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Abstract: 

While integrating wind and solar energy into power systems has been explored extensively, the unpredictable 

nature of these energy sources still lacks comprehensive solutions despite their fast-growing use. Recent 

research has shifted from traditional methods of analyzing variability to more advanced approaches, such as 

real-time monitoring and machine learning-based predictive models. This study investigates the different 

sources and types of variability in renewable energy generation, highlights the challenges involved, and 

explores strategies used across the globe to reduce these fluctuations in power grids. 

A summary of ten countries effectively handling energy variability in their grids is provided. The review 

indicates that the most successful cases relied on advanced energy storage systems, modernized grid 

infrastructure, and a diversified energy mix as core technical and economic strategies. Furthermore, the study 

proposes a seven-point conceptual framework involving all stakeholders in the energy sector to enhance the 

integration of variable renewable energy (VRE) into power systems. Key strategies identified include long-

duration energy storage, the development of virtual power plants (VPPs), smart grid technologies, cross-border 

electricity connections, power-to-X solutions, and overall grid flexibility. 

This comprehensive review is a valuable resource for researchers and industry professionals aiming to build a 

reliable, stable, and renewable-energy-focused grid system. 
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I. Introductions: 

The integration of variable renewable energy (VRE) sources such as wind and solar into grid-

connected power systems offers significant potential along with critical challenges. As the global push for clean 

energy gains momentum, increasing the share of VRE in electricity generation helps lower greenhouse gas 

emissions and boosts energy security [1]. However, due to the inherently intermittent and unpredictable nature 

of these resources, several challenges arise concerning grid reliability, operational stability, and effective energy 

delivery [2]. 

Key technical issues include fluctuations in generation output, real-time supply-demand balancing, and 

the control of frequency and voltage across the grid [3]. To address these problems, several countries have 

adopted a range of technical and policy-based solutions, such as energy storage technologies, advanced 

forecasting methods, responsive demand programs, and grid modernization using smart infrastructure [4]. These 

approaches aim to build grid flexibility and resilience while enabling a greater share of renewables to be 

integrated effectively. 

Although the deployment of solar and wind technologies has seen exponential growth in many regions, 

the variability and uncertainty they introduce into power systems have not been studied as thoroughly as their 

technological adoption [5]. This study aims to bridge that gap by analyzing the effects of solar and wind 

variability on traditional power grids, exploring mitigation strategies, and proposing a scalable framework that 

can adapt to changing technologies and market dynamics. 

Matching renewable generation with electricity demand is relatively straightforward when both rise 

and fall simultaneously. However, when renewable output peaks while demand dropsor vice versa,the cost and 

complexity of balancing the system increase significantly [6]. Adding to the challenge is the weak correlation 

between solar/wind generation and real-time demand, which leads to imbalances and potential instability within 

the grid [5]. 

The challenges posed by solar and wind variability occur across multiple time scales, making their 

integration more complex as their share increases. While low levels of renewable penetration (e.g., below 30%) 
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are often manageable, higher shares tend to introduce operational chaos and necessitate new control strategies 

and infrastructure upgrades [4]. 

Despite progress in integrating VRE into power networks, key challenges remain in maximizing 

efficiency, balancing supply and demand, and maintaining grid stability and quality. Seasonal variation, 

fluctuating output, and limited predictability of VRE sources present difficulties in harmonizing renewable 

energy with conventional grid operations [2]. 

This paper aims to evaluate the long-term potential of VRE integration in developing sustainable, dependable, 

and adaptable power systems. It addresses the following research goals: 

• To analyze the technical and economic barriers to integrating VRE, such as intermittency, voltage and 

frequency regulation, power quality concerns, and the need for ancillary services [3]. 

• To identify effective mitigation techniques, including high-resolution forecasting, battery energy storage, and 

responsive demand strategies [4]. 

• To assess the role of grid modernization and flexible infrastructure in supporting high shares of renewable 

energy [1]. 

• To review ten global examples of successful variability management and develop a conceptual framework 

suitable for evolving technology and policy trends [5]. 

• To explore the future of VRE-based grids in delivering sustainable and reliable energy systems [6]. 

The structure of this study begins with an introduction, followed by a literature review that outlines the 

foundations of the topic. The methodology is then detailed, followed by a discussion on the sources and 

impacts of variability in power systems and corresponding strategies for mitigation. 

 

 
 

II. Review of Related Literature 
The integration of Variable Renewable Energy (VRE) into power systems presents critical challenges 

related to intermittency, reliability, and infrastructure adequacy, necessitating a multifaceted approach to ensure 

grid stability and energy security. Several scholars have explored these dimensions, offering diverse perspectives 

and solution strategies. 

Juma D[7]. (2023) emphasizes the necessity of power system flexibility to complement VRE capacity 

expansion. Their study explores the adverse effects of intermittency on grid stability and underscores the 

importance of efficient energy distribution mechanisms to manage variability. 

