities, such as virtual communication for work purposes, etc. However, some people have struggled to adapt to the online environment and have found it difficult to absorb knowledge and complete assignments effectively. This has led to a decrease in the quality of work in some sectors, as people who may not be fully proficient in using online platforms may be producing lower quality outputs. Additionally, online experience is not the same as in-person interactions, and some people may feel disconnected or isolated due to the lack of physical presence. Therefore, in certain sectors, the quality of work dropped due to generating low quality staff/students through online training/studies.



The rise of digital technologies has had a significant impact on the development of virtual power plants (VPPs). A VPP is a system that allows for the integration and control of DERs, such as solar panels, wind turbines, and energy storage systems. This integration allows for the optimization of DERs and the efficient management of the power grid. Advancements in digital technologies, such as smart grids, blockchain, and the internet of things (IoT), have enabled the concept of VPPs. Smart grids are intelligent power grids that use advanced communication and control technologies to optimize the efficiency and reliability of the power grid. Blockchain technologies provide a secure and decentralized platform for energy trading and management. IoT solutions enable the integration and control of connected devices in the energy sector, allowing for the optimization of energy usage and the management of power grids. However, there are also concerns surrounding the use of digital technologies in the energy sector, particularly with regard to data breach and cybersecurity, as highlighted in [55]. Furthermore, many studies stated that hackers have targeted energy companies and utilities in the past, leading to disruptions in the power grid and potentially posing a risk to public safety [56,57]. It is important for energy companies to prioritize cybersecurity and implement robust measures to protect against potential attacks. Overall, the adoption of digital technologies in the energy sector has brought about significant innovations and improvements in the efficiency and reliability of the power grid.




3.3. Digital Technology


Before the COVID-19 pandemic, the normal operating condition of power systems was heavily reliant on the constant and fixed-load-consumption behavior of energy consumers [58,59,60]. For power utilities to correctly plan and manage their generation capacity, as well as to optimize the operation of their transmission and distribution networks, it is important that they have a thorough understanding of the constant and fixed-load-consumption behavior of energy customers. Power utilities can maintain the power system’s normal operational state and deliver a reliable and steady supply of electricity to customers by precisely forecasting the load demand and effectively managing the generation and distribution of electricity. However, one major challenge was the neglect of electrical energy wastages, which were often overlooked in traditional energy systems [61,62].



Next, digital technology was already having a major effect on how energy companies operated their businesses by allowing them access real time information related to market trends, customer demand forecasts or even supply chain management issues from anywhere in the world at any given time. By using advanced analytics tools, such as predictive modelling or machine learning algorithms, they could also identify potential problems before they arose so that corrective action could be taken swiftly if necessary. Moreover, with the increasing adoption of renewable sources like solar power, smart grids were being implemented, which allowed utility providers better control over electricity distribution networks, while also enabling customers more flexibility when it came to choosing their preferred supplier. Furthermore, the reliance on manual logbooks and traditional meters to track energy consumption is one of the challenges [63]. These methods were prone to errors and inconsistencies, thus making it difficult to accurately measure and monitor energy use. Jiang et al. (2021) reported that the exact effectiveness of digitization and its energy consumption have remained uncertain due to complex assessments of the datasets and the underdeveloped methods to define its benefits [54].



Other than that, the energy sector faced a challenge that is related to the integration of renewable energy sources (RES) into the power grid. One major challenge was the instability and inconsistency of RES production, which made it difficult to rely on these sources as a primary source of power [41,64]. This was often due to the variability of RES, such as solar and wind power, which can be affected by weather conditions. To address this challenge, many energy companies implemented grid modernization plans to handle bidirectional power flow from distributed generators based on renewable energy sources. By enabling real-time monitoring and control of power flow, digital technologies helped to improve the integration of RES into the grid and reduce the reliance on fossil fuels.



Another challenge faced by the energy sector in the pre-pandemic period was the dependence of energy consumers on the grid [45,64,65]. Many energy consumers were grid-dependent, meaning that they relied on the grid for their energy needs and had limited options for generating their own power. This made them vulnerable to disruptions in the grid and to fluctuations in energy prices. In addition, the ineffective communication between the electric energy providers and the end customers presented another difficulty. It was frequently impossible for end users to acquire the data they needed in order to control their energy consumption, because communication was typically restricted to a one-way flow of information from the power energy provider to the end user.



In particular, a few studies claimed that data analytics played a major role in helping energy companies to make better decisions by providing them with real-time insights into their operations. This helps the energy companies to identify areas where they can optimize processes or develop new strategies that are more cost effective or efficient than traditional methods. Additionally, predictive analytics can help companies anticipate future trends, which in turn allows them to plan ahead accordingly. Furthermore, cloud computing provides access to massive amounts of data, which then enables further analysis and decision making on this information at scale.



Next, AI is being used as well in the energy sector, from automated systems, monitoring production levels across various sites remotely through sensors, to robots performing tasks such as drilling wells safely under hazardous conditions; AI offers improved accuracy over manual labor while reducing human errors associated with it [66,67]. All these advances demonstrate how important digital technologies have become during mid-pandemic times when physical contact needs to be minimized. As we move forward, it will only become even more crucial for organizations within this sector to leverage these tools effectively if they want to remain competitive going forward.



The energy sector has seen significant changes In the post-COVID period as a result of the rise of digital technologies, which help in reshaping the load curves and increasing the demand for load forecast technology to collect and record real-time data [68]. This shift has enabled the energy sector to better anticipate and prepare for changes in energy demand. The access to real-time data on energy consumption helps energy companies and policy makers to plan and respond to changes in energy demand, leading to more efficient and reliable energy systems and a reduced risk of disruptions in energy supply.



Additionally, a lot of energy companies have set up systems for two-way communication between power providers and end users [61,62,65]. This brings benefits for the energy sector, including the ability to use the grid, renewable energy sources, and power systems more efficiently. Energy companies are able to optimize the performance of their systems and recognize potential for waste reduction due to accessing real-time data on energy consumption. This also enabled real-time data exchange and enables end users to access information about their energy consumption. Two-way communication between power providers and end users also enables shorter response times and better customer service, which boosts the effectiveness of energy systems.



