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Abstract: The advent of the fourth industrial revolution takes along progressive and 

exponential digital transformation. This study presents an overview of policies, best practices 

and regional strategies that supports renewable energy adoption around the globe. The 

transition to 100% renewable energy requires political support, innovation in both technology 

and policy, and efficient governance. However, it has been analysed through extensive 

literature review that previous measures have significantly reduced renewable energy costs 

through technological advancements, market expansion, and economies of scale. To further 

increase renewable energy adoption across all sectors, financial incentives, concrete support 

schemes, intervention of advanced computing, market designs and robust business models are 

essential. Defining clear short and long-term goals for energy system transition is a critical first 

step, providing the regulatory stability necessary for both public authorities and private 

operators to ensure a successful transition. This study contributes to the trends, socio-technical 

perspective, challenges of conventional energy systems and identifying the contemporary 

digital technologies in the renewable energy transition. The technologies involved in achieving 

100% seamless integration of renewable energy in the paradigm of smart grid and super smart 

grid include cyber-physical systems, Internet of things, metaverse, cloud computing and big 

data along with the other tools. Energy storage options and hydrogen storage are also discussed 

in this study and further explored the role of digital technologies in energy storage for an 

ultimate transition. 

Keywords: energy transition; digital technologies; transition policies; smart grid; renewable 

energy 

1. Introduction 

Transitions as large-scale transformations within societal subsystems provide a framework for 

understanding the long-term processes involving significant upheaval to new configurations 

and the engagement of multi-stakeholders. In transition studies, these mechanisms are often 

viewed through a normative lens, particularly concerning sustainability [1,2]. For example, 

energy transitions advocates to address various challenges in the energy sector, including fossil 
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fuel resource depletion, associated high cost, greenhouse gas emissions (GHG) and energy 

poverty [3]. The transition to a 100% renewable energy (RE) system represents a pivotal shift 

in the global energy landscape, driven by the urgent need to mitigate these challenges. As the 

world grapples with the environmental and economic impacts of conventional energy sources, 

RE has emerged as a viable and sustainable alternative [4,5]. Other than environmental 

hazardous, the high dependence on fossil fuels have led to their depletion, which constrained 

its effective use in other sectors of society. 

Urgent climate action is necessary, as highlighted by the “IPCC's Special Report on 1.5°C 

global warming”, which indicates that climate change effects are more severe than previously 

anticipated [6]. In 2017, human activities had caused approximately a 1°C rise above pre-

industrial levels, which lead to significant climate-related consequences. Therefore, immediate 

action is required. The 2015 Paris Agreement sets forth global goals to balance anthropogenic 

emissions and GHG removals by the end of this century.  

Through Nationally Determined Contributions (NDC) countries pledge to strive for climate 

actions every five years [7,8]. Achieving this target depends on managing total cumulative 

emissions, as stabilizing atmospheric GHG levels would result in continued warming [9]. 

Contrary to the agreement, the global carbon emissions started growing in merely three years 

[10]. In this respect, the role of important actors like Europe, United States and China needs to 

be closely monitored for actions and policies as they are responsible for 50% global emission. 

Hence, it has been seen that governments and policymakers have started developing policies 

which are oriented towards RE adoption [11,12]. 

The emerging “green growth” concept states that sustained economic growth can align with 

effective environmental measures through technological innovation and substitution, leading 

to the decoupling of gross domestic product from resource utilization and CO2 emissions [13]. 

Governments can expedite this process through the implementation of appropriate policy 

regulations and incentives. For this reason, the European Green Deal explicitly targets the 

decoupling of resource use from economic growth by the year 2050.  

Energy consumption accounts for the majority of anthropogenic GHG emissions, contributing 

75.6% (37.6 GtCO2e) globally. For the energy sector, heat and electricity generation are the 

leading sources, producing 15.8 GtCO2e in 2019, or 31.8% of total emissions. Therefore, in 

recent years, the focus on RE has predominantly centred on the electricity sector. However, a 

holistic approach encompassing all sectors of the energy system is essential for achieving a 

complete transition. While numerous studies have analysed the final state of 100% RE systems, 

understanding the pathways and strategies required to reach this target have gained much 

attention. This review paper addresses both the end state and the transitional processes, offering 

insights into the diverse approaches being undertaken worldwide. Global energy forecast in 

present in Table 1 [14]. The drivers of energy transition discusses in this review are given in 

Figure 1. 

Table 1. Global energy status forecast. 

Parameter Unit FY 2030 FY 2040 



Total CO2 emissions MtCO2 38,177 39,549 

Total primary energy consumption Mtoe 15,867 17,487 

Total final energy consumption Mtoe 11,308 11,775 

Final demand of electricity TWh 31,907 35,407 

Installed electrical capacity GW 10,087 12,420 

RE share in power generation % 32.8 37.1 

 

1.1. Socio-technical perspective 

As eliminating emissions necessitates essential innovation; the rapid dissemination of 

innovative technologies, and the transformation of socioeconomic systems and markets [15]. 

This involves measures that vary from a carbon price adjustment to adopting ambitious 

emissions targets. They also include a more targeted, proactive, and strategic policy narrative 

is essential to reconfigure technologies, business models, infrastructure, and markets across all 

greenhouse gas-emitting sectors. Crucially, this approach recognizes that the shift to a low-

carbon economy is not solely a technological or economic endeavour, but also a social 

transformation [16]. New technologies can emerge and spread within economic sectors or 

systems, ultimately reshaping the associated social and economic activities. Digitalization [17] 

can enable more energy-efficient lifestyles but may also lead to rebound effects in energy 

consumption. By 2050, a society embracing digital practices could use 10–20% less energy 

compared to one with 2020-level digitalization [18]. 

Coordinated international action, aligned with the transformation can expedite the transition by 

rapidly recognizing potential technologies [19], enhancing investment incentives, achieving 

Figure 1. Drivers of energy transition 



economies of scale, and ensuring competitive fairness so early movers are not disadvantaged. 

Although formal climate diplomacy is organized around countries, the primary focus for both 

industry and governments must be on coordinating sectoral or system-wide actions [20]. 

Greater efforts are required to align the interest of stakeholders in each sector to meet the goals 

of the Paris Agreement. Figure 2 presents the low-carbon transition function policies and 

associated effects [15]. 

.Regarding technical perspective, the conventional energy networks are now transforming into 

community based energy systems with enhanced consumer's participation, information and 

data sharing as well as cross-business cooperation. They are deeply rooted in stakeholders 

active participation with decentralised and independent decision making. These transitioned 

systems are driven by RE due to being decentralised and locally available and digital 

technologies such as Multi-agent systems (MAS) [21]. 

This comprehensive survey aims to provide a detailed overview of the current status and 

challenges associated with the transformation to a fully renewable energy system across the 

globe. Many articles on energy transition predominantly centred on the electricity sector. 

Nevertheless, a growing number of studies are adopting a cross-sectoral holistic approach to 

the whole energy system [22]. While most research examines energy systems in their ultimate 

100% renewable state, an increasing number also explore the pathways to achieving this target. 

Europe, US and Australia, are well-studied, whereas other regions lag behind and there is a 

significant emphasis on studies of individual countries. Therefore, it is essential to adopt a 

cross-sectoral holistic approach and coordinate individual country studies within the global 

context. The objective of this survey is to synthesize the existing body of knowledge, identify 

key challenges, and highlight best practices in the transition to 100% RE systems. By doing so, 

it seeks to contribute to support policymakers, researchers, and stakeholders in their efforts to 

•Policy: Promote new business venturs, curtail enivorment degradation 
activities

•Effect: Creation of new jobs, multi-faceted market, low emissions
Green market

•Policy: Energy availability for all/Energy Justice

•Effect: Acquire public support and acceptance of climate policies
Distributional effect

•Policy: Provide fnding and grants for Low-carbon research and 
development, pilot projects  

•Effect: Development of innovative solutions and reduced cost of 
technology

Supply-push

•Policy: Provide incentives and provide investment security

•Effect: Promotion of the uptake of low-carbon technology

Demand-

pull

•Policy: Foster positive policy feedback based on local implementation 
experience

•Effect: Develop ambitious long term climate policies  successively
Reform and implementation

•Policy: Leverage external shocks to expedite climate policy advancements

•Effect: Promotion of green economy and markets
Economic Recover

Figure 2. Low-carbon transition function policies and associated effects. 



accelerate the global RE transition. Table 2 presents the comparison of this study with available 

literature on the topic. 

An extensive review of the literature revels that a sustainable RE transition requires an 

inclusive approach that involves sustainable investment in infrastructure, swift policy reforms 

and innovative technology, improvements in governance and management, high quality 

research and development, diversification in the RE mix, and efforts to enhance energy 

efficiency and conservation [23,24]. Such transition can only be effective if supported by well-

established and thoroughly investigated RE policy. It can create a robust energy supply-demand 

system that ensures reliability, affordability, and sustainability for the region, thus enhancing 

energy security. This will help achieve climate mitigation targets as well as improve the socio-

economic situation of the masses.   

Table 2. Comparison with existing literature. 

Reference 

Global 

Energy 

Transition 

Grid 

Modernization 

Global 

Status 
Challenges 

Policy 

perspective 

Digital 

Technologies 

[25] ✓ ✓    ✓ 

[26]  ✓  ✓  ✓ 

[27]  ✓  ✓  ✓ 

[28]  ✓  ✓  ✓ 

[14] ✓  ✓  ✓  

[29]  ✓    ✓ 

This study ✓ ✓ ✓ ✓ ✓ ✓ 

 

2. Global status of RE transition 

Regions such as Europe, the United States, and Australia have made significant strides in RE 

research and implementation. The significant progress in transitioning to clean energy is the 

result of cumulative actions by numerous countries worldwide. Early research and 

development support from the US and Japan, deployment incentives in Europe, and substantial 

production investments by China have collectively led to dramatic cost reductions, particularly 

in solar energy modules, which have decreased by a factor of 3,000 over the past 60 years [30]. 

While the transition in the power sector is now marked by competition among countries and 

businesses to lead in supplying global markets with zero-emission technologies, there are still 

opportunities for coordinated efforts to further accelerate progress. Yet, other parts of the world 

still lag behind, often due to socio-economic, technological, and policy-related challenges.  

The share of RE in electricity generation rise to about 30% in 2021 from 20% in 2011 having 

hydropower as the biggest share. This makes the fastest year-on-year growth of 8% (8300 

TWh) [31]. Accordingly, it is estimated that RE share in global electricity should be 90% until 

2050, similar to Iceland where electricity solely comes from RE sources.  In 2021, the 

investment on RE based power generation is 70% of the total spent on all new generation 

capacity, which is USD 530 Billion. This results in massive decline in the cost of electricity 



from solar i.e. 85% lower in 2020 as compared to 2010. Similarly, cost of wind energy fell 

down by 48% for offshore and 56% for onshore projects [32].  

According to International Energy Agency (IEA), an estimated annual investment of $4 trillion 

in RE technology and infrastructure is needed by 2030 [33]. About 70% of this investment 

comes through private sector driven by government policies and price signals. In contrast, 

plummeting pollution and climate change effects could save up to $4.2 trillion annually [34]. 

Additionally, transitioning to a low-carbon economy could result in economic benefits of at 

least $26 trillion by 2030. It is projected that electricity generation from RE must be twice 

within next few years and RE investments needs to be triple by 2050 to achieve net-zero 

emission targets [35].  

A study on G20 countries, the authors have seen a noticeably decreasing trend in levelized cost 

of energy (LCOE) until year 2030 for RE power generation. The lowest LCOE (€/MWh) for 

various RE technologies include 16 to 90 for onshore wind, 16 to 117 for utility solar 

photovoltaic (PV), 31 to 126 for rooftop solar, 64 to 135 for offshore wind. Solar PV systems 

with batteries have competitive LCOE ranging from 21 to 165 and 40 to 204 at utility and 

residential sector respectively [36]. In contrast to nuclear power generation and fossil fuel 

based generation, the RE based LCOE is economical, thus driving the RE transition.  

Between 2015 and 2022, China and other advanced economies were responsible for more than 

95% of global heat pump and electric vehicles sales and nearly 85% of the growth in solar and 

wind capacity expansions. Meanwhile, clean energy investment in other regions has remained 

largely unchanged in real terms since 2015. To achieve the goals of the net-zero emission 

scenario, investment in these areas would need to increase by more than six times over the next 

decade [37]. However, several challenges, including restrictive fiscal and financial conditions, 

large amount of government debt, and the elevated capital cost for green energy projects, hinder 

this progress.  Addressing these challanges will require stronger domestic policies and greater 

international support and attract large-scale private capital. Among these challenges, the most 

crucial task is to improve risk-adjusted returns through more concessional funding. 

The world energy outlook discuss three scenarios to estimate the rise of electricity generation 

from low emission resources, thereby enabling both advanced and developing countries to 

lower their dependence on fossil fuels. The global share of electric power production from 

these sources increase from 39% in 2022 to 80% in 2050 in case of Stated Policies Scenario 

(STEPS), more than 90% in Announced Pledges Scenario (APS) and almost 100% in Net-zero 

Scenario (NZE). In STEPS, RE produced 30% of global electricity in 2022, which would be 

increased to 50% by 2030. 