Xu T [8]. (2022) delve into the implementation limitations of VRE, particularly highlighting how 

variability impacts demand-supply balance, voltage regulation, and overall grid stability. Their work stresses the 

need for adaptive strategies to handle technical disruptions arising from fluctuating generation patterns. 

Similarly, Zaheb H [9] (2023) investigates the role of optimal grid flexibility in integrating VRE, 

identifying key constraints such as aging infrastructure, insufficient generation capacity, frequent outages, and 
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minimal RE contribution to the energy mix. Their analysis reinforces the need for investment in infrastructure and 

reliability upgrades. 

In the Indian context, Joshi [10] (2023) provides a comprehensive review of the institutional frameworks 

governing VRE forecasting, proposing six strategic methods to improve forecast accuracy and integration. Their 

study supports policy-driven, data-informed approaches for managing VRE deployment at scale. 

Shafiullah  [11] (2022) narrows their focus to solar PV systems, detailing the technical, operational, and 

market barriers to grid integration. They advocate for the use of energy storage systems (ESS) and advanced 

control technologies as effective means of mitigating VRE-related volatility. 

Lastly, Fang  [12] (2024) contributes a forward-looking perspective by presenting a grid expansion 

planning model that incorporates chronological variability and uncertainty of renewable generation. Their model 

addresses both short- and long-term planning needs, integrating operational flexibility constraints to support high 

VRE penetration scenarios. 

The study fell short of investigating the enhancement methodologies and establishing strong strategies for 

the effective integration of EVs and RES in the power grid. 

A comprehensive literature review summarizing the number of published papers and research focus in recent years 

is presented in Table 1. 

 
Author/Reference Year Topic Focus 

Juma D. [7] 2023 Power System Flexibility: A Necessary 

Complement to Variable Renewable Energy 

Optimal Capacity Configuration 

Impacts of intermittency on grid stability and 

efficient energy distribution. 

Xu T.[8] 2022 The implementation limitation of variable 
renewable energies and its impacts on the 

public power grid. 

Impacts of variability on demand and supply, 
stability, and voltage fluctuations. 

Zaheb H. [9] 2023 Optimal Grid Flexibility Assessment for 
Integration of Variable Renewable-Based 

Electricity Generation. 

Aging infrastructure, inadequate generation, 
power outages, minimal RE production, and loss 

of loads. 

Joshi, M. [10] 2023 Institutional Framework of Variable 

Renewable Energy Forecasting in India. 

Review of institutional frameworks for VRE 

forecasting that advocate large-scale integration 
in India by applying the best practices. Presents 6 

methods of enhancing the VRE forecasting 

framework in India 

M. Shafiullah M. [11] 2022 Grid Integration Challenges and Solution 

Strategies for Solar PV Systems. 

Focused on the challenges and solutions of 

integrating PV into grid-connected systems, 

addressing technical, operational, and market 
problems while emphasizing methods like ESS 

and advanced control as solutions to variability. 

Y. Fang  [12] 2024 Electric energy system planning considering 
chronological renewable generation 

variability and uncertainty. 

Proposal on grid expansion-planning model that 
integrates operational flexibility constraints 

addressing both long and short-term variability 

and uncertainty for high VRE penetration. 

 

The research contributions of this study are summarized as follows: 

• An up-to-date comprehensive literature review on the impacts of the variability of renewable energy 

integration into power grids, the chaos caused, and the different successful mitigation methods applied in 

some ten selected countries’ grids worldwide. 

• A review of the key technological, economic, and policy mitigation strategies; analytical, data-driven, 

machine learning methods for managing variability from both the demand and supply side. 

• A seven-point proposed conceptual policy framework for smoothing out variability in VRE grid-connected 

power systems involving all energy stakeholders, with lessons drawn from the successful cases, has been 

presented. 

• The work highlights the essentiality of long-duration energy storage, grid-forming inverters, virtual power 

plants, smart grid/infrastructure, and incentivizing support as key takeaways for reliable, resilient, and 

carbon-free grids. 

 

This work is different in that it focuses on a holistic review of VRE sources and their impacts on power systems 

grids, providing useful insights concerning the challenges, mitigation strategies, frameworks, and prospects over 

a broad scale, including the technological, economic, and policy aspects. A clear understanding of the inherent 

variability of solar and wind resources integration from this study will serve as a lift from the pitfalls of some 

VRE grid-connectedprojectsaroundtheglobe,pavingthewayforefficientgriddecarbonization. 