To increase the precision and dependability of data on energy usage, smart meters with digital technology have also been widely adopted [17,30,64]. In 2020, the International Energy Agency reported that as of the end of 2019, over 27% of all power users worldwide have smart meters installed in their homes. By the end of 2025, this figure is anticipated to reach over 50%. Figure 4 shows the percentage of electricity customers in different regions with a smart meter installed [69]. The deployment rate of smart meters is projected to be highest in North America and Europe, reaching approximately 80% and 60%, respectively. However, installations in East Asia and the Pacific, as well as in Latin America, are also expected to steadily increase. These variations in the percentage of installed smart meters can be due to differences in government policies, economic conditions, technological infrastructure, consumer awareness and demand, and energy usage patterns [30,64,65]. Smajla et al. (2021) reported that if more than 10,000 smart meters were installed, deviation between average estimated natural gas consumption and the real data would be less than 2.96% [70]. However, the adoption of smart meters has also highlighted the lack of availability of past load data and corresponding prediction models pre-pandemic. Many energy companies were unable to access data on historical trends of energy consumption or create precise forecasting models for future demand. This made it challenging to evaluate whether adding renewable energy sources to the energy mix was feasible or to improve the efficiency of energy systems.



In addition, digital technologies have enabled utility providers to create smarter grids, which enables them to monitor usage patterns more accurately [72]. This helps them respond faster when there is an outage. Furthermore, smart grids help consumers track their electricity consumption, thus leading towards conservation efforts due to increased awareness about individual contributions regarding environment protection initiatives. In conclusion, the use of modern-day computing capabilities, combined with advanced analytics tools, have allowed organizations within this domain to achieve unprecedented levels of success, apart from providing tangible benefits both economically and environmentally speaking.



Digital technology has had a major impact on the energy sector in recent years, especially in terms of stabilized RES production, improved energy efficiency and cost savings, and greater environmental considerations [64,65]. This has allowed more people to invest in and deploy RES, as the stable output and smart management technology has provided investors with greater confidence in the technology. Many energy consumers have become self-sustaining “prosumers,” generating their own power and reducing their dependence on the grid [45,64,65]. This has allowed consumers to drastically reduce their electricity bills, as they no longer need to rely on the grid for their energy needs. However, some developing countries have had to pause or hold back on some RE plant investments, due to financial constraints caused by the pandemic, with a focus on the health sector to survive. On the other hand, this has resulted in a massive loss of revenue for power utilities, as more consumers are turning to self-generated energy sources.



In addition, to address the challenges of energy pricing, many energy companies have adopted digital technology and introduced electricity price forecasting (EPF) systems [73]. These systems use data analytics and machine learning to predict future energy prices and enable more effective management of energy resources. This has allowed for easier study and analysis of energy market data from providers and lawmakers, as well as for owners of RE sources to make a profit through energy trading. This has weakened grid dependence but has had a negative effect on the power providers’ business.



Furthermore, during the transition to the endemic phase, there has been an increased awareness of the need to efficiently use energy and to practice smart energy systems [30,65]. Coordinating the use of energy can reduce the load on the national grid, thereby decreasing the need for load shedding. Additionally, Smart Energy Systems can be operated remotely with the presence of the internet, thus eliminating some traditional job positions. This shift towards digital technology in the energy sector is not only beneficial for the environment, but also for businesses and consumers, as it helps to reduce costs and increase efficiency. However, the implementation of these systems has been challenging due to the financial impact of the pandemic.



Despite these challenges, the data recorded by AI in the coal, oil, and gas upstream industry can be studied and analyzed for future reference and to improve operations [74]. This has allowed for the removal of human errors and for operations to be conducted in a more time and cost-efficient manner, thus allowing for the maximization of cumulative production. Additionally, the use of AI-enabled solutions has motivated oil and gas production, as the traditional skills of the past have become less relevant. Digital technology has also been used to quantify the development of renewable energy sources before and during the pandemic, enabling energy companies to better understand the performance and reliability of these sources under different conditions. This has allowed policy makers to easily analyze data and make better decisions regarding the energy sector. This data has also allowed for an obvious distinction between the financial states of developed countries and developing countries, based on the results of their renewable energy development. With the use of digital technology, policy makers can have access to more accurate and up-to-date information that can help them make informed decisions about the energy sector.



Finally, digital technology in the energy sector is also used for increasing operational efficiency [75]. Companies are using big data analysis techniques to identify areas where they can save money or increase production levels with minimal investment costs. For example, predictive maintenance algorithms allow companies to detect problems before they occur so that corrective action can be taken quickly and efficiently, without having an adverse effect on operations or customers’ experience with services being provided by those companies. Additionally, automation solutions are also becoming increasingly popular as a way of reducing labor costs, while still maintaining high standards of quality assurance across all processes involved in energy production activities, such as drilling sites or power plants operating at peak capacity throughout their lifecycle period.




3.4. Energy Conversion


Energy conversion is a critical process in the energy sector, as it involves the transformation of one form of energy into another. There are various sources of energy that are commonly used in the energy sector, including fossil fuels such as coal and oil, as well as renewable energy sources such as solar, wind, and hydroelectric power [68,74]. The use of fossil fuels, particularly coal, has long been a dominant source of energy for many countries around the world. However, in recent years, there has been a growing recognition of the negative environmental and health impacts of fossil fuel use, leading to a shift towards renewable energy sources. This transition was driven by a number of factors, including concerns about energy security, environmental sustainability, and economic competitiveness operations [67,68]. Despite the many challenges associated with energy conversion, the use of renewable energy sources is increasingly being seen as a viable and necessary alternative to fossil fuels.



It can be observed in Figure 5 that coal has been a major energy production resource in many countries around the world, particularly in developing countries (India and China), where it is often the primary source of electricity. According to data from the World Bank, coal accounted for approximately 38% of global electricity generation in 2019, making it the most widely used fossil fuel for power generation [76]. In developed regions (US, Japan and Europe), the reliance on coal is often even higher, with many countries relying on coal for more than 50% of their electricity generation [77]. The use of coal for electricity generation has significant environmental impacts, including the release of greenhouse gases and other pollutants, which contribute to climate change and air pollution. Despite these impacts, the use of coal has continued to grow in many parts of the world, particularly in developing countries where economic growth and increasing energy demand have driven the expansion of coal-fired power plants. However, the U.S Energy Information Administration reported that the coal demand for electricity generation dropped to 10.7 quadrillion BTU from 14.26 quadrillion BTU in the previous year [78].