The framework strategy of European Commission is to create an Energy Union focused on 

enhancing economic competitiveness, energy security and sustainability. This union seeks to 

foster cooperation among Member States by pooling and diversifying energy resources, 

strengthening transmission interconnections, integrating energy markets. Two key governance 

issues have emerged, including the necessary level of interconnection required to achieve these 

objectives. In July 2018, France, Spain, and Portugal agreed on the strategic importance of 



interconnections in Europe. These interconnections aim to enhance value, support 

commitments under the Paris Agreement [38]. 

The proposed approach integrates the decentralized smart grid with the centralized super grid, 

forming a super smart grid [29,39], which are complementary and essential technologies for a 

transition to a decarbonized economy [40]. This vision aligns with the notion that potential for 

energy cooperation already exist within Europe and such macro-regional collaborations can  

facilitate deployment of smart grids with cost optimization, RE, and energy efficiency. 

Therefore, energy system can be viewed from the perspectives of individual prosumers, 

national frameworks, macro-regional collaborations and partnership, and the pan-European 

context [41–43]. Moreover, appropriate policies should be developed to support these 

comprehensive energy system visions such as those presented in Table 3. Figure 3 and Figure 

4 shows the growth of solar and wind around the globe [44]. 

Table 3. Overview of global policies and their distinct features for maximizing RE adoption. 

Policies Highlights 

United States 

• Inflation Reduction Act[45] 

• Updated Nationally 

Determined Contributions 

(NDCs) [46] 

• State-level clean electricity 

targets [47] 

• Zero emissions vehicles 

(ZEV) targets [48] 

• Bipartisan Infrastructure 

Investment and Jobs Act [49] 

• Fuel Economy Standards 

[50] 

• Allocates USD 370 billion for climate change and 

energy security` 

• Allocates USD 190 billion investment for clean 

energy 

• Aim to reduce carbon emissions by 52% till 2030 

and reach net-zero by 2050. 

• 100% clean electricity by 2050 in 22 states 

• Improving fuel efficiency in vehicles and increase 

the deployment of heavy and medium duty ZEVs. 

The Caribbean and Latin America 

• Net zero emissions (NZ) 

targets [51] 

• Access Targets 

• NDCs [52] 

• Hydrogen Strategy [53] 

• Zero Emission Vehicle 

Policy [54] 

• 16 out of 33 countries follows NZ policy 

• NDCs are submitted by all 33 countries 

• Hydrogen Strategy is in place 

• 24 from 33 countries achieved 95% electricity 

access rate 

• 16 countries follow zero emission vehicles policy 

European Union 

• Fit for 55 [55,56] 

• Sustainable recovery [57] 

• REPowerEU [58] 

• Net Zero Industry Act [59] 

[60] 

• EU Taxonomy [61]  

• Electricity market design, rules for single energy 

market, European Green Deal 

• Emission reduction targets for vehicles and 

buildings 

• With the support Energy Efficiency Directive, RE 

Directive and EU Emissions Trading System 

reform 

• Development of taxonomy for sustainable 

investment  

Africa 

• Just Energy Transition 

Partnership [62,63] 

• Rapid adoption of RE in power sector of South  

Africa and Senegal 



• Electricity Access Policy 

[64] 

• Net zero emission targets 

[65,66] 

• Aim to provide electricity to 300 million people by 

2030 with investment opportunity of USD 9 

billion.  

• 9 countries set to achieve zero emission target. 

 

 

 

 

Table 3. Continue 

Policies Highlights 

Middle East 

• Net-zero ambitions  [67] 

• Hydrogen ambitions and 

partnerships [68,69] 

• UAE’s updated NDCs [70] 

• United Arab Emirates set target of 19% lower 

emissions in 2030 relative to 2019 levels. 

• UAE sets target to achieve 25% of global hydrogen 

markets. Also presented hydrogen leadership 

roadmap. 

Eurasia 

• Azerbaijan and EU 

memorandum [71,72] 

• Russia: Strategy of socio-

economic development [73] 

• Kazakhstan: Strategy on 

achieving carbon neutrality 

by 2060 [74] 

• Aim to increase energy co-operation including gas 

pipeline capacity to EU by 2027 

• Support reduction in venting and flaring of 

Methane 

• Reduce 80% GHG by 2050 and achieve net zero 

by 2060 

• Achieve carbon neutrality by 2060 and 

decarbonisation among key sectors 

China 

• Updated  Nationally 

Determined Contribution 

[75] 

• 14th Five year Plan for 

Renewables [76] 

• Made in China 2025 [77] 

• New Energy Vehicle 

Industry Development Plan 

[78] 

• 14th Five year Plan for 

Energy 

• Carbon peaking and 

neutrality blueprint  [79] 

• Achieve carbon neutrality before 2060, reach 1200 

GW of installed RE capacity by 2030 and lower 

CO2 intensity of gross domestic product by 65% by 

2030 [80] 

• Targets 3300 TWh installation of RE by 2025 and 

more than 50% of electricity consumption met by 

RE 

• Support innovation, green manufacturing, 

digitalisation, clean energy based vehicles 

• Retrofitting of buildings to be 20% more efficient 

by 2030 [81] 

Southeast Asia 

• Net zero emissions  

• Just Energy Transition 

Partnership 

• ASEAN Plan for Action on 

Energy Cooperation and 

Power Grid [82,83] 

• 8 out of 10 countries make commitment to net zero 

emission[84] 

• Just Energy Transition with Vietnam of USD 15.5 

billion [85] and Indonesia of USD 20 billion [86] 

• Reduction of energy intensity by 32% and increase 

in RE to 23% by 2025 

India 

• Net Zero Emissions by 2070 

[87] 

• Aim to achieve net zero emissions by 2070, 50% 

of electricity generation through non-fossil fuels, 

target of 500 GW of RE capacity 



• RE and transmission targets 

[88] 

• Production incentives[89] 

• National Green Hydrogen 

Mission [90] 

• Carbon Markets [91] 

• Increase transmission capacity to accommodate RE 

through Green Energy Corridor Project 

• Subsidies and incentives for manufacturing of solar 

modules and batteries 

• Increase hydrogen production capacity and 

generate its demand from industry 

• Law passed in 2022 to form carbon credit trading 

system and Indian Carbon Market 
 

 

Table 3. Continue 

Policies Highlights 

Japan 

• Basic Hydrogen Strategy 

• Green Transformation (GX) 

basic policy [92] 

• Foster hydrogen supply chain with public and 

private investment of USD 98.8 billion in the next 

15 years [93] 

• Achieve energy security, decarbonisation and 

economic growth. The investment of USD 1 

trillion in coming 10 years[94] 

• Provide funding for RE research and development, 

wind cost reduction and transition. 

Republic of Korea 

• 10th Basic Plan for Long-

term Electricity Supply and 

Demand [95] 

• 1st National Basic Plan for 

Carbon Neutrality and Green 

Growth 

• Increase RE share in power mix to 30.6% and 

reduce coal to 14.4% by 2036, increase RE 

generation capapcity to 204.4 TWh by 2036 

[96,97] 

• Adjusted sectorial targets in 2023 NDC with 40% 

reduction in GHG levels from 2018 [98] 
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Case Study: RE Transition in Germany 

The German transition towards renewable energy technologies (RETs) from 1990 to 2016 laid 

the groundwork for the Energiewende policy. Initially stirred by the 1970s oil crises [99], 

German R&D in solar photovoltaics (PV) and wind faced limited deployment due to high costs 

and perceived poor performance. The 1991 Feed-In Law, mandating utilities to purchase RE 

electricity at 90% of the retail price, significantly boosted onshore wind deployment and 

expanded support for RE [100]. Despite initial challenges, including insufficient Feed-In 

Tariffs (FiTs) for biogas and solar PV, advocacy from industrial firms, social and development 

welfares led to increased support in RE uptake.  

The 2000 Renewable Energy Act (EEG) guaranteed fixed premium payments for over 20 years 

for power generation from RE, varying by technology maturity. In 1998, liberalization of the 

electricity sector and subsequent market concentration by the Big-4 utilities (RWE, Vattenfall, 

E.ON and EnBW) led to a focus on coal and gas plants rather than renewables [101]. However, 

between 2005 and 2011, the share of RE in electricity production increased twice from 10% to 

20.1% [102], driven by substantial FiTs, declinig solar PV costs, and growing social interest. 

The solar industry's export sales surged from €273 million (in 2004) to almost €5 billion (in 

2010). The rapid adoption of solar post-2006, despite Germany's limited solar resources, 

resulted in Germany accounting for nearly one-third of global PV capacity (in 2011). This act 

facilitated the social liberalization of the electricity sector by diverse stakeholders entering the 

market, while incumbent utilities remained minimally involved in RET deployment [15]. 

 

 

 

 

 

 

 

 

 

Figure 3. Average yearly installed capacity with accelerated required installation to meet 
the target by each country, 2016 to 2030. 
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Figure 4. Average yearly installed capacity with accelerated required installation to meet 
the target by each country, 2016 to 2030. 
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Economic pressures from the global financial crisis, expanding renewables, and declining 

wholesale electricity prices post-2008 led to declining net incomes for utilities. By 2016, 29% 

of electricity generation was coming through RETs. The Fukushima accident in 2011 catalyzed 

the the phasing out of nuclear energy and the establishment of ambitious RE electricity targets 

under the Energiewende policy. Despite successes, the transition faced challenges, including 

the bankruptcy of German PV manufacturers due to Chinese competition, increased EEG 

surcharges leading to high retail electricity prices, political opposition to the surcharges, and 

grid stability issues due to intermittent renewables [103,104].  

To integrate RE technologies into the market, policies such as demand-side management 

(DSM) and capacity markets were introduced [105], alongside the promotion of offshore wind 

deployment. These measures aimed to address the disruptions caused by the expansion of 

intermittent renewables, highlighting the need for flexible and adaptive policymaking in energy 

transitions. Consequently, the government made several adjustments to the EEG policy, 

including a substantial reduction in subsidies in 2012 and a shift to energy auction system to 

achieve target capacity by 2017. 

Table 4. Measures for RE transition taken around the globe. 

No. Countries Measures for RE transition 

1. California [47] 

Mandatory RE portfolio standard, lowering of utility rates, tax 

credits for RE projects, consumer awareness programs, flexible 

policies of regulators e.g. consent for small PV projects, rebate 

program and net metering. 

2. Denmark [106] 

Combination of carbon pricing, federal procurement programs, 

feed-in-tariffs, research and development subsidies, demand-side 

management (DSM) programs. 

3. Colombia [107] 

Factor Susbidy, tax exemptions for green and energy efficiency 

projects, tax reduction on sale of RE power and exemption from 

value-added tax on imports of RETs. They also offers risk 

premium to incentivize the deployment of RETs in non-

interconnected zones. 

4. India [108] 

The government pays capital cost of 20% and 25% as an 

incentive for projects located inside and outside the special 

economic zone, respectively. Other schemes include 100% of real 

cost subsidy by the federal in case of inventive application of 

solar PV systems. Other measures include no excise duty for 

indigenous solar technology and Renewable Purchase Obligation 

(RPO) 

5. Japan [109] 

Feed-in tariff (2012), special depreciation in tax credit. The Green 

Transformation (GX) Act and Hydrogen Basic Strategy, RE 

auctions, decarbonisation auctions. Feed-in-premium scheme 

(2022), investment opportunities in energy storage. 



6. 

Mexico [110] 

 

Full incentive for taxpayers who invests in RET. Import and 

export tax exemption and a tax credit.  

3. 100% RE transition challenges 

 

Between year 2013 and year 2016, G20 nations and the multilateral development banks they 

influence financed $38 billion in international coal projects, compared to only $25 billion in 

RE projects. While institutions like the World Bank, the European Bank for Reconstruction 

and Development, and the European Investment Bank are shifting away from funding new coal 

power, international investments still constitute the majority of the estimated $28 billion 

annually for coal power, predominantly provided by public finance institutions [111]. 

One of the challenges faced by Industry 4.0 is security and connectivity of different 

technologies, software solutions and infrastructures. Moreover, the transition has challenges 

on both demand and supply side. On supply side, the challenge is the acquisition of sustainable 

renewable energy and technologies in economical manner, while the demand side challenge is 

the energy efficiency and DSM [21].Another challenge faced by conventional power systems 

is the  nonlinear load profiles and demand variations from short-term forecasting errors can 

lead to power network overloading. The situation worsens if a fault occurs in the power system, 

further exacerbating the overload [112]. The unpredictable demand response from consumers 

and the variability of RE sources make transient stability and load flow balancing difficult in 

power systems. These challenges are usually arise by the three-phase (L-L-L) faults instigated 

by power quality disturbances [113,114].  