 

 

 

 

http://www.ijeijournal.com/


Renewable Energy Variability and Grid Stability: A Global Perspective 

www.ijeijournal.com                                                                                                                                   Page | 48 

III. Methodology 

 

1. An Overview of Global VRE Installations 

Variable renewable energy (VRE) sources are types of energy that come from natural processes 

that change over time. The main VRE sources are wind and solar. Other renewable sources like hydro, 

ocean, and tidal energy don’t change as much, and their changes mostly happen over seasons. Wind and 

solar are different because their energy output depends a lot on the weather. They can change very 

quickly—every few seconds, throughout the day, or between seasons—making them hard to predict. Solar 

energy relies on sunshine, while wind energy depends on wind speed and direction. These changes make it 

difficult to keep the electricity supply stable. Even so, wind and solar are clean, don’t produce carbon 

emissions, and are becoming more affordable [13]. Using them in power systems is important for reducing 

pollution and moving toward cleaner energy. 

In a report from October 2023, the International Energy Agency (IEA) said that if countries meet 

their clean energy goals, solar and wind will make up over 80% of new power capacity in the next 20 

years. This is a big increase from less than 40% in the past 20 years [14]. Other researchers agree and add 

that wind and solar will make up about 90% of the changes needed to reach net-zero carbon emissions by 

2050. Solar energy is leading the change, providing more than twice the new electricity compared to coal 

in 2023 and the first half of 2024 [15]. 

In the European Union, coal power dropped by 24% in the first half of 2024 compared to the same 

time in 2023. That’s a reduction of 39 terawatt-hours (TWh). This made up more than half of the 71 TWh 

drop in fossil fuel use around the world. At the same time, wind and solar power in the EU grew by 13%, 

adding 45 TWh. This pushed their share of total electricity to 30% in 2024, up from 27% in 2023—an all-

time high [16]. Globally, solar power grew by 307 TWh in 2023, a 23% increase. Wind energy increased 

by 206 TWh or 9.8%. Solar made up 5.5% of all electricity produced worldwide in 2023, reaching 1631 

TWh [17]. To meet future goals, solar PV needs to grow by 35% by 2029–2030, while wind energy needs 

to double. Solar capacity could reach 10 terawatts (TW) by 2030 in the best-case scenario [18]. 

Wind power has been used for a long time and is now growing fast worldwide. Countries like 

China, the U.S., and Germany are leaders in wind energy. However, by 2021, solar panels started to have 

more total capacity than wind, about 30% more. Even so, wind turbines still produce more power per unit 

than solar panels, with about twice the output [19]. In 2023, the wind industry saw record growth, with a 

50% jump in new installations. This happened despite problems like economic troubles, wars, and supply 

chain delays. A total of 117 GW of new wind power was added to grids, showing how strong and 

adaptable the wind sector is [20]. This brought the world’s total wind power capacity above 1 TW in 2023, 

growing by 13% from the year before. Most of this came from onshore wind, which grew by 54%, adding 

106 GW. Major countries also saw drops in emissions as more wind energy was used [21]. The historical 

and projected solar PV and wind power capacity in the renewable2023maincase(2024–

2028)andNetZeroEmissionby2050scenario(2018–2030) are shown in Figure 3below. 

 

 
Figure 1.Installed capacity of solar PV–wind parks based on IEA data (main scenario, NZE scenarioby 2050) 

[14]. 
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At the national level, China and the United States remain the biggest markets for onshore wind installations, 

followed by Brazil, Germany, and India. These top five countries 

accountedfor82%oftheglobalnewinstallationsin2023,constitutingacombinedsurge of 9% compared to the 

previous year.After two years of modest growth, onshore wind installations in China surged in 2023, 

recording over 69 GW commissioned. In the US, developers installed more new wind plants, leading to a 

total addition of just 6.4 GW of onshorewindcapacity,markingthelowestfiguresince2014[22]. 

 

Variabilityin Power Systems 

In power systems, variability means changes, either short-term or long-term, in how much electricity is 

produced and used. These changes happen because of shifts in electricity demand, weather changes, and the 

unpredictable nature of renewable energy sources like solar and wind [23]. Unlike traditional power plants that 

give steady energy, solar and wind power depend on the weather, which makes their energy output go up and 

down. 

Researchers in [24] explain variability as how much values change or spread out when you look at 

data. This makes it hard for grid operators to keep the system stable and balanced, as they need to make sure the 

electricity supply always meets demand. The ups and downs from VRE (Variable Renewable Energy) sources 

make it more difficult to smoothly add them into power grids. 

Recent studies are focused on better understanding and measuring these changes to help improve how 

power grids are managed. Wind and solar energy naturally change with weather, which causes big swings in 

power supply. This is especially challenging in areas that rely heavily on renewables [25]. One study suggested 

that using a “finite-time correlation” method could help detect large changes in voltage, which may help 

improve power system stability if used correctly [26]. 

Researchers in [27] developed a model using support vector regression (SVR), a type of machine 

learning, to track things like power production, equipment failures, and weather conditions to better predict 

energy output. This could make power systems more reliable. 

New, smart, and affordable technologies—like AI-based forecasting tools, long-term energy storage, 

and electricity connections between continents—offer strong ways to reduce the problems caused by variability. 

These are discussed further in Section 5. 