Other than coal, oil also has been one of the major energy production resources for many countries. During the early stages of the COVID-19 pandemic, major oil-producing countries, including Russia and Saudi Arabia, refused to reduce their production levels, leading to a surplus of oil on the global market [6,39,74]. This surplus, combined with a significant drop in global demand for oil due to the economic downturn caused by the pandemic, resulted in a sharp decrease in international oil prices. According to data from the International Energy Agency, the price of crude oil fell by more than 50% in the first quarter of 2020, reaching its lowest level in the market for more than two decades [39,74]. The drop in oil prices had a major impact on the global energy sector, leading to financial losses for many oil-producing countries and companies, as well as job losses and economic downturns in regions heavily reliant on the oil industry.



In response to these challenges, there has been a renewed focus on investing in building a more resilient power system that is based on RES. RES, such as solar and wind power, have the potential to provide a reliable source of energy that is cleaner and more sustainable than fossil fuels. According to data from the International Energy Agency (IEA), global investment in renewable energy reached a record high of $318.4 billion in 2015 and continued to increase in the following years. In 2017, the IEA reported that renewable energy capacity had reached a new record with around 161 GW of renewable capacity added globally, representing an increase of almost 9% over the previous year. These investments in RE were driven by a variety of factors, including concerns about climate change, the increasing cost competitiveness of RE compared to fossil fuels, and the potential for economic and job growth in the RE sector. Overall, the trend towards increased investment in RE and the building of a more resilient power system with RE sources was already well underway in the pre-pandemic period.



Other than that, one area of the energy sector that has seen significant growth in recent years is the adoption of electric vehicles (Evs). Evs are powered by electricity rather than fossil fuels, and they offer a number of benefits over traditional gasoline-powered vehicles. However, the widespread adoption of Evs has been slow, and many people continue to rely on gasoline-powered vehicles. This is due to a variety of factors, including the higher upfront cost of Evs compared to traditional gasoline-powered vehicles, limited availability of charging infrastructure, and concerns about the range and performance of Evs. Figure 6 shows the number of EV sales in different countries. China has the highest number of EV sales of over 3 million in 2021, followed by the US with over 600 thousand. Based on the figure, it can be observed that, in 2021, the EV sales from most of the countries increased significantly except of South Africa. According to data from the International Energy Agency (IEA), the global market share of electric cars was just 2.2% in 2019, and the majority of electric car sales were concentrated in a few regions, such as China, the United States, and Europe [79]. There were also significant differences in the adoption of Evs between developed and developing countries. In developed countries, the uptake of Evs was generally higher due to the presence of supportive policies and incentives, as well as the availability of charging infrastructure.



In contrast, the adoption of Evs in developing countries such as South Africa was often limited by the lack of supportive policies, infrastructure, and consumer awareness. In many parts of the world, there were limited options for charging Evs, and gasoline-powered vehicles were more convenient and practical for most consumers. As a result, petrol stations were the dominant fuel source for transportation during this time, with most people relying on gasoline or diesel to power their vehicles. Petrol stations were a common feature of the energy sector, serving as the primary means of supplying fuel to vehicles. According to data from the International Energy Agency, global consumption of petroleum products reached 95 million barrels per day in 2019, with much of this consumption taking place at petrol stations [46]. In many countries, petrol stations are an integral part of the transportation infrastructure, providing a convenient and accessible source of fuel for cars, trucks, and other vehicles.



The energy sector saw a sharp decline in oil and gas demand in 2020 as a result of the pandemic, with global oil demand declining by 8.5% and natural gas demand declining by 2.5% [79] In response to the decline in oil demand and prices, there were efforts to transform the oil and gas market from a seller’s market to a buyer’s market and to re-boost the economy through the use of renewable energy alternatives [39,61,68]. Throughout 2020, there were numerous initiatives undertaken by governments around the world that aimed at reducing emissions from burning fossil fuels through increasing investments in renewable energies such as solar and wind power generation technologies. However, the pandemic also led to delays and stoppages of renewable energy initiatives, causing stress on national budgets, and affecting project developers, investors, and renewable energy industries.



As part of the effort towards achieving climate goals set by United Nations Framework Convention Climate Change (UNFCCC), energy storage systems must also be improved so that intermittent renewables can become viable options when it comes to providing baseload electricity demand. In terms of practical solutions, there are several approaches currently being explored, including advanced battery storage systems combined with smart grid management techniques. These strategies allow utilities companies to manage their load according to customers’ needs, while maintaining reliable service even during high-peak demand periods or unexpected weather events. Additionally, thermal storage units using materials like molten salts provide large scale opportunities for storing excess solar thermal energy that is generated throughout the day for later release, such as at night, when it is needed the most. Finally, emerging hydrogen fuel cell technology provides a potential future solution, allowing the conversion of electrical currents directly into hydrogen gas, then storing until needed again and converted back into usable electric form via an electrolysis reaction.



One notable change has been the transformation of the oil and gas market from a seller’s market to a buyer’s market, as the pandemic has led to a significant drop in international oil prices. On the other hand, the transformation of the oil and gas market into a buyer’s market has provided advantages to buyers, as it has weakened the political and monopolistic attributes of oil and gas, opening more opportunities for new energy sources, such as renewables. This shift has also led some countries to take steps to re-boost their economies by investing in renewable energy alternatives, in an effort to reduce their reliance on oil and gas. However, it is important to note that the reduction in carbon emissions and pollution, which occurred during the pandemic, will likely be temporary, and the adverse factors associated with fossil fuel use will likely rebound quickly after the complete end of the pandemic if no policies are put in place to support a transition to cleaner, more sustainable energy sources.



Many RE projects were delayed or stopped due to the pandemic, which has had a range of consequences. One effect has been the emergence of new research areas in emergency medical management, disaster management, and power system management as a result of the pandemic. This has led to a greater focus on resilience and sustainability in the energy sector and has highlighted the importance of developing systems that are better equipped to cope with crisis situations. The delay or stoppage of RE initiatives has also had a significant financial impact, particularly on project developers, investors, and RE industries. Many of these parties have been deeply affected by the pandemic and have faced significant challenges as a result of the economic downturn and reduced demand for energy. This has had a knock-on effect on the national budget, and has put stress on lawmakers, governments, and the politics of different countries to decide how to allocate resources and support the energy sector. According to International Renewable Energy Agency (IRENA), the pandemic has had a particularly negative impact on the solar and wind energy sectors, with many projects experiencing delays or cancellations as a result of the pandemic. The organization estimates that the total investment in renewable energy fell by almost 20% in 2020, with the solar and wind sectors being the most heavily impacted.