The common problems in conventional grids are the lack of real-time monitoring of the system 

and information granularity. The existing power grid faces significant challenges due to its 

limited and inefficient operations. Without effective energy storage or backup capacity, the 

grid relies on a just-in-time supply model, which is strained during peak load hours. This strain 

often leads to power outages, quality issues, and reduced reliability. To meet peak demand, 

fossil fuel based peak load plants are activated, but this approach is inefficient, uneconomical, 

and increasingly unsustainable as energy demands rise as a slight malfunction in such plants 

can lead to cascading shut down of entire grid. Additionally, the reliance on aging infrastructure 

and non-renewable resources exacerbates issues of resource scarcity and environmental 

impact. Utility companies recognize the need to modernize, shifting from dependence on an 

aging workforce's knowledge to leveraging advanced information management and automation 

systems [115–118]. 

Some peculiar issues faced by conventional power systems especially in developing countries 

due to high population. This include highly inefficient grid, which results in high transmission 

and distribution (T&D) losses as South Asia has 18.8%, highest average T&D losses. The grid 

capacity is constrained and cannot supply the load demand under baseload generation, thereby 

suffers from power outages. The high capital cost makes investors lend money has higher 

interest rate due to economic risk factors [119]. These challenges have forced countries to find 

alternate fuel technologies like RE technology that are flexible, robust, durable, readily 



available, and environment-friendly. It is equally important that such technologies can also 

sustain the long-term developmental policies and energy reforms. However, their adoption on 

high level also comes with challenges. Grids powered by solar energy face significant 

fluctuations in energy generation due to varying weather conditions, seasonal changes, and the 

diurnal cycle [120].  

To ensure a stable energy supply during night-time, these grids require large rechargeable 

batteries, which necessitate additional recharging circuits, driving up production costs. Severe 

weather conditions can damage solar panels and turbine blades [121] thereby makes them 

intermittent in nature. However, advanced control, communication and sensing technologies 

can greatly facilitate the integration of RETs into the grid. Figure 5 presents the socio-technical 

challenges in the way of RE transition [12]. 

 

 

A 100% RE system cannot depend solely on wind power, solar, and electric vehicles. The rapid 

expansion of these technologies must be supported by larger, more intelligent, reconfigurable 

and adaptable infrastructure. Also, the substantial amounts of low carbon fuels, and intelligent 

technologies for capturing and permanently storing or converting CO2 into climate neutral 

fuels. Currently, these areas lack investment. In the Net Zero Emissions (NZE) Scenario, 

transmission and distribution (T&D) grids are expected to grow annually by around 2 million 

kilometers until 2030, alongside the installation of 30,000 to 50,000 kilometers of CO2 

pipelines and new hydrogen infrastructure.  

Achieving this level of investment requires accelerated planning and permitting processes. 

Wide spread, modernized, fully autonomous, and cyber secure T&D grids are essential for 
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electricity security. Investment in system flexibility is crucial to avoid the risk of surplus wind 

power and solar PV when production exceeds demand. Meeting climate goals through RE 

transition presents a challenge, particularly for emerging markets and developing economies. 

While advanced economies and China have the financial resources to support clean energy 

projects, the main hurdles lie in policy and regulatory issues. For other emerging markets, 

however, the challenge is even greater; they need to increase their clean energy spending almost 

three times by 2030 if taken year 2022 as reference to stay on track [122] . 

The global energy crisis has heightened concerns about the costs of transitioning to renewable 

energy. Countries are particularly worried about the added expenses required for clean energy 

such as the higher cost of EVs or heat pumps. While some clean technologies are already cost-

competitive, others still need significant incentives to close the gap. Effective policy 

interventions, like subsidies or adjusting fossil fuel pricing, are crucial but must be carefully 

crafted. If there is large financial liability on government or if the households or industries face 

high upfront costs without immediate benefits, political support for the transition could wane. 

Figure 6 shows the multifaceted challenges of conventional energy systems. 

Figure 6. Multifaceted challenges of conventional energy systems 



4. Digital technologies as way forward 

The fourth industrial revolution (Industry 4.0) is supported by digital technologies [123,124], 

particularly big data analytics [125], the energy sector is undergoing a profound digital 

transformation [126]. This transition is reshaping all segments of the energy supply chain; 

generation , transmission [127], consumption, and storage by introducing innovative business 

models [128] and presenting new scientific challenges. Digital technologies are playing a 

critical role in this transition, enabling capabilities such as detailed characterization of 

individual energy consumption patterns through smart home data and sophisticated, data-

driven planning of regional energy systems [129]. Figure 7 presents the applications of digital 

technologies. 

Digitalization is essential for facilitating the energy transition. By enabling the monitoring and 

recording of vast amounts of both real-time and static data [123,130], digital technologies 

empower timely decision-making for optimized operations, anomaly detection [131], DSM and 

more. Regular assessments of the progress and future prospects of energy system digitalization 

are crucial to ensure alignment with the ongoing energy transition. As the shift from high 

carbon based systems to net-zero energy systems progresses, characterized by structural 

changes and the integration of variable RE resources like wind and solar, the significance of 

digital technologies will become even more significant [132]. 

  

 

Early-stage venture capital investments in demand-side flexibility start-ups and energy 

efficiency have  increased to approximately USD 900 million in 2020 [132]. This trend 

underscores the escalating role of digitalization in the impending energy landscape. By 

addressing common challenges to energy transition—such as limited access to finances, 
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Figure 7. Application of digital technologies in 100% RE based system. 



perceived risks, high upfront costs and lack of trust in new technologies— digitalization 

supported ventures are making clean energy solutions more affordable as well as accessible, 

thereby accelerating the energy transition. 

4.1 Smart Grid and Super Smart Grids 

Evolution of RE integration from microgrids [133] to smart grids and current super smart grids 

[134] is now driving the renewable energy transition and involve complex process engineering. 

The functions of real-time optimization, planning-scheduling and control theory [135] are 

pivotal for the efficient and reliable operation of energy systems in this paradigm. Leveraging 

modern communication technologies, the smart grid enables real-time data transmission and 

instantaneous management of demand and supply. The integration of energy storage 

operations, demand response, communication between end-users and power companies creates 

a complex, data-driven grid system. This complexity enhances the capabilities of traditional 

grids, fostering sustainable progress for both utilities and consumers [136,137]. 

Digital technologies contributes significantly to the RE transition by supporting the effective 

integration of RE into the grid and making RE utilization at maximum possible rate. Digital 

technologies are being employed in DSM and fault identification with advanced metering 

infrastructure [138]. Electric utilities use predictive analytics to enhance smart grid efficiency, 

reliability, and economy. By predicting renewable energy transmission, managing equipment 

downtime, and integrating distributed generation, utilities improve grid management and 

ensure robust energy generation. This integration also allows for accurate forecasting [139], 

refined load planning, and optimized unit commitment, reducing inefficiencies in energy 

transmission. 

A super smart grid contains all the advanced infrastructure including Internet of Service (IoS) 

[140,141], a crucial enabler of IoT, leveraging the Internet to offer and sell services, providing 

a competitive edge in energy markets). The interconnection of various independent systems 

like IoT, IoS, cloud computing and applications such as communication [142], results in high 
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complexity. This increases the risk of unintended access, data leaks, security breaches, 

potentially leading to large catastrophic failures. Cyberattacks could cause cascading effects, 

resulting in significant technological and financial losses for the grid [143,144]. Figure 8 

presents four primary features of digital technologies in RE system. 

 

Smart and super smart grid applications are crucial for the uptake of 100% RE energy 

system[145]. It includes demand response, also known as demand-side management (DSM) 

[146,147], involves utilities to adjust electricity consumption over time by temporarily altering 

loads on the distribution grid. By taking into account usage pattern, grid manage short-term 

peak demand, benefiting from lower prices. In the long term, demand response reduces peak 

demand, lowers capital investment costs, and enhances grid reliability, reducing the need for 

network upgrades and preventing inefficient operations. The consumer data is recorded through 

Advanced metering infrastructure (AMI) is used to record consumer data which consists of 

sensors, smart meters, communication technologies, monitoring system and data management 

software etc [148,149]. Other applications include substation automation with advanced 

routing network [150], wide area monitoring [151], peer-to-peer energy trading [152,153], 

transmission line monitoring [154,155], outage management [156,157] , wide range of energy 

storage options and asset management [158].  

 

4.2 Digital Twin and Metaverse 

 

Cyber-physical systems [159,160] are the manifestation of this new era digital technologies. 

They integrate physical and computational components, represent an advanced evolution of 

IoT [161], embedded systems, cloud computing, and ambient intelligence. CPS enables the 

creation of virtual representations of real-world entities, facilitating the exploration of optimal 

solutions to physical problems through cyber space [162]. This process involves collecting data 

via sensors, analysing it on distributed computing platforms, and iteratively simulating and 

applying strategies until an optimal solution is achieved.  

The core elements of cyber-physical systems in energy systems are data, analysis, and 

connectivity, which are crucial for digital assistance, ensuring that information is accurately 

collected, insightful analysis is conducted, and seamless communication occurs between 

humans, devices, and machines, thereby advancing the energy transition. A prime aspect of 

cyber-physical systems like metaverse is the integration of physical devices and cyber 

components providing gateway to other components for a deterministic, fast and reliable data 

exchange. These systems with feedback loops and embedded systems, monitor and control 

physical processes, which act as central hubs for overseeing and managing feedback loops and 

the performance of physical processes.  

The cyber-physical system allow the exchange of highly synchronized data between the 

physical and virtual environments, enabling new levels of control, efficiency, transparency, 

and oversight in the grid. By leveraging data processing, analysis, actuator control, and 

connectivity to digital networks through multimodal human–machine interfaces, they can 



effectively manage distributed processes. This capability allows for the rapid response to 

contingencies within the energy infrastructure [163–165]. A detailed discussion on metaverse 

in smart paradigm is discussed in [166]. 

4.3 Artificial Intelligence (AI) and Big Data 

The  application  of  machine  learning  algorithms [167], deep learning [168–170], generative 

AI [171], support vector machine [172,173] and artificial neural network [173–175] are largely 

adopted to predict  the  utility demand  of  various  process. Big Data technologies [105,106] 

analyze large, unstructured datasets, generating new insights into production processes by 

identifying issues early and improving data-driven models. For example, scheduling functions 

can become more informed about underlying processes, and control strategies can be 

automatically adjusted to different scenarios. These capabilities are vital for enhancing the 

efficiency and adaptability of energy systems, thereby supporting the energy transition [178].  

Demand Response is crucial for sustainable energy systems and cost reduction. AI and 

Machine Learning enhance it by managing complex tasks, optimizing user selection, pricing, 

and device control, and improving consumer engagement. Efficient demand response, driven 

by AI, supports the energy transition by optimizing resource use and integrating RE [179,180]. 

Unlike conventional power systems, where load forecasting was often neglected or imprecise, 

it is now an essential practice in ensuring the efficient and stable operation of power networks. 

Forecasting [181,182] enables utilities to optimize unit commitment decisions and effectively 

schedule maintenance, thereby reducing generation costs and enhancing the reliability of 

energy systems [183]. 

Significant volumes of data are generated within the smart grid through various sources, 

including Intelligent Electronic Devices (IEDs). This data encompasses power utilization 

patterns, Phasor Measurement Units (PMUs) for situational awareness, energy consumption 

metrics from widespread smart meters [184], pricing and bidding information from Automated 

Revenue Metering (ARM) systems, and data related to the control, and maintenance of power 

generation, transmission, and distribution infrastructure. Additionally, operational data such as 

financial records and other large datasets contribute to the growing data landscape in energy 

infrastructure [26].  

The rapid increase in data volume underscores the critical role of big data technologies [185] 

in facilitating the energy transition. Traditional data management frameworks, which rely on a 

consistent, single approach, are inadequate for handling the high diversity and volume of data 

characteristic of modern power systems [186]. As such frameworks struggle to correlate data 

from diverse sources across spatiotemporal continuum, making it difficult to integrate this 

information into a unified power system model. The adoption of big data technologies 

addresses these limitations, enabling the effective integration and analysis of complex datasets, 

which is crucial for advancing the energy transition. Big data founds its most common 

application in cost minimization of energy technologies as in [187] suggested recommender 

system for a combination of RE resources and electricity demand at random times using 

Markov Chain [188]. 



4.4 Cloud Computing and cloud technologies 

Automation cloud allows software applications to be deployed remotely via intra/internet 

connections, enabling easier remote administration and leveraging powerful computing 

capability, such as parallel computin. This approach facilitates access to solutions as a service, 

reducing the need for hardware investments and thereby lowering investment risk. Such digital 

advancements are crucial for supporting the energy transition by enhancing operational 

efficiency and flexibility. The cloud services supports the integration of technologies, actuators 

and sensors with software solutions and AI bots [189]. 

Edge computing, fog computing, and mobile computing are virtualization technologies 

designed to enhance cloud computing by improving mobility, location-awareness, and latency 

management. mobile computing boosts network response efficiency by enabling processing 

closer to devices, with data storage and computing power transferred from mobile devices to 

the cloud. Edge computing extends fog computing by incorporating analytics, processing, 

communication, and decision-making at the edge, closer to end devices. For instance, smart 

meters in the smart grid track real-time power usage, facilitating demand and supply analysis. 