The unpredictable nature of solar and wind creates problems when connecting them to electricity grids. 

However, many countries have found ways to reduce these issues using tools like energy storage, connecting 

power networks across borders, controlling energy use on the demand side, and making grids more flexible and 

responsive [28]. These methods have helped keep power systems reliable and running smoothly. 

Important tools that help stabilize the grid when using a lot of renewable energy include grid-forming 

inverters, big battery storage systems, real-time forecasting models, and smart grids. Several countries have 

made great progress in handling the problems caused by VRE sources. The successful methods used in these 

countries are shown in Table 3. 

All these real-world examples show how well solutions like battery storage, cross-border grid 

connections, and smart control systems can reduce variability. But there is still a strong need for more research 

and innovation in this area to make renewable power even more reliable. 

 

Table2.Top10successfulcasesofwell-managedvariabilityinsomepowergridsaroundtheworld. 

Nation/Region GridProject(Case) MajorHallmark Method/SuccessFactor References 

Denmark EnergyIsland 

(Bornholm) 

windenergy Highwindcapacity,flexible network, 

interconnectedwith 

neighbouringnationssuchas GermanyandSweden 

[29,30–32] 

Germany Energiewende Highsharegrid, 

integrationwithsolar 

andwindenergy 

Demandresponse,EnergyStorage 

System(ESS),Smartgrids,and 

decongestedpowerproduction 

[33,34,35] 

Spain The Spanish power 
system network 

Large-scale 
renewable energy 

integration with over 

40% in 2020 

Dynamic power grid management, grid 
interconnections with nearby countries, peak 

storage capacity (e.g., pumped-hydro storage 

system) 

[36,37] 

California-
United States 

of America 

California 
Independent System 

Operator (CAISO) 

High integration of 
solar and wind power 

Power grid innovations, VRE forecasting models, 
energy storage, and demand response programs 

[29,11,38] 

South 
Australia 

(Australia) 

South Australia’s 
Renewable 

Transition 

60% variable 
renewable energy 

incorporated into the 

grid from solar and 
wind plants 

Battery storage (e.g., the Hornsdale Power 
Reserve), smart grid-forming inverters, Virtual 

power plants, and Rigorous regulatory aids 

[39,40,41] 

United 

Kingdom 

National Grid 

Electricity System 

Injection of offshore 

wind, 

Use of advanced forecasting, flexible demand, 

battery storage, and grid stability measures 

[38,43,44] 
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1.1. Causes of Variability 

Variability in power systems means changes that can happen for many different reasons, either directly or 

indirectly. The main causes are changes in how much electricity is made or used. But technical problems like 

power losses, overloaded lines, or equipment failure can also make the situation worse. Below are some of the 

main causes of variability when renewable energy is added to power grids: 

• Fluctuationsinpowerdemand 

Electricity use changes during the day, week, or year because of things like weather, how busy businesses 

are, and when people use more power. These changes in demand affect how the grid works [51]. 

• Powerplantoutages 

 

Power plants can suddenly stop working because of repairs, breakdowns, or fuel shortages. This can cause 

quick changes in how much electricity is available [51]. 

• Transmissionlinelosses 

When electricity travels over long distances, some of it is lost. These losses can cause changes in how the 

grid performs, especially when electricity is sent far from where it's produced. 

• Environmentalfactors,weather,andintermittencyofrenewables 

 

Wind and solar power depend on the weather. Things like clouds, storms, temperature, and wind speed 

affect how much power is made. Since these weather patterns change a lot, they make it hard to keep the 

power supply steady [52]. 

• Variablefuelavailability 

Even traditional power plants can be affected when fuel supply changes, prices go up or down, or there are 

delivery problems. This affects how much energy they can produce. 

• Limitedenergystoragecapacity 

 

Energy storage systems like batteries or water storage (pumped hydro) help balance the grid. But they can 

only store a certain amount of energy, and when they’re empty or charging too slowly, this can cause power 

system variability [53]. 

• Systemfrequencyvariability 

 

The grid needs to keep its frequency (usually 50 or 60 Hz) within a narrow range. If energy supply or 

demand changes too quickly, the frequency changes too. This can lead to problems and needs quick action 

to fix [54]. 

• Inter-regionalenergyexchange 

 

Countries sometimes trade electricity with each other to balance supply and demand. But the amount of 

electricity available from other regions can also change, which adds to variability [55]. 

• Systemcommunicationandcontroldelays 

 

If there are delays in detecting or responding to problems in the grid, it can cause or worsen variability. Fast 

and accurate control is needed to keep the system stable [56]. 