3.5. Environmental


Sustainable energy development is critically important to reduce climate change, which is one of the greatest challenges nowadays. Additionally, sustainable energy development is important to ensure access to energy for quality-of-life reasons and for economic development. Governments and organizations worldwide were implementing policies and initiatives to reduce carbon emissions, increase the use of renewable energy and shift towards a low-carbon economy, before the outbreak of COVID-19. This led to an increased focus on developing and using renewable energy sources, such as solar, wind, and hydropower, as well as efforts to improve energy efficiency. Furthermore, there was also a growing awareness and concern among consumers and investors about the impact of energy production and consumption on the environment, which led to increased demand for sustainable energy options. Based on the data from The World Bank Group regarding the carbon dioxide (CO2) emissions, China, USA, India, Russia, and India are the world’s largest CO2 emitters [80]. The trend of CO2 emissions from these countries keeps increasing every year as shown in Figure 7. China is the largest emitter of CO2 in the world where the primary source of CO2 emissions is come from fossil fuels, most notably those that burn coal in power and industrial plants, whereas the USA is the second largest emitter of CO2 that came from transportation, power generation, and industry. Coal is the main energy source for India that contributes to CO2 emissions, meanwhile natural gas is the primary source of energy and power generation in Russia that make it the fourth-largest contributor to CO2 emissions in the world. In contrast, the primary source of CO2 emissions in Japan came from oil and nuclear gas [81].



The outbreak of the COVID-19 pandemic in December 2019 in the Chinese city of Wuhan has had a significant impact on the environment, which globally decreased CO2 emissions. As can be seen in Figure 7, all five major CO2 emitters have reduced in comparison to 2019. Russia significantly reduced CO2 emissions by 12% during the pandemic, followed by a 7.4% reduction from India, 6% from Japan, 4% from China, and USA reduced by only 0.7%, respectively. One of the most notable impacts has been a decrease in energy demand and a corresponding reduction in greenhouse gas emissions, which is the primary reason for a sustainability environment. This decrease in energy demand and emissions can be attributed to the lockdowns, travel restrictions and economic downturn since they have decreased the use of fossil fuels for transportation and industry. During the early stages of the pandemic, many countries implemented lockdowns to reduce the crowding of people, which increased the possibility of massive virus transmission to the community. Lockdown involves restricting movements, shutdown of economic activities and restriction of social engagements, including airports for international and local air travel, schools, markets, and industries, and limiting social activities such as weddings and sports. Only essential activities such as medicals, food business, banks, communication, and utilities were allowed to operate during the pandemic. However, they were required to strictly follow the Standard Operating Procedure (SOP) implemented by the government.



The lockdown implementation of the work-from-home policy apparently affected transportation energy consumption. For example, in the United States, transportation energy consumption fell by 27% in April 2020, compared to the same month in 2019 [82]. In fact, the decreasing number is the lowest monthly transportation energy consumption in the United States since May 1983. Other countries such as Japan, Brazil, and Italy also experienced the lowest energy consumption during the pandemic due to the implementation of the work-from-home policy. This decrease in transportation energy consumption, especially for highly populated countries, led to a reduction in overall energy demand and the vehicles combustion by-products particularly carbon dioxide and nitrogen dioxide dropped accordingly.



The positive impacts of lockdown implementation during a pandemic are not only towards air quality, but also other aspects of the environment, such as water, noise pollution and waste management. Many studies have discussed the impact of lockdown on the environment of highly populated countries such as China, India, Spain, and the USA [83]. While CO2 emissions were most discussed, greenhouse gases, which play a major role in global warming, there are also studies about the emission of nitrogen oxide, which plays a role in atmospheric reactions that produce ozone and fine particulates, harming health. Generally, the reduction in concentrations of carbon dioxide and nitrogen dioxide across the major cities of the world positively impacts the environment where the air quality is highly improved. Wang et al. [84] reported the sudden drop of nitrogen dioxide over China in early 2020 during the COVID-19 outbreak and the lockdown period. This was similar to other countries, such as Spain and the USA, where the nitrogen dioxide levels reduced compared to the same month (January–May 2020) of the previous year. Another study by Zambrano–Monserrate et al. discussed the other aspect of the environment, where they reported on the reduction of noise pollution due to a reduction in commercial activities and public transportation [85]. The study also reported on the reduction of beach and coastal water contamination, which is seen globally, where quarantine measures exist due to fewer commercial activities, industrial contamination, and agricultural wastewater. Obviously, the sudden shut off of all types of industrial, economic, and social activity due to the COVID-19 outbreak has provided advantages to nature, with an improvement in air quality, cleaner water and less noise pollution.



Besides the positive impact, the lockdown implementation due to COVID-19 transmission also has negative impacts. During the pandemic, the government enforced a new policy where wearing a mask was necessary to prevent COVID-19 transmission. On the other hand, it was also encouraged to put on gloves to avoid virus transmission. The frequent use of masks and gloves has become an additional source of plastic usage, which led to plastic contamination during the pandemic [86]. Additionally, plastic contamination increases with poor disposal management during the lockdown. Patricio Silva et al. discussed the impact of plastic pollution due to COVID-19 in their review paper [87]. Even though plastic pollution was highlighted as an environmental problem a few years ago, the COVID-19 incidence has made it worse because of the increase in the use of personal protective equipment (PPE) such as face masks and gloves by medical staffs and healthcare workers, and later by ordinary citizens.



Apart from that, the negative impacts of the COVID-19 can be seen when there is an increase in the water consumption and energy consumption. A study by Rouleau and Gosselin showed that energy consumption changed drastically for the first two months of the lockdown when the most intensive movement restrictions were applied [88]. It was observed that the increased energy expenditures are 46% higher throughout the day than before lockdown, resulting in higher energy bills for consumers. Therefore, the stay-at-home policy during the lockdown comes with a cost, especially for those living in large suburban houses. These homes are not as energy efficient on average as schools and offices. Indeed, the COVID-19 outbreak has significantly impacted environmental conditions, indoors or outdoors.