However, processing large volumes of data for decision-making is challenging. Cloud 

computing platforms provide a scalable, cost-effective solution, ensuring reliable data 

management and communication within the smart grid [190,191] . 

Fog 

Computing, where data is processed closed to its origin with reduced energy consumption 

[192], a key segment of the Internet of Things (IoT), enhances cloud capabilities such as 

storage, computation, and networking while enabling low latency, energy efficiency, and 

location awareness as shown in Figure 9. It can also be integrated with cloud systems in Big 

Data applications [28,193,194]. Since, a fully RE based smart super grid can only be possible 

with user response taken into account, prosumers can access Smart Grid services from both 

local and global utilities via the cloud. To ensure consistent and widespread access for service 

sharing, the integration of private, public, and hybrid clouds is crucial for Smart Grid 

applications [190]. 
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4.5. Energy storage and green hydrogen 

The growth in RE resources and decrease in fossil fuel consumption are driven by climate 

change initiatives, sustainable energy systems and energy transition. However, the rapid rise 

of RE introduces new operational challenges and designs in achieving a 100% RE goal [195]. 

Energy storage systems play a crucial role in facilitating the transition from hydrocarbon fuels 

to RE [196,197]. Over the years, as RE based generation gets lowered levelized cost of energy, 

so does battery storage systems. Thus, combining the RE with efficient storage technology 

offers even more cost effective solution in the future [36,198]. Battery storage system is 

essential for vehicle to grid and grid to vehicle mode with bidirectional interface [199]. 

A fully RE based energy system require to expand storage capacity for surplus energy due to 

their intermittent nature to increase grid stability, enhance reliability and improve system 

efficiency. This requires a technology that offers high efficiency and low energy loss in energy 

storage [200,201]. The objectives of energy storage have expanded beyond just short-term 

outage prevention or peak-shaving, but also for applications such as voltage balancing, 

frequency regulation, delaying capacity and network expansion. The energy storage 

technologies include pumped-hydro, lithium-ion batteries, metal-air batteries, compressed air 

energy storage, super conducting magnetic energy storage, thermal energy storage, super-

capacitors and hybrid energy storage. [202–204].  

Digital technologies like cloud computing, artificial intelligence (AI), wireless sensor networks 

(WSN), edge computing, Artificial neural networks (ANNs), the Internet of Things (IoT), 

blockchain [205] , and digital twins greatly improve battery management systems by enabling 

real-time monitoring and optimization [206]. Similarly, machine learning enhance the 

performance, reliability, and management of energy storage devices by accelerating 

calculations, capturing complex mechanisms, and making optimized decisions based on 

comprehensive status data [207]. This is especially valuable for the real-time management of 

various energy storage systems, including batteries, fuel cell, capacitors and hybrid systems. A 

digital twin enhances agility, sustainability, and productivity in water electrolysis systems by 

Figure 9. Features of data in cloud computing. 



supporting data-driven decision-making, anomaly detection, optimization and control. This, in 

turn, contributes to lowering the cost of clean hydrogen production [131]. Hydrogen is 

produced via electrolysis during periods of excess power and can be converted back using high-

efficiency systems like fuel cells when RE resources are insufficient. The hydrogen based 

energy system involves four key stages:  hydrogen production, storing, safety, and 

consumption. For this purpose, ANNs have been effectively used to predict optimal operational 

parameters enhancing productivity and reducing costs [208] . 

The most advanced energy storage method using RE is hydrogen storage. Power-to-Gas 

technology supports California's 100% RE scenario to balance energy demand and supply on 

a large scale [209]. Although as compared to battery storage, power-to-Gas has lower 

immediate round-trip efficiency, it offers the advantage of independently scaling power 

capacities enabling massive and long-duration storage [168].  

The study's analysis of the California power system indicates that achieving 100% renewable 

energy will require significant expansions in both generation and storage infrastructure, with 

hydrogen playing a key role in this transition. However, a study on Germany’s electric grid 

[211] reveals that focusing solely on short-duration extreme events or individual years may 

lead to underestimating the storage requirements and associated costs in a 100% RE electricity 

system. A study on US grid having only solar, wind and battery states that Long-duration 

storage (LDS) reduces system costs more significantly than battery storage, with costs being 

twice as sensitive to LDS price reductions. Batteries handle intra-day storage, while LDS is 

used for inter-seasonal and multi-year needs. As optimization spans more years, reliance on 

LDS grows, improving the affordability of renewable electricity [212].  

Extensive experiments in Europe’s first Hydrogen Valley (Northern Netherlands) demonstrate 

the significant financial benefits of hydrogen storage. By incorporating hydrogen storage units 

and competitive market prices, operational revenues for a 4.5 MW wind turbine could increase 

by up to 51%, amounting to an additional €126,000 per turbine annually [213]. The findings 

underscore the critical role of hydrogen offtake agreements in ensuring the success of the 

energy transition. Figure 10 gives an overview about the role of digital technologies in RE 

transition. 

Figure 10. Role of digital technologies in RE transition. 



 

5. Policy Recommendations 

Integrating RE sources into the grid, while ensuring grid stability and addressing technical 

challenges related to energy storage and transmission require careful planning. This rapid 

transition require corresponding innovations, such as advanced energy storage systems and the 

smarter grids for better grid management and to enhance flexibility. The demand side 

management (e.g., responsive load, new tariff models, and advanced smarting infrastructure), 

and network  expansion to connect virtual power plants (VPP), energy trading, increase 

capacity and link to neighbouring systems as in community microgrids, new business models 

[214] and market structures to ensure system security such as capacity markets are also equally 

important. 

 

Governing RE transitions is a complex task due to number of associated uncertainties. It 

includes ambiguity regarding future energy price, performance and outcome of radical 

innovations, social acceptance to the innovation, stakeholder interest, cost-benefit analysis, 

policy support and various disagreements between stakeholders [215]. Policy makers and 

experts often develop long-term and short-term RE transition policies based on simulating 

energy scenario of a region to find an optimal transition path. This approach is however correct 

theoretically, but a holistic policy should also consider socio-technical aspects.  

Although the transitions are long-term processes with complex multi-dimensional, 

policymakers should avoid relying solely on a single policy instrument such as carbon pricing, 

particularly when it faces significant political challenges. Instead, a comprehensive approach 

is needed, involving a variety of policy instruments, including financial tools (grants, subsidies, 

loans and taxes), regulatory measures (standards and laws), and relevant activities (similar 

projects, public opinion, expert consultations, predictions and roadmaps). The optimal mix of 

these instruments will likely differ over time and across regions, influenced by specific political 

cultures and stakeholder dynamics [216–219].  

Given the inherently political nature of low-carbon transitions, social scientists should analyze 

policy dynamics as well as inform policy development. More costly transitions may be more 

viable if they garner stronger stakeholder support. To assist policymakers, scholars should 

provide in-depth analyses of the resources, interests, and strategies of various involved 

stakeholders. Therefore, policy analysts should focus on the intricate dynamics of social 

acceptance, governance and political struggles, recognizing that these aspects can act as both 

barriers and enablers of accelerated transitions [220]. 

Often policymakers and energy analysts emphasize the importance of supporting niche 

innovations, which can overshadow the equally critical requirement to exclude existing carbon 

intensive regimes [221]. Effective phase-out policies involve procedures to diminish emissions 

from specific sector or technologies, modifying market rules to promote low carbon emissions 

through mechanisms such as carbon taxes or pricing, encourage social dialogue and debate 

through the creation of new networks and think tanks, and reducing support for high carbon 

technologies such as tax breaks or subsidies. Countries must review their energy transition 



strategies to include fiscal incentives. International concessional investment can demonstrate 

the viability of renewable energy, mitigate perceived risks, attract private investment, and 

reduce capital costs. 

Beyond adequate infrastructure, an innovation-friendly regulatory environment is crucial for 

the success of digital businesses in the energy sector. Peer-to-peer energy transaction and VPP  

models [222] can only flourish if producers and consumers are permitted to participate in 

aggregations, with clearly defined roles for stakeholders within the legal framework. To 

facilitate the adoption of digital technologies in the energy transition, addressing uncertainties 

related to compatibility with existing systems and upgrade processes is essential. Rapid 

technological evolution makes standardization and interoperability crucial. Additionally, social 

barriers, particularly consumer concerns about data privacy, can hinder the uptake of smart 

technologies. Policymakers should implement regulations that establish robust safeguards for 

securing customer data access, thereby enhancing consumer confidence and supporting the 

widespread adoption of digital solutions in the energy sector. 

A future research avenue must be a study that focus on analysing and synthesizing existing 

architectural efforts for RE transition via smart grid initiatives, in consultation with key 

stakeholders. The research should identify pivotal points of interoperability across the diverse 

and deployed smart architectures. This analysis should culminate in the development of a 

consensus framework document that encapsulates common architectural features. Such a RE 

transition framework will serve as a valuable resource for both developed and developing 

countries, enabling them to implement interoperable and scalable smart solutions tailored to 

the specific needs of the respective communities. 

Conclusion 

The ongoing global transition towards building green and sustainable societies requires 

massive reshaping of traditional energy resources. Fulfilling the energy needs of the ever-

growing population of the world, demands radical policy interventions and technological 

development. Despite of the availability of all the natural resources, energy poverty has 

encapsulated the world and various methods are being introduced by the governments 

including the shift from fossil fuels to renewable energy based electricity generation. Thus, a 

thorough and robust strategy is required in the renewable energy that caters to the changing 

dynamics of the energy markets, using innovative regulatory frameworks, technological 

advancements, and adaptive economic incentives. This approach will ensure the continued 

growth of renewable energy sources, promote sustainability, and drive the necessary transition 

towards a cleaner and more resilient energy future. 

Energy and climate policy should integrate financial and regulatory measures while also 

fostering learning, experimentation, and coalition-building to advance emerging niche 

innovations and support political efforts. Analysts and policymakers should move beyond 

single-policy approaches like carbon pricing and consider how a variety of instruments can be 

combined into a comprehensive and effective strategy. 



The increasing investments underscore the growing importance of digitalization in shaping the 

future energy landscape. Digital technologies are instrumental in overcoming common barriers 

to energy transition, such as high upfront costs, limited access to finance, perceived risks, 

distrust in new technologies, competing investment priorities, and lack of awareness. By 

making clean energy solutions more accessible and affordable, digital business models enhance 

revenue streams for stakeholders and provide a range of ancillary benefits, thereby driving the 

energy transition forward. The need is to Implementation of cybersecurity safeguards to protect 

the resilience of energy systems amidst digital transformation. Also, the use of financial tools 

to accelerate the deployment of digital solutions and upgrade existing networks with the 

required digital infrastructure. 

References 

 

[1] Dóci G, Vasileiadou E, Petersen AC. Exploring the transition potential of renewable energy communities. Futures 

2015;66:85–95. https://doi.org/10.1016/J.FUTURES.2015.01.002. 

[2] Markard J, Raven R, Truffer B. Sustainability transitions: An emerging field of research and its prospects. Res Policy 

2012;41:955–67. https://doi.org/10.1016/J.RESPOL.2012.02.013. 

[3] Zahid H, Altamimi A, Kazmi SAA, Khan ZA, Almutairi A. Floating solar photovoltaic as virtual battery for reservoir 

based hydroelectric dams: A solar-hydro nexus for technological transition. Energy Reports 2022;8:610–21. 

https://doi.org/10.1016/J.EGYR.2022.08.088. 

[4] Klepacka AM. SIGNIFICANCE OF RENEWABLE ENERGY SOURCES IN SUSTAINABLE DEVELOPMENT. 

Ann Polish Assoc Agric Agribus Econ 2019;XXI:55–64. https://doi.org/10.5604/01.3001.0013.0852. 

[5] Nižetić S, Arıcı M, Hoang AT. Smart and Sustainable Technologies in energy transition. J Clean Prod 

2023;389:135944. https://doi.org/10.1016/J.JCLEPRO.2023.135944. 

[6] Masson-Delmotte V, Zhai P, Pörtner H-O, Roberts D, Skea J, Shukla PR, et al. Global warming of 1.5°C An IPCC 

Special Report on the impacts of global warming of 1.5°C above pre-industrial levels and related global greenhouse 

gas emission pathways, in the context of strengthening the global response to the threat of climate change, sustainable 

development, and efforts to eradicate poverty Edited by Science Officer Science Assistant Graphics Officer Working 

Group I Technical Support Unit. 2019. 

[7] UNFCC. The Paris Agreement | United Nations n.d. https://www.un.org/en/climatechange/paris-agreement (accessed 

July 21, 2024). 

[8] Krupnov YA, Krasilnikova VG, Kiselev V, Yashchenko A V. The contribution of sustainable and clean energy to the 

strengthening of energy security. Front Environ Sci 2022;10. https://doi.org/10.3389/FENVS.2022.1090110/PDF. 