Operator’s energy 
transition 

interconnections with 
Europe 

Norway Norway’s 

Hydroelectric 
Power Integration 

Supplying 98% of its 

electricity from 
hydropower plants 

Interconnecting with nearby nations (e.g., Denmark 

and Sweden), hydropower for adaptability 

[43,45,46] 

Iceland Hydropower mix 

and Geothermal 

exploit 

100% renewable 

energy from 

geothermal and 
hydroelectric plants 

Using stable and dispatchable sources of renewable 

energy (hydropower and geothermal) to balance 

fluctuations in demand 

[47,48] 

TX, USA ERCOT (Electric 

Reliability Council 
of Texas) 

High share grid 

integration of wind 
and solar energy, 

with over 30% 

renewable energy 
injected in 2020 

Dynamic market-oriented balancing, enhanced 

forecasting models, and high amounts of power 
sharing with nearby grids 

[29,49,50] 

India Renewable Energy 

Management 
Centers (REMCs) 

High share grid 

integration of wind 
and solar energy, 

with over 30% 

renewable energy 
injected in 2020 

Renewable Energy Management Centers (REMCs) 

for real-time forecasting and scheduling, the 
implementation of Green Energy Corridors to 

enhance transmission infrastructure, and pilot 

projects in battery energy storage systems (BESS) 
and smart grids 

[10] 
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These causes show just how challenging it is for grid operators to keep the system balanced and reliable, 

especially as more renewable energy is added to the network. 

 

1.2. Types of Variability 

Variability is usually grouped into three main types: 

 

(i) short-term variability – changes that happen within minutes or hours, 

 

(ii) long-term variability – changes over days, seasons, or years, and 

 

(iii) spatial and temporal correlation – how weather patterns affect different areas at the same or different 

times. 

In power grids that use renewable energy, variability comes from both the supply side (energy generation) 

and the demand side (energy usage). Grids with solar and wind energy (called VRESs) must deal with 

changes from both ends. How much power is being made and how much is being used? 

Short-term flexibility is especially important because demand and renewable energy output change a lot 

during the day. In places with a lot of solar panels, power systems need to adjust quickly because of 

sudden drops in solar energy, especially when the sun goes behind clouds or during early evening when 

demand is still high but solar power drops [24]. 

For example, on cloudy days, solar panels produce much less energy than on sunny days, which causes fast 

changes in power output. Similarly, wind speed can change from hour to hour, which also causes the 

amount of wind energy to go up and down. 

 

1.3. Types of Supply-SideVariability 

i. Temporalvariability 

Daily variability means that the amount of renewable energy produced changes at different times of the 

day. For example, solar power depends on sunlight, which is strongest around midday and weaker in the 

early morning or late afternoon. At night, solar panels don’t produce any electricity at all. Wind power also 

changes during the day and night, depending on local wind patterns. In some places, wind might be 

stronger at night, while in others, it may blow more during the day. This makes it hard to predict exactly 

how much energy will be available throughout the day. 

Seasonal variability refers to changes in renewable energy production across different seasons of the year. 

For instance, wind energy is usually more powerful in the winter months, when wind speeds are generally 

higher. On the other hand, solar energy tends to be more effective in the summer months, when days are 

longer and there is more direct sunlight. These seasonal patterns can vary based on geographic location and 

regional climate [57]. 

ii. Weather-reliantvariability 

Solar variability: Solar generation of energy relies heavily on weather conditions. Cloudy days may reduce 

PV output, and clear days might give an increase in output. 

Wind variability: Strong windy days result in high yields of wind power production, while calm days with 

little or no wind lead to low power production. Localized weather activities can affect power generation 

since wind patterns are stochastic [58]. 

iii. Topographicalvariability 

Renewable energy production varies according to site location. For instance, wind power production yields 

are greater at seashores or mountainous sites, while solar may be efficient in zones closer to the equator.  

iv. Inter-annualvariability: 

Long-term variability can span from one year to another, causing solar and wind resources to change due to 

prolonged climate change. Thus, impacting the power supply scenarios [57]. 

v. SpatialVariability 

Renewable energy (RE) production in the same region or nation often varies because of zonal humidity, 

distribution of renewable energy resources, or land characteristics. 

1.4. TypesofDemand-SideVariabilityGridFrequencyVariabilityandVoltageVariability 

Frequency instability: Sharp variations (ramping) in renewable energy injections could result in unstable 

grid frequency, which may decrease or increase depending on the regional frequency limits (50 Hz or 60 

Hz). 

Voltage instability: Solar and wind energy sources are often integrated at various bus bars on the grids and 

can lead to voltage fluctuation if the voltage stability analysis studies are not effective [59]. 

i. EnergyStorageandDispatchVariability 

Energy storage intermittency: Storage systems in VRE are effective mitigation strategies for variability in 
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power systems’ networks; however, they become types of variability due to their charging and discharging 

cycles. They introduce variations in the grid based on the quantity of energy in stock. 

Energy Dispatch variability: Renewables are fundamentally non-dispatchable. Meet- ing demand stresses 

the network, and balancing demand with supply introduces variability, particularly during periods of low 

production [60]. 