The study on the positive and negative environmental impact can be a useful guideline to governments in planning and developing new policies to control global environmental pollution and carbon emissions with strategies for sustainability in the pandemic period, which may continue for long periods in the future. Different from during the pandemic, the post-COVID-19 period is more significant to highlight, as worldwide struggles to live in a new normal contrast towards a new future as a result of the pandemic. The focus on economic recovery has disadvantages towards environmental conditions when industries are allowed to continue with their normal practices that are harmful to the environment. These positive environmental effects, as discussed in the previous paragraph, have started to vanish as various activities resume to normal levels [89]. The energy demand increases, and highly polluted atmosphere gas emits again. For example, as shown in Figure 7, the five largest CO2 emitter’s countries have increased their CO2 emissions in 2021, with Russia and India having the largest increases in relative terms (10.5% and 8.1%, respectively) [90]. However, because of COVID-19, many countries have announced ambitious plans to invest more in renewable energy and sustainable infrastructure. Even though the effects of the pandemic towards the environment are hard to determine, as the pandemic is still ongoing in many countries, it is clear that the pandemic has highlighted the importance of environmental protection and the urgent need to address climate change.




3.6. Energy Market


A number of trends have characterized the global energy market since before COVID-19 hit the world, where the major trend was the increasing use of renewable energy sources. Many countries have set the targets for increasing their use of renewable energy, including wind and solar electricity, as they offer several benefits compared to fossil-fueled electricity generation. As shown in Figure 8, the largest sources of CO2 came from the energy sector, which includes electricity, heat, and transport. Therefore, the government put more effort into decarbonizing the energy sector, such as supporting the growth of renewable energy to reach net-zero emissions in the near future. According to the forecast from International Energy Agency (IEA) in the Renewables 2018 reports, the energy market based on renewable energy will have the fastest growth in the electricity sector, providing almost 30% of power demand in 2023, up from 24% in 2017 [91]. During this period, renewables are forecast to meet more than 70% of global electricity generation growth, led by solar PV and followed by wind, hydropower, and bioenergy. Hydropower remains the largest renewable source, meeting 16% of global electricity demand by 2023, followed by wind (6%), solar PV (4%), and bioenergy (3%). In our opinion, single solutions, such as replacing fossil fuels with renewable energy, are insufficient to reach net-zero emissions because other sectors, as shown in Figure 8, also need solutions to reduce CO2 emissions.



The unexpected outbreak of COVID-19 has witnessed changes in the energy market when the energy demand has decreased significantly. This resulted in lower prices for oil, natural gas, and other energy sources, leading to financial loss in energy businesses. The reason is due to the new policy implemented to control the spread of the virus, such as lockdowns, travel and social restrictions, and economic recession. The reduced electricity demand during the lockdown tends to lift the share of renewables in the electricity supply, such as the rise in the direct contribution of electric heating and heat pumps to renewable heat consumption. However, the effect overall is insignificant. In fact, renewable energy production and consumption have been severely influenced by the COVID-19 pandemic. More specifically, the unexpected decline in energy production caused a serious disruption in worldwide renewable energy production. Since before the pandemic, governments worldwide recognized the importance of transitioning to renewable energy sources to address the environmental problems caused by carbon dioxide emissions. The government has implemented many policies and programs to encourage the use of renewable energy sources, such as solar, wind, hydroelectric power, and biomass. For this purpose, governments offer incentives, such as tax credits, subsidies, or grants, to encourage the adoption of renewable energy technologies. However, the unexpected pandemic of COVID-19 has slowed down the progress of renewable energy development. For example, the pandemic has interrupted renewable energy projects, especially in actively involved regions, such as USA, China, India, and EU, because of the lack of funding allocation due to lockdown measures [93]. Moreover, the supply chain of renewable energy is also seriously disrupted due to the large-scale closure of economic activities. Lack of support from the government also seemed to be a factor that has distracted the developers of this energy [94].



From the environmental perspective, as discussed in Section 3.5, COVID-19 has mainly helped to achieve what the global efforts over the years have failed to achieve with the environment, where carbon emission is greatly reduced. Still, the spread of the pandemic had a more negative impact towards the economic sector, which caused the energy market to collapse, the stock market to crash and the global economy to slow [95]. One of the factors that triggered panic in the global market economy was the decline in crude oil and coal prices. On 20 April 2020, where the highest number of COVID-19 cases were recorded, crude oil fell to a negative value, which was the first time in history [96]. The price of coal also fell on 27 April 2020, which caused the market to enter a depression. Since then, many papers have been published to analyze the impact of COVID-19 on the energy market. For example, a study by Szczygielski et al. found that COVID-19 has added uncertainty to the energy markets of all countries [97]. Narayan analyzed the impact of COVID-19 and fluctuations in oil prices on future oil prices [98]. In addition, Huang and Zheng focused on the relationship between investor sentiment and crude oil futures prices during the COVID-19 [99].



Furthermore, studies by [100] observed the negative impacts of the pandemic, such as inflation, unemployment, and bankruptcy. Also, unstable politics and war might happen if the COVID-19 pandemic is not controlled. Due to the economic recession during the pandemic, industries could stop manual operations. Hence, it will affect the finances of ordinary citizens who work in the industrial sector. Moreover, the pandemic era has witnessed a heavy dependency on internet connectivity. For example, before the pandemic, payment transactions were based on physical payment; however, due to COVID-19, most transactions are preferred via online payment. Undoubtedly, online transactions are easier, faster, and improve customer service experience. Additionally, contactless payment is an excellent way to prevent COVID-19 transmission. Nevertheless, the dependency on internet connectivity makes people from isolated or not congested areas experience fewer difficulties, such as lag in online payments due to lower internet speeds.



Overall, the COVID-19 pandemic has significantly impacted the energy market, leading to a decrease in energy demand and a corresponding reduction in prices for many energy supplies. Renewable energy sources, such as wind and solar, also decreased in investment and construction activity as the pandemic caused supply chain disruptions and made it difficult for workers to safely continue building projects [101]. It is important to note, however, that these impacts are likely to be temporary, and it will be important for the energy sector to adapt to the challenges posed by the pandemic in order to continue to meet the energy needs of societies around the world. As the world economy recovers, energy demand also recovers, but at a different rate among different countries and energy forms. For example, China has recovered much quicker than other countries, which may lead to different recovery rates for the oil, coal, and the natural gas market. The analysis of the energy market from time to time is necessary, in order to obtain updates for reference and guidelines to benefit the future energy market, helping to shift towards more sustainable and secure energy systems.