[9] Wang S, Zhou C, Li SW, Mou FS. Method of measuring atmospheric CO2 based on Fabry-Perot interferometer. Acta 

Phys Sin 2024;73. https://doi.org/10.7498/APS.73.20231224. 

[10] Dimitrov R, Hovi J, Sprinz DF, Sælen H, Underdal A. Institutional and environmental effectiveness: Will the Paris 

Agreement work? Wiley Interdiscip Rev Clim Chang 2019;10. https://doi.org/10.1002/WCC.583. 

[11] Ge M and DF. 4 Charts Explain GHG Emissions by Country and Sector | World Resources Institute. World Resour 

Inst 2020. https://www.wri.org/insights/4-charts-explain-greenhouse-gas-emissions-countries-and-sectors (accessed 

July 23, 2024). 

[12] Andresen S, Bang G, Skjærseth JB, Underdal A. Achieving the ambitious targets of the Paris Agreement: the role of 

key actors. Int Environ Agreements Polit Law Econ 2021;21:1–7. https://doi.org/10.1007/S10784-021-09527-

6/TABLES/1. 

[13] Hickel J, Kallis G. Is Green Growth Possible? New Polit Econ 2020;25:469–86. 

https://doi.org/10.1080/13563467.2019.1598964. 

[14] Ahmad T, Zhang D. A critical review of comparative global historical energy consumption and future demand: The 

story told so far. Energy Reports 2020;6:1973–91. https://doi.org/10.1016/J.EGYR.2020.07.020. 

[15] Geels FW, Sovacool BK, Schwanen T, Sorrell S. The Socio-Technical Dynamics of Low-Carbon Transitions. Joule 

2017;1:463–79. https://doi.org/10.1016/j.joule.2017.09.018. 

[16] Messner D. A social contract for low carbon and sustainable development: Reflections on non-linear dynamics of 

social realignments and technological innovations in transformation processes. Technol Forecast Soc Change 

2015;98:260–70. https://doi.org/10.1016/J.TECHFORE.2015.05.013. 

[17] Adnan M. Smart Grid 3.0: Navigating the Future - Unleashing the Power of Metaverse, Blockchain, and Digital Twins 

in the Evolution of Smart Grids. SSRN Electron J 2024. https://doi.org/10.2139/SSRN.4801458. 

[18] Stermieri L, Kober T, McKenna R, Schmidt TJ, Panos E. The role of digital social practices and technologies in the 

Swiss energy transition towards net-zero carbon dioxide emissions in 2050. Energy Policy 2024;193:114203. 

https://doi.org/10.1016/J.ENPOL.2024.114203. 

[19] Caiafa C, Hattori T, Nam H, de Coninck H. International technology innovation to accelerate energy transitions: The 

case of the international energy agency technology collaboration programmes. Environ Innov Soc Transitions 

2023;48:100766. https://doi.org/10.1016/J.EIST.2023.100766. 



[20] Gordon DJ. An Uneasy Equilibrium: The Coordination of Climate Governance in Federated Systems. Glob Environ 

Polit 2015;15:121–41. https://doi.org/10.1162/GLEP_A_00301. 

[21] Huang Z, Yu H, Peng Z, Feng Y. Planning community energy system in the industry 4.0 era: Achievements, 

challenges and a potential solution. Renew Sustain Energy Rev 2017;78:710–21. 

https://doi.org/10.1016/J.RSER.2017.04.004. 

[22] Hansen K, Breyer C, Lund H. Status and perspectives on 100% renewable energy systems. Energy 2019;175:471–

80. https://doi.org/10.1016/J.ENERGY.2019.03.092. 

[23] Bhamidipati PL, Haselip J, Elmer Hansen U. How do energy policies accelerate sustainable transitions? Unpacking 

the policy transfer process in the case of GETFiT Uganda. Energy Policy 2019;132:1320–32. 

https://doi.org/10.1016/J.ENPOL.2019.05.053. 

[24] Kabeyi MJB, Olanrewaju OA. Sustainable Energy Transition for Renewable and Low Carbon Grid Electricity 

Generation and Supply. Front Energy Res 2022;9. https://doi.org/10.3389/FENRG.2021.743114/FULL. 

[25] Cao L, Hu P, Li X, Sun H, Zhang J, Zhang C. Digital technologies for net-zero energy transition: a preliminary study. 

Carbon Neutrality 2023;2:1–14. https://doi.org/10.1007/S43979-023-00047-7/FIGURES/6. 

[26] Jiang H, Wang K, Wang Y, Gao M, Zhang Y. Energy big data: A survey. IEEE Access 2016;4:3844–61. 

https://doi.org/10.1109/ACCESS.2016.2580581. 

[27] Tesch da Silva FS, da Costa CA, Paredes Crovato CD, da Rosa Righi R. Looking at energy through the lens of 

Industry 4.0: A systematic literature review of concerns and challenges. Comput Ind Eng 2020;143:106426. 

https://doi.org/10.1016/J.CIE.2020.106426. 

[28] Faheem M, Shah SBH, Butt RA, Raza B, Anwar M, Ashraf MW, et al. Smart grid communication and information 

technologies in the perspective of Industry 4.0: Opportunities and challenges. Comput Sci Rev 2018;30:1–30. 

https://doi.org/10.1016/J.COSREV.2018.08.001. 

[29] Raza A, Liaqat M, Adnan M, Iqbal MS, Jingzhao L, Ahmad I. SAARC super smart grid: Navigating the future - 

unleashing the power of an energy-efficient integration of renewable energy resources in the saarc region. Comput 

Electr Eng 2024;118. https://doi.org/10.1016/j.compeleceng.2024.109405. 

[30] David G Victor, Frank W Geels SS. Accelerating the low carbon transition. 2019. 

[31] Climate Analytics Organization. $2 trillion a year needed to triple global… n.d. https://climateanalytics.org/press-

releases/2-trillion-a-year-needed-to-triple-global-renewables-by-2030-double-current-investment (accessed August 

4, 2024). 

[32] Nations U. Renewable energy – powering a safer future | United Nations n.d. 

https://www.un.org/en/climatechange/raising-ambition/renewable-energy (accessed August 4, 2024). 

[33] IEA. Net Zero by 2050 – Analysis. Paris: 2021. 

[34] IRENA. THE TRUE COST OF FOSSIL FUELS  n.d. 

[35] United Nations. Fast facts on renewable energy. 2022. 

[36] Ram M, Child M, Aghahosseini A, Bogdanov D, Lohrmann A, Breyer C. A comparative analysis of electricity 

generation costs from renewable, fossil fuel and nuclear sources in G20 countries for the period 2015-2030. J Clean 

Prod 2018;199:687–704. https://doi.org/10.1016/J.JCLEPRO.2018.07.159. 

[37] International Energy Agency (IEA). World Energy Outlook 2023 . 2023. 

[38] Child M, Kemfert C, Bogdanov D, Breyer C. Flexible electricity generation, grid exchange and storage for the 

transition to a 100% renewable energy system in Europe. Renew Energy 2019;139:80–101. 

https://doi.org/10.1016/J.RENENE.2019.02.077. 

[39] Liaqat M, Ghadi Y, Adnan M. Multi-Objective Optimal Power Sharing Model for Futuristic SAARC Super Smart 

Grids. IEEE Access 2022;10:328–51. https://doi.org/10.1109/ACCESS.2021.3137592. 

[40] Battaglini A, Lilliestam J, Haas A, Patt A. Development of SuperSmart Grids for a more efficient utilisation of 

electricity from renewable sources. J Clean Prod 2009;17:911–8. https://doi.org/10.1016/J.JCLEPRO.2009.02.006. 

[41] Lilliestam J, Hanger S. Shades of green: Centralisation, decentralisation and controversy among European renewable 

electricity visions. Energy Res Soc Sci 2016;17:20–9. https://doi.org/10.1016/J.ERSS.2016.03.011. 

[42] EU Budget: Commission proposes increased funding to invest in connecting Europeans with high-performance 

infrastructure n.d. https://ec.europa.eu/commission/presscorner/detail/en/IP_18_4029 (accessed August 31, 2024). 

[43] C. Turmes MR. Stronger together: The EU’s energy and climate governance – Euractiv. Euractive 2017. 

https://www.euractiv.com/section/energy/opinion/stronger-together-the-eus-energy-and-climate-governance/ 

(accessed August 31, 2024). 

[44] Alex Bolano, Fillippo Lodesabi, et al. The energy transition: A region-by-region agenda for near-term action. 2022. 

[45] International Energy Agency (IEA). Inflation Reduction Act of 2022 – Policies - IEA n.d. 

https://www.iea.org/policies/16156-inflation-reduction-act-of-2022 (accessed August 17, 2024). 

[46] Wang HL, Weng YY, Pan XZ. Comparison and analysis of mitigation ambitions of Parties’ updated Nationally 

Determined Contributions. Adv Clim Chang Res 2023;14:4–12. https://doi.org/10.1016/J.ACCRE.2022.10.001. 

[47] State Renewable Energy Requirements and Goals: Status Through 2003 n.d. 

https://www.researchgate.net/publication/265659693_State_Renewable_Energy_Requirements_and_Goals_Status_

Through_2003 (accessed July 27, 2024). 

[48] Hennessy EM, Syal SM. Assessing justice in California’s transition to electric vehicles. IScience 2023;26:106856. 

https://doi.org/10.1016/J.ISCI.2023.106856. 

[49] Suárez-Cuesta D, Latorre MC. Modeling the Impact of Public Infrastructure investments in the U.S.: A CGE Analysis. 

Int Adv Econ Res 2023;29:165–76. https://doi.org/10.1007/S11294-023-09875-W/TABLES/2. 

[50] Greene DL, Greenwald JM, Ciez RE. U.S. fuel economy and greenhouse gas standards: What have they achieved and 

what have we learned? Energy Policy 2020;146:111783. https://doi.org/10.1016/J.ENPOL.2020.111783. 

[51] Cárdenas M, Orozco S. POLICY DOCUMENTS SERIES The challenges of climate mitigation in Latin America and 



the Caribbean: Some proposals for action 1 2022. 

[52] Unidas N, Nations U. The economics of climate change in Latin America and the Caribbean, 2023 Financing needs 

and policy tools for the transition to low-carbon and climate-resilient economies n.d. 

[53] Gischler C, Boeck Daza EF, Galeano P, Ramírez M, Gonzalez J, Cubillos F, et al. Unlocking Green and Just Hydrogen 

in Latin America and the Caribbean 2023. https://doi.org/10.18235/0004948. 

[54] Iea. World Energy Outlook Special Report Latin America Energy Outlook n.d. 

[55] Brożyna J, Strielkowski W, Zpěvák A. Evaluating the Chances of Implementing the “Fit for 55” Green Transition 

Package in the V4 Countries. Energies 2023, Vol 16, Page 2764 2023;16:2764. https://doi.org/10.3390/EN16062764. 

[56] Erbach G, Jensen L, Chahri S, Claros E. BRIEFING Towards climate neutrality n.d. 

[57] Kougias I, Taylor N, Kakoulaki G, Jäger-Waldau A. The role of photovoltaics for the European Green Deal and the 

recovery plan. Renew Sustain Energy Rev 2021;144:111017. https://doi.org/10.1016/J.RSER.2021.111017. 

[58] Vezzoni R. Green growth for whom, how and why? The REPowerEU Plan and the inconsistencies of European Union 

energy policy. Energy Res Soc Sci 2023;101:103134. https://doi.org/10.1016/J.ERSS.2023.103134. 

[59] Sovacool BK, Bazilian MD, Kim J, Griffiths S. Six bold steps towards net-zero industry. Energy Res Soc Sci 

2023;99:103067. https://doi.org/10.1016/J.ERSS.2023.103067. 

[60] Bataille CGF. Physical and policy pathways to net-zero emissions industry. Wiley Interdiscip Rev Clim Chang 

2020;11:e633. https://doi.org/10.1002/WCC.633. 

[61] Schütze F;, Stede J;, Blauert, Marc ;, Erdmann K. EU taxonomy increasing transparency of sustainable investments. 

DIW Wkly Rep 2020;10:485–92. https://doi.org/10.18723/DIW_DWR:2020-51-1. 

[62] Sarr S, Fall S. JUST ENERGY TRANSITIONS AND PARTNERSHIPS IN AFRICA: A SENEGAL CASE STUDY 

OCTOBRE 2022 Sécou Sarr and Samba Fall enda énergie 2022. 

[63] Lenferna A. South Africa’s unjust climate reparations: a critique of the Just Energy Transition Partnership. Rev Afr 

Polit Econ 2023;50:491–501. https://doi.org/10.1080/03056244.2023.2278953. 

[64] Baskaran G, Coste S. Achieving Universal Energy Access in Africa amid Global Decarbonization 2024. 

[65] Energy for growth hub. Net Zero Foundations - Energy for Growth Hub n.d. https://energyforgrowth.org/project/net-

zero-foundations/ (accessed August 19, 2024). 