 

ii. TransmissionandDistributionVariability 

Transmission congestion: Variations in renewable energy (RE) generation could result in congestion when 

there is optimum production from the sources but insufficient transmission infrastructure to manage the 

available excess power. This situation leads to instability, energy loss, and network deficiency [61]. 

Voltage Regulation in the Distributed System: In zones or regions with a proliferation of rooftop 

installations, the distributed system of power production could have voltage regulation challenges, 

especially whenever solar yields go above load demand and reverse power flow back into the network.  

The types of variability surveyed in the previous sub-section have led to a lot of chaos in grids around the 

world, some of which are presented in the next section. 

 

1.5. ChaosCausedbyVariabilityinSomeGridsintheWorld 

Variabilityinrenewableenergypowersystemshasbroughtaboutchaos,whichhas grown into a significant problem 

as electrical grids adapt to sophisticated technologies.This 

studyemphasizestheintricacyofchaosintheelectricalgridswhichmanifestinmanyforms. 

Theauthorsin[62]stressedthatitisimperativetoconsiderharmonicdistortion,voltage imbalance, the capacity of 

transmission/distribution equipment, overvoltage, flickering, 

andundervoltageassomeofthechaosresultingfromstochasticloadsandgenerationthat create negative impacts on 

power quality and should be eliminated. 

Thereference[63]reportsthatvariabilitycausestransientchaos,whichhasbeena phenomenonofmulti-

stabilitywitnessedontheBritishpowergridandischaracterized 

bythepresenceofmultiplecoexistingattractorsthatresultinunpredictablereactionsto disturbances.This intricate 

behavior is shaped by the topological configurations of the network, especially in areas featuring complex 

basin landscapes. 

AnothercaseofchaosisthatoftheTexasgridwherevariabilityhasledtooperational 

failuresasaresultofforecastingerrorsinenergyproduction. Theelectricitysystemhad 

experiencedtheeffectsofrandomnessandvariabilityduetoemergingstochasticassets[64]. The authors proposed a 

probabilistic steady-state analysis driven by inspirations from statistical worst-case circuit analysis to 

assess the likelihood of operational violations originating from stochastic resources. 

The variability inherent in RE production, such as fluctuations in wind velocity or changes in solar 

irradiance, introduces considerable uncertainty in terms of the output 

power.Consequently,powersystemsoperatorsareoftenrequiredtosustainareasonable quantity reserve of backup 

generation capacity to ensure system stability amid these variations in renewable energy output. For instance, 

in the case of Denmark and the United Kingdom, where wind power plays a pivotal role in electricity 

generation, the grid must 

maintainsomereservestoaccommodaterapidvariationsinwindconditions,therebycomplicating operational 

management and huge costs incurred for standby generators. Furthermore, variability in these cases has 

increased the demand for reserves, leading to a dependency on fuel-based reserves, which risk elevating carbon 

emissions [65]. 

 

1.6. VariabilityManagementinVREGrid-ConnectedPowerSystems 

TheproductionandintegrationofVRESintopowergridsposesomereal-timeopera- tional challenges to system 

operators, system designers, and researchers. These challenges 

spanfromtechnology,economics,andtogovernmentalenergypolicies.Generally,current 

VREresourcesutilizepowerelectronicdevicesorinverterstointerfacewiththenetwork rather than synchronous 

generators [66].At a point when a greater proportion of VRE injected goes above 50%, the system functions 

as an inverter-controlled network and such a system has exceptional qualities that change the operation of the 

grid components [64]. The 

keychallengeconfrontingpolicymakersandtheenergymarketsistoinstallandmaintain reliable carbon-free 

power grids that accommodate variable renewables while limiting holistic cost upgrading security and 

unwavering quality. This section summarizes some 

ofthekeychallengesandattemptstoprovidetechnological,economic,andpolicy-related solutions as shown in 

Table 4. 

The technological strategies proposed in Table 3refer to techniques that employ novel components or systems 
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such as smart meters, relays, inverters, smart transformers, and so on. The economic strategies touch on methods 

of power grid management or monetary incentives such as contractual reserves, price-oriented balancing, and 

energy consumption. Policy approaches are decisions in line with norms and regulatory structures such as grid 

modernization guidelines, balancing requirements, etc. 

 

Table3.Mitigationstrategiesofvariabilityinpowersystems. 
Challenges Mitigation Category Reference 

Variabilityanduncertainty 

 

-Deploying accurate innovative forecasting models or 

platforms  

-Installation of energy storage system 

Technological [61,38] 

- Implementing five-minute dispatch and greater balancing 

norms as in California and Germany 

 - Curtailing of excess energy from VRE generation as in 
China and Germany  

- Dispersed installation of RE resources 

Policy [33,34] 

Solutions to Chaos Caused by Variability 

Reverse current flow -Installation of under-current detectors (relays) to signal 
grid inverters in case of current flow violations 

 - The dynamic line rating (DLR) method is used on the 

Italian grid 

Technological [67,70] 

Non-synchronization -Use smart inverters (SI) to transfer maximum unsheathed 
power to the grid regardless of frequency, amplitude, and 

phase variation - Use of Proprotional integral (PI)/Phase 

lock Loop (PLL) controllers 

Technological  [71,72] 

Frequency instability -Installation of smart inverters (SI) to eliminate frequency 

tripping - Reduction of active power close loop regulation  

- Use of virtual synchronous machines - Five-minute 
energy dispatching 

Technological  [73,74,75] 

Generator rotor 

instability 

-Use of fault ride-through criteria with quality time 

variation. 