3.7. Power System Operation


Power system operation is the process of controlling and coordinating the generation, transmission, and distribution of electricity in a power system, which is a vital function that helps to ensure the reliable, stable, and efficient delivery of electricity to consumers. Before the pandemic, power prices were relatively stable, as reported by EIA from 2016 to 2018 [82]. Power generators were also able to earn consistent profits. In addition, power companies were able to plan and predict future demand and supply with a certain level of accuracy. Conventional power plants are currently the predominant source of system flexibility in modern power systems [102]. To maintain a power system’s reliability, stability, and efficiency of a power system, it is necessary to conduct periodic maintenance for the power system, usually performed by physical or on-site work.



The lockdown Implementation during the COVID-19 pandemic had big consequences for power system operation, where the physical maintenance work for power plants were suspended to prevent the threat of COVID-19 for employees. It was a challenging phase for the power system industry, as flexibility resources are not fully developed enough to replace conventional power plants.



Many strategies are available to further develop power plants’ flexibility resources, including wind and solar photovoltaic power plants. However, as COVID-19 spreads further, power consumption continues to drop and has also caused many companies to dump more investment into solar photovoltaic generation [103]. Since then, by nurturing VPP technologies, a plan for sustainable energy has been pushed forward to adapt to the pandemic era. VPPs used advanced algorithms and control technologies, such as a decentralized network of distributed energy resources, to provide the same services as a traditional power plant, such as generation, transmission, and electricity distribution. As a relatively new concept, developing and operating VPPs, especially during the pandemic, is quite challenging in overcoming regulatory and technical issues. Some potential impacts of the COVID-19 pandemic on VPPs implementation include cost increases due to supply chain disruptions, changes in labor costs, or other economic impacts. In addition, the VPP projects may have experienced delays due to difficulties coordinating remote teams. Regardless of the challenges in developing VPPs, it is worth continuing with the plan, as VPPs can transform the way electricity is generated and distributed and could play a significant role in the future energy system. Virtual working practices take advantage of the COVID-19 incidence and highlight novel practices in the operation and management of power systems, such as non-operator substations. However, regular operation maintenance costs of the system are higher than normal practices before the pandemic.



Power system operation can also play a role in promoting sustainable energy practices. For example, power system operators can prioritize using renewable energy sources and implement demand-side management strategies to reduce energy consumption and greenhouse gas emissions. The challenge to stabilize the power system with renewable energy existed and was discussed even before the pandemic. One major challenge is the intermittent nature of renewable energy sources [104]. Solar panels and wind turbines do not produce electricity constantly, as they rely on the availability of sunlight and wind, respectively. This means that the power output from these sources can vary significantly over short periods of time. To address this issue, grid operators must find ways to store excess energy when it is available and quickly ramp up conventional power sources when renewable energy production drops.



Another challenge is the integration of RES into the power grid. A study conducted by Swain et al. [105] addressed this issue and looked for a solution, particularly the stability of voltage, through controlling reactive and active power. The power grid was designed to transmit electricity from a central generation source to consumers, but renewable energy sources are often distributed and located closer to the end users. This can create issues with the transmission and distribution of power, as well as the overall stability of the grid. A study by Madurai Elavarasan et al. [106] reported that a sudden load demand reduction during lockdown caused an overvoltage in transmission and distribution networks in India. Due to this reason, the voltage must be controlled by raising the grid stability and retaining a constant voltage at the power stations. To overcome this and similar problems, the Indian power sector took a few precautionary measures, such as ensuring full-service of all reactors for overvoltage control, in order to maintain grid stability. Additionally, they used capacitor banks, which were equipped with wind generators, and utilized reactive power.



Meanwhile, Japan has increased the renewable energy power generation, such as photovoltaic (PV), in the public grid to overcome the total-load demand reduction [107]. However, the increased use of PV power generation has reduced electricity prices. Considering the economic constraints, it is necessary to maintain PV power generation with lower marginal costs by adjusting the generation structure, for example, increasing the energy storage capacity of non-schedulable continuous generation units. Strengthening power grid stability also has caught the attention of ASEAN’s countries to tackle the demand for power that has increased in 2021, during the post-COVID-19 period. Several approaches were taken, including the digitalization of the power sector to ensure a stable and resilient power system. Malaysia has announced that it uses Capgemini and Google Cloud software to implement an Application Programming Interface (API) infrastructure for the nation’s largest power provider: Tenaga Nasional Berhad [108]. In addition, Vietnam’s National Power Development Plan 8 (PDP8) revision includes allocating $32.9 billion over 2021–2030 to improve grid infrastructure [109]. Furthermore, the Philippines plans to scale up its battery storage capacity to secure power stability [110].



Finally, the pandemic has taught that power operation systems have had to adapt to changes in the supply and demand of electricity. Some systems have had to reduce their electricity generation or find alternative sources of energy in order to meet the reduced demand. In some cases, power operation systems have had to implement measures to manage the excess capacity that has resulted from the decrease in demand. After the critical period of the pandemic, energy demand is slowly recovering, which may not be a serious challenge. However, the huge amount of power changes after the pandemic is important to note. In this regard, load profile changes must be monitored carefully. In conclusion, power operation systems must continue to be flexible and adaptable to meet the changing energy needs of societies worldwide, especially to adapt to the new, post-world pandemic.




3.8. Application of Artificial Intelligence in Energy Sector


Energy systems with various energy sectors are undergoing a paradigm shift toward clean and sustainable energy sources that involve technological upgrades, such as energy generation, transmission, and distribution. The application of AI-based techniques is becoming popular in solving the planning and operation of the energy system, as AI has the potential to overcome the limitations of conventional modeling techniques. Additionally, the study shows that AI has numerous applications and potential benefits in the energy sector, which could bring significant benefits in terms of efficiency, cost-effectiveness, and sustainability. In a study conducted by [12], artificial neural networks were utilized to assess overvoltage in power systems. The findings revealed that employing artificial neural networks enabled accurate discrimination between switching and fast-front overvoltage, achieving an impressive accuracy rate of 95.5%. Moreover, the efficacy of the AI model in predicting electricity demand is shown in a study by Ghimire et al. [111]. Utilizing a hybrid deep learning model, comprising Convolutional Neural Networks and Echo State Networks algorithm, the study demonstrates that prediction accuracy can reach an impressive 95%. AI’s versatility extends to developing smart energy management systems that optimize energy usage and reduce wastage. Advanced algorithms and machine learning techniques can discern patterns in energy consumption, enabling accurate predictions of future energy demands. This empowers energy providers to optimize their supply chain and grid management, fostering a more efficient and sustainable energy landscape [112]. In addition, robotics systems and automation can be utilized in predictive maintenance, where robots can be used to monitor equipment and predict potential failures or maintenance needs, ensuring that equipment is maintained before a failure occurs. This can reduce downtime, extend equipment lifespan, and improve safety [113]. Collecting and analyzing large volumes of data can also assist energy providers in optimizing operations, improving energy efficiency, and enhancing customer satisfaction. Handling big data analysis in a short time is only possible with AI-based technology. Furthermore, enabling technologies of IoT in the energy sector, including cloud computing and different platforms for data analysis, can improve energy efficiency, increase the share of renewable energy, and reduce the environmental impacts of energy use [61,64].