[66] World Bank. New Partnership Aims to Connect 300 million to electricity by 2030 n.d. 

https://www.worldbank.org/en/news/press-release/2024/04/17/new-partnership-aims-to-connect-300-million-to-

electricity-by-2030 (accessed August 19, 2024). 

[67] Farzaneh H, McLellan B, Ishihara KN. Toward a CO2 zero emissions energy system in the Middle East region. Int J 

Green Energy 2016;13:682–94. https://doi.org/10.1080/15435075.2014.889014. 

[68] SWP. The Hydrogen Ambitions of the Gulf States - Stiftung Wissenschaft und Politik n.d. https://www.swp-

berlin.org/10.18449/2022C44/ (accessed August 19, 2024). 

[69] Global S. Middle East’s clean hydrogen capacity plans double year on year | S&P Global Commodity Insights n.d. 

https://www.spglobal.com/commodityinsights/en/market-insights/latest-news/energy-transition/092523-middle-

easts-clean-hydrogen-capacity-plans-double-year-on-year (accessed August 19, 2024). 

[70] International Energy Agency (IEA). Updated Second NDC of United Arab Emirates – Policies - IEA n.d. 

https://www.iea.org/policies/18693-updated-second-ndc-of-united-arab-emirates (accessed August 19, 2024). 

[71] EU NeighborsEAST. EU and Azerbaijan to double capacity of Southern Gas Corridor - EU NEIGHBOURS east n.d. 

https://euneighbourseast.eu/news/latest-news/eu-and-azerbaijan-to-double-capacity-of-southern-gas-corridor/ 

(accessed August 19, 2024). 

[72] European Comission. EU and Azerbaijan enhance bilateral relations. n.d. 

[73] Gurbanov S, Mikayilov JI, Mukhtarov S, Yagubov S. Forecasting 2030 CO2 reduction targets for Russia as a major 

emitter using different estimation scenarios. J Appl Econ 2023;26. https://doi.org/10.1080/15140326.2022.2146861. 

[74] United Nations-PAGE. Major step towards Carbon Neutrality in Kazakhstan - Partnership for Action on Green 

Economy n.d. https://www.un-page.org/news/major-step-towards-carbon-neutrality-in-kazakhstan/ (accessed August 

19, 2024). 

[75] H. Liu SE et al. The Carbon Brief Profile: China. n.d. 

[76] Hepburn C, Qi Y, Stern N, Ward B, Xie C, Zenghelis D. Towards carbon neutrality and China’s 14th Five-Year Plan: 

Clean energy transition, sustainable urban development, and investment priorities. Environ Sci Ecotechnology 

2021;8:100130. https://doi.org/10.1016/J.ESE.2021.100130. 

[77] Center for Strategic and International Studies. Made in China 2025 n.d. https://www.csis.org/analysis/made-china-

2025 (accessed August 20, 2024). 

[78] International Council on Clean Transportation. China’s New Energy Vehicle Industrial Development Plan for 2021 

to 2035. n.d. 

[79] Cui L, Li R, Song M, Zhu L. Can China achieve its 2030 energy development targets by fulfilling carbon intensity 

reduction commitments? Energy Econ 2019;83:61–73. https://doi.org/10.1016/J.ENECO.2019.06.016. 

[80] Climate Cooperation. China released its 14th Five-Year Plan for Renewable Energy with quantitative targets for 2025 

- Sino-German Cooperation on Climate Change, Environment, and Natural Resources n.d. 

https://climatecooperation.cn/climate/china-released-its-14th-five-year-plan-for-renewable-energy-with-

quantitative-targets-for-2025/ (accessed August 20, 2024). 

[81] International Energy Agency. Renovation of near 20% of existing building stock to zero-carbon-ready by 2030 is 

ambitious but necessary – Analysis - IEA n.d. https://www.iea.org/reports/renovation-of-near-20-of-existing-

building-stock-to-zero-carbon-ready-by-2030-is-ambitious-but-necessary (accessed August 20, 2024). 

[82] Fahim KE, De Silva LC, Hussain F, Shezan SA, Yassin H. An Evaluation of ASEAN Renewable Energy Path to 

Carbon Neutrality. Sustain 2023, Vol 15, Page 6961 2023;15:6961. https://doi.org/10.3390/SU15086961. 

[83] One Community for Sustainable Energy. ASEAN Centre for Energy One Community for Sustainable Energy. n.d. 



[84] Hiebert M. Southeast Asia’s Challenge of Decarbonizing While Growing Rapidly. 2022. 

[85] Taipei Economic and Cultural Office in Vietnam. Vietnam’s clean energy transition accelerates  n.d. 

[86] UNDP. Indonesia Just Energy Transition Partnership (JETP) | United Nations Development Programme n.d. 

https://www.undp.org/indonesia/projects/indonesia-just-energy-transition-partnership-jetp (accessed August 20, 

2024). 

[87] International Trade Administration U. India - Renewable Energy. n.d. 

[88] Development Bank A. 44426-016: Green Energy Corridor and Grid Strengthening Project. n.d. 

[89] Ministry of New and Renewable Energy. Measures undertaken to promote local manufacturing of Solar Panels n.d. 

[90] Chugh G. Hydrogen market in India. 2023. 

[91] Jois N, Thimmaiah N. A Review on Global Emission, Carbon Credit Market Mechanism and its Influence on 

Environment and Economy. Eurasian J Econ Stat 2024;1:30–47. 

[92] Ministry of Economy T and I. Japan’s Green Transformation Policy and Transition Finance 2024. 

[93] World Economic Forum. Hydrogen is developing fast in Japan. n.d. 

[94] GR Japan. OVERVIEW OF JAPAN’S GREEN TRANSFORMATION (GX). 2023. 

[95] Hong JH, Kim J, Son W, Shin H, Kim N, Lee WK, et al. Long-term energy strategy scenarios for South Korea: 

Transition to a sustainable energy system. Energy Policy 2019;127:425–37. 

https://doi.org/10.1016/J.ENPOL.2018.11.055. 

[96] International Trade Administration U. South Korea - Energy - Carbon Neutrality Initiatives n.d. 

https://www.trade.gov/country-commercial-guides/south-korea-energy-carbon-neutrality-initiatives (accessed 

August 20, 2024). 

[97] S&P Global Commodity. South Korea to cut LNG in power mix n.d. 

https://www.spglobal.com/commodityinsights/en/market-insights/latest-news/lng/011223-south-korea-to-cut-lng-

in-power-mix-to-93-in-2036-sharply-raises-role-of-nuclear-energy (accessed August 20, 2024). 

[98] Cho S, Jeong YS, Huh JH. Is South Korea’s 2050 Carbon-Neutral scenario sufficient for meeting greenhouse gas 

emissions reduction goal? Energy Sustain Dev 2024;80:101447. https://doi.org/10.1016/J.ESD.2024.101447. 

[99] Jacobsson S, policy VL-E, 2006  undefined. The politics and policy of energy system transformation—explaining the 

German diffusion of renewable energy technology. ElsevierS Jacobsson, V LauberEnergy Policy, 2006•Elsevier n.d. 

[100] Lauber V, Transitions SJ-EI and S, 2016  undefined. The politics and economics of constructing, contesting and 

restricting socio-political space for renewables–The German Renewable Energy Act. Elsevier n.d. 

[101] Policy MP-E, 2010  undefined. Germany’s dash for coal: Exploring drivers and factors. ElsevierM PahleEnergy 

Policy, 2010•Elsevier 2010. https://doi.org/10.1016/j.enpol.2010.02.017. 

[102] Geels F, Kern F, Fuchs G, Hinderer N, policy GK-R, 2016  undefined. The enactment of socio-technical transition 

pathways: A reformulated typology and a comparative multi-level analysis of the German and UK low-carbon. 

ElsevierFW Geels, F Kern, G Fuchs, N Hinderer, G K J Mylan, M Neukirch, S WassermannResearch Policy, 

2016•Elsevier n.d. 

[103] Kungl G, Geels FW. Sequence and alignment of external pressures in industry destabilisation: Understanding the 

downfall of incumbent utilities in the German energy transition (1998–2015). Environ Innov Soc Transitions 

2018;26:78–100. https://doi.org/10.1016/J.EIST.2017.05.003. 

[104] Goodrich A, Powell D, … TJ-E&, 2013  undefined. Assessing the drivers of regional trends in solar photovoltaic 

manufacturing. PubsRscOrgAC Goodrich, DM Powell, TL James, M Woodhouse, T BuonassisiEnergy Environ Sci 

2013•pubsRscOrg n.d. 

[105] Wassermann S, Reeg M, Policy KN-E, 2015  undefined. Current challenges of Germany’s energy transition project 

and competing strategies of challengers and incumbents: The case of direct marketing of electricity from. ElsevierS 

Wassermann, M Reeg, K NienhausEnergy Policy, 2015•Elsevier n.d. https://doi.org/10.1016/j.enpol.2014.10.013. 

[106] Policy BS-E, 2013  undefined. Energy policymaking in Denmark: Implications for global energy security and 

sustainability. ElsevierBK SovacoolEnergy Policy, 2013•Elsevier n.d. 

[107] Gaona EE, Trujillo CL, Guacaneme JA. Rural microgrids and its potential application in Colombia. Renew Sustain 

Energy Rev 2015;51:125–37. https://doi.org/10.1016/j.rser.2015.04.176. 

[108] Raman P, Murali J, Sakthivadivel D, Vigneswaran VS. Opportunities and challenges in setting up solar photo voltaic 

based micro grids for electrification in rural areas of India. Renew Sustain Energy Rev 2012;16:3320–5. 

https://doi.org/10.1016/J.RSER.2012.02.065. 

[109] Peter Sherry. The Japanese Government’s reforms to energy policy. 2024. 

[110] Norton Rose Fulbright. Renewable energy in Latin America: Mexico . 

Https://WwwNortonrosefulbrightCom/En/Knowledge/Publications/2186f590/Renewable-Energy-in-Latin-America-

Mexico n.d. https://www.nortonrosefulbright.com/en/knowledge/publications/2186f590/renewable-energy-in-latin-

america-mexico (accessed September 1, 2024). 

[111] Jake Schmidt. Power Shift: Shifting G20 International Public Finance from Coal to Renewables. 2017. 

[112] Ali M, Adnan M, Tariq M. Optimum control strategies for short term load forecasting in smart grids. Int J Electr 

Power Energy Syst 2019;113:792–806. https://doi.org/10.1016/j.ijepes.2019.06.010. 

[113] Adnan M, Tariq M, Zhou Z, Poor HV. Load flow balancing and transient stability analysis in renewable integrated 

power grids. Int J Electr Power Energy Syst 2019;104:744–71. https://doi.org/10.1016/j.ijepes.2018.06.037. 

[114] Adnan M, Tariq M. Cascading overload failure analysis in renewable integrated power grids. Reliab Eng Syst Saf 

2020;198. https://doi.org/10.1016/j.ress.2020.106887. 

[115] Kayastha N, Niyato D, Hossain E, Han Z. Smart grid sensor data collection, communication, and networking: A 

tutorial. Wirel Commun Mob Comput 2014;14:1055–87. https://doi.org/10.1002/WCM.2258. 

[116] Fan Z, Kulkarni P, Gormus S, Efthymiou C, Kalogridis G, Sooriyabandara M, et al. Smart grid communications: 

Overview of research challenges, solutions, and standardization activities. IEEE Commun Surv Tutorials 2013;15:21–



38. https://doi.org/10.1109/SURV.2011.122211.00021. 

[117] Saputro N, Akkaya K, Uludag S. A survey of routing protocols for smart grid communications. Comput Networks 

2012;56:2742–71. https://doi.org/10.1016/J.COMNET.2012.03.027. 

[118] Huda NU, Ahmed I, Adnan M, Ali M, Naeem F. Experts and intelligent systems for smart homes’ Transformation to 

Sustainable Smart Cities: A comprehensive review. Expert Syst Appl 2024;238. 

https://doi.org/10.1016/j.eswa.2023.122380. 

[119] Babayomi OO, Dahoro DA, Zhang Z. Affordable clean energy transition in developing countries: Pathways and 

technologies. IScience 2022;25:104178. https://doi.org/10.1016/J.ISCI.2022.104178. 

[120] Alsuwian T, Basit A, Amin AA, Adnan M, Ali M. An Optimal Control Approach for Enhancing Transients Stability 

and Resilience in Super Smart Grids. Electron 2022, Vol 11, Page 3236 2022;11:3236. 

https://doi.org/10.3390/ELECTRONICS11193236. 

[121] Kumar V, Pandey AS, Sinha SK. Grid integration and power quality issues of wind and solar energy system: A 

review. Int Conf Emerg Trends Electr Electron Sustain Energy Syst ICETEESES 2016 2016;2011:71–80. 

https://doi.org/10.1109/ICETEESES.2016.7581355. 

[122] World Energy Outlook 2023 – Analysis - IEA n.d. https://www.iea.org/reports/world-energy-outlook-2023 (accessed 

September 2, 2024). 