Technological  [70] 

Voltage instability 
(swell, sag, or dip) 

-Installation of SIs to eliminate voltage tripping 
 - Use of smart transformers (ST) techniques to link DC 

storage battery plans. 

 - Use of OLTCs to shape voltage profiles - Running of 
synchronous condensers 

 - Grid reconfiguration especially transmission lines 

disposition  

- Use of dynamic voltage restorer (DVR) 

Technological  [19,54,74,76] 

Grid protection -Installation of smart protective relays 

-Use of adaptive protective systems (APS) as in the 
Canadian distribution network 

Technological  [77,78] 

Low level of inertia -Least quota of synchronous generators in a traditional 

grid (Virtual Synchronous Machine) 

 -Running synchronous condensers 
 -Use of smart grid-forming inverters  

- Superconducting magnetic energy storage (SMES) 

 

Technological  [79] 

-Contracting for more faster-operating reserves  Economic  [80] 

Transient issues -Introduction of Distributed Flexible AC Transmission 

(DFACT) devices at the point of common coupling (PCC) 

 - Use of thyristor-controlled series capacitor (TCSC) - 
Fast valving (turbine FACT solution) 

Technological  [77,61,81,82] 

Harmonic distortion -Use of DFACTs - Active Power Filter - Smart converter 

control 

Technological  [83,84] 

 

IV. Discussion 
The integration of variable renewable energy sources (VRES), such as wind and solar, into power 

systems is an ongoing challenge. A number of strategies have been developed to manage the variability and 

intermittency associated with these renewable sources. However, these solutions are not one-size-fits-all. They 

need to be tailored to the specific needs and realities of each region, taking into account climatic conditions, the 

state of grid infrastructure, and the particular energy landscape. Despite these challenges, there are several 

promising strategies and technological solutions that have been demonstrated in various regions. This summary 

provides an overview of key approaches to mitigate the issues associated with VRES integration, with a focus 

on flexibility, energy storage, advanced power electronics, virtual power plants, sector coupling, and an 

innovative planning model for system integration. 
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1. Grid Flexibility and Demand Response 

One of the most effective strategies in managing the variability of renewable energy is increasing grid flexibility 

through demand response programs. Countries such as Germany and China have led the way in implementing 

flexible grid systems that can adapt to fluctuations in renewable energy output. This flexibility is achieved 

through the use of smart grids, advanced metering infrastructure (AMI), and demand-side management. For 

instance, consumers are encouraged to adjust their electricity usage based on real-time supply conditions. When 

renewable generation is high (e.g., during sunny or windy periods), demand can be increased, and when 

generation is low, demand can be reduced. This flexibility can also be supported by traditional power plants that 

can rapidly ramp up or down to meet fluctuations in renewable energy supply. 

In addition to this, grids in countries like China benefit from dispatchable energy sources, such as coal and 

hydroelectric plants, which provide the long-term flexibility needed to accommodate seasonal changes in both 

demand and renewable energy production. As power grids are modernized and upgraded with more flexible 

infrastructure, the need for expensive, polluting, peaking plants can be reduced, making the entire system more 

efficient and cost-effective. 

 

2. Energy Storage Systems (ESS) 

Energy storage is another key strategy for mitigating the intermittency of renewable energy. Storing 

excess energy generated during times of high renewable output and releasing it when demand exceeds supply or 

when renewable generation drops can help stabilize the grid. Battery energy storage systems (BESS) have 

shown great promise in balancing supply and demand. Large-scale energy storage systems, such as pumped 

hydro storage or large-scale battery banks, can absorb short-term variability in renewable energy and provide 

backup power during periods of low production. 

To scale this strategy, significant investments in advanced storage technologies are required. 

Additionally, widespread financing models and policy support are necessary to make energy storage 

economically viable on a large scale. Energy storage systems are particularly effective in regions with high 

shares of VRES and are considered essential for increasing the resilience of grids dominated by renewable 

energy sources. Furthermore, the integration of power-to-X technologies, such as power-to-gas (hydrogen) and 

power-to-heat, can further enhance the functionality of energy storage systems and increase their capacity to 

support grid stability. 