Today, AI technologies play a key role in every aspect of the COVID-19 crisis, including the energy sector. A SEIS model incorporating artificial intelligence has been developed to forecast energy demand, as a time series, based on hours, days and weeks [13,62]. The Artificial Neural Network (ANN) technique is a common structure to formulate the mathematical algorithm of AI [114]. In addition, automation and virtual operation became more popular during COVID-19 because the government restricted social movement to minimize virus infection through physical interaction. When human activity is halted, they begin to consume their needs from online platforms, which led to logistic limitations because the demand requested could not be satisfied. Robotic system technology has eased the concern and helped resume usual business operations. Autonomous robots are the executors of intelligent digital technology [22]. This is one of the motivations for maintaining the supply chain survivability in the O&G industry mentioned by the paper [115]. During COVID-19, the oil and gas industry can be mobilized, though these robotic systems are programmed with AI algorithms. ExxonMobil and MIT are robots powered by AI to detect oil seeps located at the seabed and their coverage area has been widened by allowing deeper exploration, able to reach extreme sport without risking any life [116]. The lesser human intervention also reduces human error: another justification of its efficiency point.



The advent of the IoT allows a system to be managed and automated remotely. A study paper applied the IoT in the lighting system as a response to COVID-19 pandemic to address the issue of rising electricity bills that were affected by the stay-at-home orders implementation [65]. They experimented on ESKOM’s billing system, a power provider company located in South Africa, to investigate energy wastage by observing two factors: light intensity and powered-on duration. Less carbon gas was emitted into the air due to low power generation and is seen as a solution to one of the many environmental problems. Plus, it is understood that the majority of South Africa’s energy mix are from non-sustainable products [117]. Aside from lighting system, this technology was also typically found in buildings integrated with an RE system for a similar objective [29,118]. It aids in securing human interactions during the COVID-19 pandemic, when most communication happened digitally. Big data efficiency has been proven to facilitate the speed of processing an image/data, the capacity to process data at a time and data arrays are taken into consideration to help supervise social harmony in the heat of COVID-19 [40]. To conclude this section, AI application in the energy sector has been established since IR 4.0 was practiced in the industry. The COVID-19 incident only strengthened the practice and forced more nations into integrated green energy systems. Figure 9a shows the number of publications in AI-related to the energy sector from 2015 to 2023. It shows the increasing trends in the number of publications from 2015 to 2022, which proved that AI research and development is gaining more attention in parallel with the rapidly increased energy demand. Due to the importance of managing this demand without compromising on the environment, the utilization of AI in the energy sector is essential to help optimize and reduce energy consumption with minimal environmental impact on energy production. This will lead to numerous research works and a high number of future publications. Therefore, it is predicted that the number of publications will be increased towards the end of 2023. Figure 9b also proved that AI research and development in technologies is actively performed; the number of articles published is 48%, followed by 41% from conference papers.





4. Recommendation


The energy sector is one industry that stands to gain significantly from implementing AI technologies after the pandemic crisis. Analyzing everything from energy production to delivery, customer engagement, and strategic planning is the most significant to ensure the energy system management’s efficiency. Developing AI strategies can improve operational efficiency, safety, and regulatory compliance, while balancing the potential implementation costs. It is also important for policy makers and energy companies to work together to develop strategies for building a more resilient and sustainable energy system, in order to withstand the challenges posed by future crises. Additionally, energy companies and policy makers must invest in data collection, data analytics (to provide knowledge/profiling) and analysis technologies to improve their understanding of past and present energy consumption patterns and prepare themselves for future changes. They must ensure that the data they collect is accurate, complete, and reliable to obtain accurate insights. Furthermore, it is highly recommended that customer privacy regulations be considered when implementing new technologies within the energy sector to ensure compliance with relevant laws and guidelines. Addressing these concerns early in the AI implementation process is crucial to ensuring a smooth and effective implementation. Additionally, energy companies should focus on energy security for developing countries by improving access to energy and increasing the actions toward moving towards RE. Like many other energy sectors, the RE industry also has been severely impacted by the COVID-19 pandemic. It is highly recommended that the RE sector focus on investing in digital technologies to facilitate remote operations, such as implementing cloud technology, AI, and automation, which can assist the industry in streamlining their process and improve their capabilities to manage RE assets. In addition, there should be more innovation in the RE sector as a key role in driving the success of the RE sector during and after the pandemic. More investment in research and development is required to achieve this goal. Additionally, more collaboration and public-private partnerships should be created to help generate investment in the sector, promote large-scale adoption of RE sources, and achieve RE policies. Furthermore, governments and/or private organizations should continue to invest in AI talent to deliver the necessary expertise needed to implement AI into the energy sector.