[123] Ghobakhloo M. Industry 4.0, digitization, and opportunities for sustainability. J Clean Prod 2020;252:119869. 

https://doi.org/10.1016/J.JCLEPRO.2019.119869. 

[124] Dekeyrel S, Fessler M. Digitalisation: an enabler for the clean energy transition. J Energy Nat Resour Law 

2024;42:185–209. https://doi.org/10.1080/02646811.2023.2254103. 

[125] Colmenares-Quintero RF, Quiroga-Parra DJ, Rojas N, Stansfield KE, Colmenares-Quintero JC. Big Data analytics in 

Smart Grids for renewable energy networks: Systematic review of information and communication technology tools. 

Cogent Eng 2021;8. https://doi.org/10.1080/23311916.2021.1935410. 

[126] Dileep G. A survey on smart grid technologies and applications. Renew Energy 2020;146:2589–625. 

https://doi.org/10.1016/J.RENENE.2019.08.092. 

[127] Adnan M, Ahmed I, Iqbal S. Load flow balancing in super smart grids: A review of technical challenges, possible 

solutions and future trends from European prospective. Comput Electr Eng 2024;117. 

https://doi.org/10.1016/j.compeleceng.2024.109265. 

[128] UNIDO. Opportunities and Challenges of the New Industrial Revolution for Developing Countries and Economies 

in Transition. Dep Trade, Invest Innov 2016. 

[129] Zhang C, Romagnoli A, Zhou L, Kraft M. From Numerical Model to Computational Intelligence: The Digital 

Transition of Urban Energy System. Energy Procedia 2017;143:884–90. 

https://doi.org/10.1016/J.EGYPRO.2017.12.778. 

[130] Gouvea R, Kapelianis D, Kassicieh S. Assessing the nexus of sustainability and information & communications 

technology. Technol Forecast Soc Change 2018;130:39–44. https://doi.org/10.1016/J.TECHFORE.2017.07.023. 

[131] Shin Y, Oh J, Jang D, Shin D. Digital Twin of Alkaline Water Electrolysis Systems for Green Hydrogen Production. 

Comput Aided Chem Eng 2022;49:1483–8. https://doi.org/10.1016/B978-0-323-85159-6.50247-5. 

[132] International Energy Agency. The Potential of Digital Business Models in the New Energy Economy – Analysis - 

IEA. n.d. 

[133] Ahmed A Bin, Zahid H, Kazmi SAA, Khan UA. Wind Energy Micorogrids for Smart Grid in Rural Sindh - Nooriabad. 

Proc - 2020 23rd IEEE Int Multi-Topic Conf INMIC 2020 2020. https://doi.org/10.1109/INMIC50486.2020.9318050. 

[134] Ahmad N, Ghadi YG, Adnan M, Ali M. From Smart Grids to Super Smart Grids: A Roadmap for Strategic Demand 

Management for Next Generation SAARC and European Power Infrastructure. IEEE Access 2023;11:12303–41. 

https://doi.org/10.1109/ACCESS.2023.3241686. 

[135] Daoutidis P, Lee JH, Harjunkoski I, Skogestad S, Baldea M, Georgakis C. Integrating operations and control: A 

perspective and roadmap for future research. Comput Chem Eng 2018;115:179–84. 

https://doi.org/10.1016/J.COMPCHEMENG.2018.04.011. 

[136] Rahimi F, Ipakchi A. Demand response as a market resource under the smart grid paradigm. IEEE Trans Smart Grid 

2010;1:82–8. https://doi.org/10.1109/TSG.2010.2045906. 

[137] Amin SM, Wollenberg BF. Toward a smart grid. IEEE Power Energy Mag 2005;3:34–41. 

https://doi.org/10.1109/MPAE.2005.1507024. 

[138] Smend J, Mnatsakanyan A, Sgouridis S. A Smart Grid Solution Integrating Distributed Generation and Internet of 

Things Sensors for Demand Side Management and Fault Identification: Case Study. Proc 2021 IEEE 12th Int Symp 

Power Electron Distrib Gener Syst PEDG 2021 2021. https://doi.org/10.1109/PEDG51384.2021.9494196. 

[139] Borges EC, Penya YK, Fernandez I. Evaluating combined load forecasting in large power systems and smart grids. 

IEEE Trans Ind Informatics 2013;9:1570–7. https://doi.org/10.1109/TII.2012.2219063. 

[140] Soliman M, Abiodun T, Hamouda T, Zhou J, Lung CH. Smart home: Integrating internet of things with web services 

and cloud computing. Proc Int Conf Cloud Comput Technol Sci CloudCom 2013;2:317–20. 

https://doi.org/10.1109/CLOUDCOM.2013.155. 

[141] Lin D, Murakami Y, Ishida T. Integrating Internet of Services and Internet of Things from a Multiagent Perspective. 

Lect Notes Comput Sci (Including Subser Lect Notes Artif Intell Lect Notes Bioinformatics) 2019;11422 LNAI:36–

49. https://doi.org/10.1007/978-3-030-20937-7_3. 

[142] Alam S, Sohail MF, Ghauri SA, Qureshi IM, Aqdas N. Cognitive radio based Smart Grid Communication Network. 

Renew Sustain Energy Rev 2017;72:535–48. https://doi.org/10.1016/J.RSER.2017.01.086. 

[143] Achaal B, Adda M, Berger M, Ibrahim H, Awde A. Study of smart grid cyber-security, examining architectures, 

communication networks, cyber-attacks, countermeasure techniques, and challenges. Cybersecurity 2024 71 

2024;7:1–30. https://doi.org/10.1186/S42400-023-00200-W. 



[144] Wang W, Lu Z. Cyber security in the Smart Grid: Survey and challenges. Comput Networks 2013;57:1344–71. 

https://doi.org/10.1016/J.COMNET.2012.12.017. 

[145] Alsuwian T, Basit A, Amin AA, Adnan M, Ali M. An Optimal Control Approach for Enhancing Transients Stability 

and Resilience in Super Smart Grids. Electron 2022, Vol 11, Page 3236 2022;11:3236. 

https://doi.org/10.3390/ELECTRONICS11193236. 

[146] Broeer T, Fuller J, Tuffner F, Chassin D, Djilali N. Modeling framework and validation of a smart grid and demand 

response system for wind power integration. Appl Energy 2014;113:199–207. 

https://doi.org/10.1016/J.APENERGY.2013.06.058. 

[147] Gharbi A, Ayari M, Yahya AE. Demand-Response Control in Smart Grids. Appl Sci 2023, Vol 13, Page 2355 

2023;13:2355. https://doi.org/10.3390/APP13042355. 

[148] Javaid N, Javaid S, Abdul W, Ahmed I, Almogren A, Alamri A, et al. A Hybrid Genetic Wind Driven Heuristic 

Optimization Algorithm for Demand Side Management in Smart Grid. Energies 2017, Vol 10, Page 319 2017;10:319. 

https://doi.org/10.3390/EN10030319. 

[149] Chuwa MG, Wang F. A review of non-technical loss attack models and detection methods in the smart grid. Electr 

Power Syst Res 2021;199:107415. https://doi.org/10.1016/J.EPSR.2021.107415. 

[150] Fan J, Du Toit W, Backscheider P. Distribution Substation Automation in Smart Grid. n.d. 

[151] Anandan N, Sheeba P, Sivanesan S, Rama S, Bhuvaneswari TT. Wide area monitoring system for an electrical grid. 

Energy Procedia 2019;160:381–8. https://doi.org/10.1016/J.EGYPRO.2019.02.171. 

[152] Raza A, Jingzhao L, Adnan M, Iqbal MS. Transforming smart homes via P2P energy trading using robust forecasting 

and scheduling framework. Results Eng 2024;23. https://doi.org/10.1016/j.rineng.2024.102766. 

[153] Raza A, Jingzhao L, Adnan M, Ahmad I. Optimal load forecasting and scheduling strategies for smart homes peer-

to-peer energy networks: A comprehensive survey with critical simulation analysis. Results Eng 2024;22. 

https://doi.org/10.1016/j.rineng.2024.102188. 

[154] Alhebshi F, Alnabilsi H, Alzebaidi J, Bensenouci A, Brahimi T, Bensenouci MA. Monitoring the operation of 

transmission line in a smart grid system through IoT. 2018 15th Learn Technol Conf L T 2018 2018:139–46. 

https://doi.org/10.1109/LT.2018.8368498. 

[155] Adnan M, Ghadi Y, Ahmed I, Ali M. Transmission Network Planning in Super Smart Grids: A Survey. IEEE Access 

2023;11:77163–227. https://doi.org/10.1109/ACCESS.2023.3296152. 

[156] Malek AF, Mokhlis H, Mansor NN, Jamian JJ, Wang L, Muhammad MA. Power Distribution System Outage 

Management Using Improved Resilience Metrics for Smart Grid Applications. Energies 2023, Vol 16, Page 3953 

2023;16:3953. https://doi.org/10.3390/EN16093953. 

[157] Jacob RA, Paul S, Chowdhury S, Gel YR, Zhang J. Real-time outage management in active distribution networks 

using reinforcement learning over graphs. Nat Commun 2024 151 2024;15:1–17. https://doi.org/10.1038/s41467-

024-49207-y. 

[158] Niaki AHM. Asset Management in Smart Grids: A Review. 2021 11th Smart Grid Conf SGC 2021 2021. 

https://doi.org/10.1109/SGC54087.2021.9664019. 

[159] NIST. Cyber Physical Systems and Internet of Things Program | NIST n.d. https://www.nist.gov/programs-

projects/cyber-physical-systems-and-internet-things-program (accessed August 23, 2024). 

[160] Jirkovsky V, Obitko M, Marik V. Understanding data heterogeneity in the context of cyber-physical systems 

integration. IEEE Trans Ind Informatics 2017;13:660–7. https://doi.org/10.1109/TII.2016.2596101. 

[161] NIST. IES Cities Architecture n.d. https://www.nist.gov/ctl/smart-connected-systems-division/iot-devices-and-

infrastructures-group/ies-cities-architecture (accessed August 23, 2024). 

[162] NIST U government. IoT Devices and Infrastructures Group n.d. https://doi.org/10.6028/NIST.SP.1500-201. 

[163] Shakshuki EM, Malik H, Sheltami T. WSN in cyber physical systems: Enhanced energy management routing 

approach using software agents. Futur Gener Comput Syst 2014;31:93–104. 

https://doi.org/10.1016/J.FUTURE.2013.03.001. 

[164] Jazdi N. Cyber physical systems in the context of Industry 4.0. Proc 2014 IEEE Int Conf Autom Qual Testing, Robot 

AQTR 2014 2014. https://doi.org/10.1109/AQTR.2014.6857843. 

[165] Kuo SY, Tseng FH, Chou YH. Metaverse intrusion detection of wormhole attacks based on a novel statistical 

mechanism. Futur Gener Comput Syst 2023;143:179–90. https://doi.org/10.1016/J.FUTURE.2023.01.017. 

[166] Tightiz L, Dang LM, Padmanaban S, Hur K. Metaverse-driven smart grid architecture. Energy Reports 

2024;12:2014–25. https://doi.org/10.1016/J.EGYR.2024.08.027. 

[167] Lee JH, Shin J, Realff MJ. Machine learning: Overview of the recent progresses and implications for the process 

systems engineering field. Comput Chem Eng 2018;114:111–21. 

https://doi.org/10.1016/J.COMPCHEMENG.2017.10.008. 

[168] Wei N, Li C, Peng X, Zeng F, Lu X. Conventional models and artificial intelligence-based models for energy 

consumption forecasting: A review. J Pet Sci Eng 2019;181. https://doi.org/10.1016/J.PETROL.2019.106187. 

[169] Lago J, Marcjasz G, De Schutter B, Weron R. Forecasting day-ahead electricity prices: A review of state-of-the-art 

algorithms, best practices and an open-access benchmark. Appl Energy 2020;293. 

https://doi.org/10.1016/J.APENERGY.2021.116983. 

[170] Radaideh MI, Kozlowski T. Combining simulations and data with deep learning and uncertainty quantification for 

advanced energy modeling. Int J Energy Res 2019;43:7866–90. https://doi.org/10.1002/ER.4698. 

[171] Devaraj J, Madurai Elavarasan R, Shafiullah GM, Jamal T, Khan I. A holistic review on energy forecasting using big 

data and deep learning models. Int J Energy Res 2021;45:13489–530. https://doi.org/10.1002/ER.6679. 

[172] Alzahrani A, Ferdowsi M, Shamsi P, Dagli CH. Modeling and Simulation of Microgrid. Procedia Comput Sci 

2017;114:392–400. https://doi.org/10.1016/j.procs.2017.09.053. 

[173] Cebekhulu E, Onumanyi AJ, Isaac SJ. Performance Analysis of Machine Learning Algorithms for Energy Demand–



Supply Prediction in Smart Grids. Sustainability 2022;14. https://doi.org/10.3390/SU14052546. 