5. Conclusions


In conclusion, the COVID-19 pandemic has significantly impacted the energy sector by disrupting supply chains, causing a decrease in demand, and affecting oil prices. The pandemic crisis also has created new challenges for the energy sector, where there is a need for greater resilience and adaptability in the sector during a global health and economic crisis. However, the pandemic has also presented an opportunity for the integration of AI-based technology in the energy sector. Research shows that AI has the potential to help utilities and energy companies optimize their operations, reduce costs, and increase efficiency. Through the use of digital technologies like cloud computing, automation, and machine learning, AI systems can improve the efficiency of energy production and distribution, reducing costs and carbon footprints. In conjunction with the global policies to achieve a sustainable and cleaner energy source, implementation of AI in the energy sector can play a vital role in achieving these goals. With the right applications of AI in the energy sector, sustainability issues can be addressed while simultaneously meeting energy demands. While AI adoption in the energy sector is still in its early stages, the potential benefits are vast, and the adoption trend is rising. Renewable energy and sustainability have become more prominent than ever, and AI can help achieve these goals. The review of the impact of the pandemic in the energy sector and the implementation of AI in energy has shown that there is a need for the industry to be more adaptive, innovative, and flexible in the face of the emerging challenges. In the future, it is crucial that the industry continues to invest in digital transformation and leverages the power of AI to drive innovation and sustainability. Only through such strategic measures can the industry overcome the challenges posed by the pandemic and successfully transition to a more sustainable future.
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Figure 1. The number of articles published in energy sector from 2015–2022. 
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Figure 2. Energy consumption by different sectors in the US. 
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Figure 3. The use of different communication mediums and their effect on energy usage for different timeframes. 
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Figure 4. Percentage of customers with smart meters in different regions [69,71]. 
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Figure 5. Energy usage for different countries in 2020 [77]. 
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Figure 6. EV sales for developed countries (US) and developing countries (Brazil, South Africa, and China) from 2018 to 2021 [79]. 
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Figure 7. CO2 emission from five largest emitter’s countries from 2017–2021. 
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Figure 8. Sources of CO2 emissions by sector [92]. 






Figure 8. Sources of CO2 emissions by sector [92].



[image: Energies 16 06510 g008]







[image: Energies 16 06510 g009] 





Figure 9. (a) Number of articles published on AI within the energy sector from 2015 to 2023. (b) Type of documents published based on the number in (a). 
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Table 1. Review papers on AI in energy sectors.
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	No.
	Authors
	Title
	Year
	Source Title
	Cited by
	Ref.





	1
	Zhao N. et al.
	Emerging information and communication technologies for smart energy systems and renewable transition
	2023
	Advances in Applied Energy
	2
	[16]



	2
	Li J. et al.
	Methods and applications for Artificial Intelligence, Big Data, Internet of Things, and Blockchain in smart energy management
	2023
	Energy and AI
	4
	[17]



	3
	Bojanovský J. et al.
	Rotary Kiln, a Unit on the Border of the Process and Energy Industry—Current State and Perspectives
	2022
	Sustainability (Switzerland)
	1
	[18]



	4
	Liu Z. et al.
	Artificial intelligence powered large-scale renewable integrations in multi-energy systems for carbon neutrality transition: Challenges and future perspectives
	2022
	Energy and AI
	4
	[19]



	5
	Singh R. et al.
	Energy System 4.0: Digitalization of the Energy Sector with Inclination towards Sustainability
	2022
	Sensors
	9
	[20]



	6
	Amir M. and Khan S.Z.
	Assessment of renewable energy: Status, challenges, COVID-19 impacts, opportunities, and sustainable energy solutions in Africa
	2022
	Energy and Built Environment
	25
	[21]



	7
	Mitchell D. et al.
	A review: Challenges and opportunities for artificial intelligence and robotics in the offshore wind sector
	2022
	Energy and AI
	10
	[22]



	8
	Chawla Y. et al.
	Artificial intelligence and information management in the energy transition of India: lessons from the global IT heart
	2022
	Digital Policy, Regulation and Governance
	7
	[23]



	9
	Kumbhar A. et al.
	A comprehensive review: Machine learning and its application in integrated power system
	2021
	Energy Reports
	22
	[24]



	10
	Adekanbi M.L.
	Optimization and digitization of wind farms using internet of things: A review
	2021
	International Journal of Energy Research
	10
	[25]



	11
	Mabina P. et al.
	Sustainability matchmaking: Linking renewable sources to electric water heating through machine learning
	2021
	Energy and Buildings
	5
	[26]



	12
	Baashar Y. et al.
	Toward blockchain technology in the energy environment
	2021
	Sustainability (Switzerland)
	8
	[27]



	13
	Chatterjee J. and Dethlefs N.
	Scientometric review of artificial intelligence for operations & maintenance of wind turbines: The past, present and future
	2021
	Renewable and Sustainable Energy Reviews
	25
	[28]



	14
	Halhoul Merabet G. et al.
	Intelligent building control systems for thermal comfort and energy-efficiency: A systematic review of artificial intelligence-assisted techniques
	2021
	Renewable and Sustainable Energy Reviews
	68
	[29]



	15
	Ahmad T. et al.
	Artificial intelligence in sustainable energy industry: Status Quo, challenges and opportunities
	2021
	Journal of Cleaner Production
	111
	[14]



	16
	O’Dwyer E. et al.
	Smart energy systems for sustainable smart cities: Current developments, trends and future directions
	2019
	Applied Energy
	187
	[30]



	17
	Shafiee M. et al.
	Decision support methods and applications in the upstream oil and gas sector
	2019
	Journal of Petroleum Science and Engineering
	37
	[31]



	18
	Fallah S.N. et al.
	Computational intelligence on short-term load forecasting: A methodological overview
	2019
	Energies
	72
	[13]










 





Table 2. Policy implementation on energy sector by US, France, and Switzerland from 2019 to 2021.






Table 2. Policy implementation on energy sector by US, France, and Switzerland from 2019 to 2021.











	
	2019
	2020
	2021





	USA
	
	
Introduction of the Clean Energy Standard



	
Expansion of tax credits for wind and solar energy.



	
Implementation of efficiency standards for appliances and buildings





	
	
Increase in funding for energy efficiency and RE research and development.



	
Expansion of tax credits for EV and charging infrastructure.





	
	
Rejoining the Paris Agreement



	
Plan to decarbonize the power sector by 2035.



	
Increase in funding for energy efficiency and RE research and development.








	France
	
	
Energy Transition for Green Growth Act



	
Increase in the share of RES in the national energy mix.



	
Implementation of a carbon tax



	
Rollout of EV charging infrastructure.





	
	
Introduction of a nationwide ban on fossil fuel vehicles by 2040.



	
Increase in funding for RE research and development.



	
Expansion of EV charging infrastructure.





	
	
Introduction of a plan to make France carbon neutral by 2050.



	
Increase in funding for RE research and development.



	
Expansion of EV charging infrastructure.








	Switzerland
	
	
Increase in investment in RES.



	
Implementation of a CO2 tax on fuel and heating products.



	
Support for research and development in energy efficiency and RE technologies.





	
	
Carbon tax increased renewable targets for 2030.



	
Nationwide ban on single-use plastic products





	
	
Carbon neutral by 2050



	
Increase in funding for RE projects.



	
Regulations to increase energy efficiency in buildings and industry.
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