[174] Kruse J, Schäfer B, Witthaut D. Revealing drivers and risks for power grid frequency stability with explainable AI. 

Patterns 2021;2. https://doi.org/10.1016/J.PATTER.2021.100365. 

[175] Debone D, Leite VP, Miraglia SGEK. Modelling approach for carbon emissions, energy consumption and economic 

growth: A systematic review. Urban Clim 2021;37:100849. https://doi.org/10.1016/J.UCLIM.2021.100849. 

[176] Yu X, Xue Y. Smart Grids: A Cyber–Physical Systems Perspective. Proc IEEE 2016;104:1058–70. 

https://doi.org/10.1109/JPROC.2015.2503119. 

[177] Hossain E, Khan I, Un-Noor F, Sikander SS, Sunny MSH. Application of Big Data and Machine Learning in Smart 

Grid, and Associated Security Concerns: A Review. IEEE Access 2019;7:13960–88. 

https://doi.org/10.1109/ACCESS.2019.2894819. 

[178] Isaksson AJ, Harjunkoski I, Sand G. The impact of digitalization on the future of control and operations. Comput 

Chem Eng 2018;114:122–9. https://doi.org/10.1016/J.COMPCHEMENG.2017.10.037. 

[179] Khan MA, Saleh AM, Waseem M, Sajjad IA. Artificial Intelligence Enabled Demand Response: Prospects and 

Challenges in Smart Grid Environment. IEEE Access 2023;11:1477–505. 

https://doi.org/10.1109/ACCESS.2022.3231444. 

[180] Dhulipala SC, Li X, Bretas A, Wu D, Ruben C. Soft Control: A Novel Application of Internet of Things for Demand 

Side Management. 2020 52nd North Am Power Symp NAPS 2020 2021. 

https://doi.org/10.1109/NAPS50074.2021.9449690. 

[181] Kinza Fida UAA et al. A comprehensive survey on load forecasting hybrid models: Navigating the Futuristic demand 

response patterns through experts and intelligent systems - ScienceDirect. Results Eng 2024;23. 

[182] Ahmad N, Ghadi Y, Adnan M, Ali M. Load Forecasting Techniques for Power System: Research Challenges and 

Survey. IEEE Access 2022;10:71054–90. https://doi.org/10.1109/ACCESS.2022.3187839. 

[183] Amina M, Kodogiannis VS, Petrounias I, Tomtsis D. A hybrid intelligent approach for the prediction of electricity 

consumption. Int J Electr Power Energy Syst 2012;43:99–108. https://doi.org/10.1016/J.IJEPES.2012.05.027. 

[184] Yin J, Sharma P, Gorton I, Akyol B. Large-scale data challenges in future power grids. Proc - 2013 IEEE 7th Int 

Symp Serv Syst Eng SOSE 2013 2013:324–8. https://doi.org/10.1109/SOSE.2013.71. 

[185] He X, Ai Q, Qiu RC, Huang W, Piao L, Liu H. A Big Data Architecture Design for Smart Grids Based on Random 

Matrix Theory. IEEE Trans Smart Grid 2015;8:674–86. https://doi.org/10.1109/TSG.2015.2445828. 

[186] Kezunovic M, Xie L, Grijalva S. The role of big data in improving power system operation and protection. 2013 IREP 

Symp Bulk Power Syst Dyn Control - IX Optim Secur Control Emerg Power Grid 2013. 

https://doi.org/10.1109/IREP.2013.6629368. 

[187] Kung L, Wang HF. A recommender system for the optimal combination of energy resources with cost-benefit 

analysis. IEOM 2015 - 5th Int Conf Ind Eng Oper Manag Proceeding 2015. 

https://doi.org/10.1109/IEOM.2015.7093924. 

[188] Labeeuw W, Deconinck G. Residential Electrical Load Model Based on Mixture Model Clustering and Markov 

Models. IEEE Trans Ind Informatics 2013;9:1561–9. https://doi.org/10.1109/TII.2013.2240309. 

[189] Batista NC, Melício R, Mendes VMF. Services enabler architecture for smart grid and smart living services providers 

under industry 4.0. Energy Build 2017;141:16–27. https://doi.org/10.1016/J.ENBUILD.2017.02.039. 

[190] Rusitschka S, Eger K, Gerdes C. Smart Grid Data Cloud: A Model for Utilizing Cloud Computing in the Smart Grid 

Domain. 2010 First IEEE Int Conf Smart Grid Commun 2010:483–8. 

https://doi.org/10.1109/SMARTGRID.2010.5622089. 

[191] Li G, Wang J, Wu J, Song J. Data Processing Delay Optimization in Mobile Edge Computing. Wirel Commun Mob 

Comput 2018;2018:6897523. https://doi.org/10.1155/2018/6897523. 

[192] Gai K, Qiu M, Zhao H. Energy-aware task assignment for mobile cyber-enabled applications in heterogeneous cloud 

computing. J Parallel Distrib Comput 2018;111:126–35. https://doi.org/10.1016/J.JPDC.2017.08.001. 

[193] Valerio L, Conti M, Passarella A. Energy efficient distributed analytics at the edge of the network for IoT 

environments. Pervasive Mob Comput 2018;51:27–42. https://doi.org/10.1016/J.PMCJ.2018.09.004. 

[194] Baccarelli E, Naranjo PGV, Scarpiniti M, Shojafar M, Abawajy JH. Fog of Everything: Energy-Efficient Networked 

Computing Architectures, Research Challenges, and a Case Study. IEEE Access 2017;5:9882–910. 

https://doi.org/10.1109/ACCESS.2017.2702013. 

[195] Liaqat M, Khan MG, Fazal MR, Ghadi Y, Adnan M. Multi-Criteria Storage Selection Model for Grid-Connected 

Photovoltaics Systems. IEEE Access 2021;9:115506–22. https://doi.org/10.1109/ACCESS.2021.3105592. 

[196] Kalair A, Abas N, Saleem MS, Kalair AR, Khan N. Role of energy storage systems in energy transition from fossil 

fuels to renewables. Energy Storage 2021;3. https://doi.org/10.1002/EST2.135. 

[197] Gulagi A, Bogdanov D, Breyer C. The role of storage technologies in energy transition pathways towards achieving 

a fully sustainable energy system for India. J Energy Storage 2018;17:525–39. 

https://doi.org/10.1016/J.EST.2017.11.012. 

[198] Schmidt O, Hawkes A, Gambhir A, Energy IS-N, 2017  undefined. The future cost of electrical energy storage based 

on experience rates. NatureComO Schmidt, A Hawkes, A Gambhir, I Staff Energy, 2017•natureCom n.d. 

[199] Ahmed I, Adnan M, Ali M, Kaddoum G. Supertwisting sliding mode controller for grid-to-vehicle and vehicle-to-

grid battery electric vehicle charger. J Energy Storage 2023;70. https://doi.org/10.1016/j.est.2023.107914. 

[200] Aneke M, Wang M. Energy storage technologies and real life applications – A state of the art review. Appl Energy 

2016;179:350–77. https://doi.org/10.1016/J.APENERGY.2016.06.097. 

[201] Hussain F, Rahman MZ, Sivasengaran AN, Hasanuzzaman M. Energy storage technologies. Energy Sustain Dev 

2019:125–65. https://doi.org/10.1016/B978-0-12-814645-3.00006-7. 

[202] Farhadi M, Mohammed O. Energy Storage Technologies for High-Power Applications. IEEE Trans Ind Appl 

2016;52:1953–61. https://doi.org/10.1109/TIA.2015.2511096. 



[203] Trahey L, Brushett FR, Balsara NP, Ceder G, Cheng L, Chiang YM, et al. Energy storage emerging: A perspective 

from the Joint Center for Energy Storage Research. Proc Natl Acad Sci U S A 2020;117:12550–7. 

https://doi.org/10.1073/PNAS.1821672117/ASSET/E61A4175-7286-4D4A-91DD-

18259848BCCD/ASSETS/GRAPHIC/PNAS.1821672117FIG06.JPEG. 

[204] AL Shaqsi AZ, Sopian K, Al-Hinai A. Review of energy storage services, applications, limitations, and benefits. 

Energy Reports 2020;6:288–306. https://doi.org/10.1016/J.EGYR.2020.07.028. 

[205] Aybar-Mejíaa M, Rosario-Weeks D, Mariano-Hernández D, Domínguez-Garabitos M. An approach for applying 

blockchain technology in centralized electricity markets. Electr J 2021;34:106918. 

https://doi.org/10.1016/J.TEJ.2021.106918. 

[206] Krishna G, Singh R, Gehlot A, Akram SV, Priyadarshi N, Twala B. Digital Technology Implementation in Battery-

Management Systems for Sustainable Energy Storage: Review, Challenges, and Recommendations. Electronics 

2022;11. https://doi.org/10.3390/ELECTRONICS11172695. 

[207] Gao T, Lu W. Machine learning toward advanced energy storage devices and systems. IScience 2021;24. 

https://doi.org/10.1016/J.ISCI.2020.101936. 

[208] Abdelkareem MA, Soudan B, Mahmoud MS, Sayed ET, AlMallahi MN, Inayat A, et al. Progress of artificial neural 

networks applications in hydrogen production. Chem Eng Res Des 2022;182:66–86. 

https://doi.org/10.1016/J.CHERD.2022.03.030. 

[209] Colbertaldo P, Agustin SB, Campanari S, Brouwer J. Impact of hydrogen energy storage on California electric power 

system: Towards 100% renewable electricity. Int J Hydrogen Energy 2019;44:9558–76. 

https://doi.org/10.1016/J.IJHYDENE.2018.11.062. 

[210] Van der Zwaan B, Keppo I, Johnsson F. How to decarbonize the transport sector? Energy Policy 2013;61:562–73. 

https://doi.org/10.1016/J.ENPOL.2013.05.118. 

[211] Ruhnau O, Qvist S. Storage requirements in a 100% renewable electricity system: extreme events and inter-annual 

variability. Environ Res Lett 2022;17. https://doi.org/10.1088/1748-9326/AC4DC8. 

[212] Dowling JA, Rinaldi KZ, Ruggles TH, Davis SJ, Yuan M, Tong F, et al. Role of Long-Duration Energy Storage in 

Variable Renewable Electricity Systems. Joule 2020;4:1907–28. https://doi.org/10.1016/J.JOULE.2020.07.007. 

[213] Schrotenboer AH, Veenstra AAT, uit het Broek MAJ, Ursavas E. A Green Hydrogen Energy System: Optimal control 

strategies for integrated hydrogen storage and power generation with wind energy. Renew Sustain Energy Rev 

2022;168:112744. https://doi.org/10.1016/J.RSER.2022.112744. 

[214] Loock M. Unlocking the value of digitalization for the European energy transition: A typology of innovative business 

models. Energy Res Soc Sci 2020;69:101740. https://doi.org/10.1016/J.ERSS.2020.101740. 

[215] Newig J, Voß J, & JM-J of EP, 2007  undefined. Governance for sustainable development in the face of ambivalence, 

uncertainty and distributed power: An introduction. Taylor Fr Newig, JP Voß, J MonstadtJournal Environ Policy 

Planning, 2007•Taylor Fr n.d. 

[216] Policy BS-E, 2009  undefined. The importance of comprehensiveness in renewable electricity and energy-efficiency 

policy. ElsevierBK SovacoolEnergy Policy, 2009•Elsevier n.d. 

[217] Meckling J, Kelsey N, Biber E, Science JZ-, 2015  undefined. Winning coalitions for climate policy. Sci Meckling, 

N Kelsey, E Biber, J ZysmanScience, 2015•scienceOrg 2015;349:1170. https://doi.org/10.1126/science.aab1336. 

[218] Voß J, Newig J, Kastens B, … JM-G for, 2013  undefined. Steering for sustainable development: a typology of 

problems and strategies with respect to ambivalence, uncertainty and distributed power. TaylorfrancisComJP Voß, J 

Newig, B Kastens, J Monstadt, B NöltingGovernance Sustain Dev 2013•taylorfrancisCom 2007. 

https://doi.org/10.1080/15239080701622832. 

[219] Rogge K, policy KR-R, 2016  undefined. Policy mixes for sustainability transitions: An extended concept and 

framework for analysis. ElsevierKS Rogge, K ReichardtResearch Policy, 2016•Elsevier n.d. 

[220] Meadowcroft J. What about the politics? Sustainable development, transition management, and long term energy 

transitions. Policy Sci 2009;42:323–40. https://doi.org/10.1007/S11077-009-9097-Z. 

[221] Kivimaa P, policy FK-R, 2016  undefined. Creative destruction or mere niche support? Innovation policy mixes for 

sustainability transitions. ElsevierP Kivimaa, F KernResearch Policy, 2016•Elsevier n.d. 

[222] Zahid H, Altamimi A, Kazmi SAA, khan ZA. Multi-phase techno-economic framework for energy wheeling via 

generation capacity design of microgrids and virtual power plants. Energy Reports 2022;8:5412–29. 

https://doi.org/10.1016/J.EGYR.2022.04.013. 

 