 

3. Grid-Forming Inverters and Advanced Power Electronics 

Grid-forming inverters and advanced power electronics are crucial technologies that enable the 

integration of renewable energy sources with minimal disruption. These technologies are particularly valuable in 

enhancing grid stability, especially in isolated or weak networks that do not rely on traditional rotating machines 

(such as large turbines in conventional power plants). 

Grid-forming inverters allow for the seamless integration of high shares of renewable energy without 

compromising important grid parameters like voltage quality and frequency. These technologies also help 

mitigate the effects of low system inertia, which is a common challenge in grids with high renewable 

penetration. Smart inverters and other power electronics solutions are becoming increasingly important for 

providing frequency and voltage control, ensuring that the grid remains stable even in the face of a variable 

renewable energy supply. 

 

4. Virtual Power Plants (VPPs) 

Virtual power plants (VPPs) represent another promising strategy for integrating variable renewable 

energy into the grid. A VPP aggregates decentralized, distributed energy resources (DERs) like small-scale 

solar, wind, batteries, and flexible demand loads into a single, dispatchable resource. These resources can be 

remotely controlled and managed, enabling them to provide grid services such as frequency regulation and 

demand response. 

By clustering decentralized energy sources, VPPs help to mitigate variability and improve grid 

stability. They also allow for the participation of smaller, distributed energy resources in energy markets, 

offering new opportunities for energy trading and sharing. However, to effectively scale VPPs, robust 

communication technologies and advanced remote management platforms are required. These systems must be 

able to handle real-time data flow, ensure cybersecurity, and guarantee interoperability between different 

components of the grid. 

 

5. Sector Coupling (Power-to-X) 

Sector coupling is a concept that integrates renewable energy with other sectors, such as heating, 

transport, and industry. The power-to-X strategy allows for the conversion of renewable electricity into other 

forms of energy, such as heat or hydrogen, which can be stored and used in different sectors. This approach not 
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only helps to balance supply and demand but also reduces the overall carbon footprint of the energy system by 

integrating renewables with sectors that are typically harder to decarbonize. 

For example, power-to-heat systems can use excess renewable energy to generate heat for district heating 

networks, while power-to-gas technologies can convert renewable electricity into hydrogen, which can then be 

stored and used as a fuel. This approach adds flexibility to the energy system and helps reduce variability by 

making use of renewable energy in multiple forms and sectors. 

 

6. Innovative Expansion Planning Models 

An innovative expansion planning model that incorporates operational flexibility constraints can help effectively 

manage both long-term and short-term variability in renewable energy supply. This model optimizes investment 

decisions for production and transmission infrastructure, ensuring that grids are capable of accommodating 

increasing shares of renewable energy. 

The model also considers the variability of renewable energy sources and includes mechanisms for re-

dispatching power to address changes in supply and demand. By incorporating flexibility into the planning and 

operation of the grid, it becomes easier to integrate renewable energy without compromising system reliability 

or performance. 

 

7. Key Takeaways and Future Directions 

Despite the many challenges posed by the integration of variable renewable energy sources into power 

systems, several promising strategies and technologies have emerged. These strategies, such as grid flexibility, 

energy storage, advanced power electronics, virtual power plants, and sector coupling, can significantly reduce 

the impact of renewable energy variability and help create more stable, resilient, and sustainable grids. 

However, many regions still face challenges due to outdated grid infrastructure and the need for 

significant investment in modernization. To mitigate the impacts of variability in solar and wind energy 

integration, it is essential to invest in technologies like energy storage, forecasting tools, and advanced grid 

infrastructure, as well as to develop effective regulatory frameworks and policy support. Cross-sector 

collaboration, particularly with the transportation sector, can also help improve energy flexibility on a global 

scale. 

The future of renewable energy integration will require continued innovation in technology, regulatory 

frameworks, and market mechanisms. As countries move forward with ambitious renewable energy goals, the 

effective integration of variable renewable energy into power systems will be crucial for achieving sustainability 

and energy security. 

In conclusion, while the integration of VRES presents both challenges and opportunities, the strategies 

outlined above offer pathways to a more flexible, resilient, and sustainable energy future. Continued research, 

technological development, and global collaboration will be key in addressing the variability and intermittency 

of renewable energy sources and ensuring the stability of power systems worldwide. 

 

Table 4. A proposed conceptual framework for boosting VRE integration into the grids. 
S.no Policy Concept Application Note 

1 Policy and 
regulatory support 

Develop a clear 
policy framework 

Governments should clear long-term energy policies prioritizing the 
integrationof renewables and providing stability for investors and utility 

companies. 

Offer Incentives for 

VRE investment. 

Funding programs for renewable energy, such as feed-in tariffs, tax breaks, and 

subsidies, should be promoted to motivate private sector investments in VRE. 

Access toGrids and 

tariffs 

Flexible laws on grid access by VRE producers should be put in place and 

implemented to support tariff structures on energy sales and transmission 

projects. 

Implementation of 

the grid code 

Countries’ grid codes should be revisited to incorporate the variability of VRE, 

emphasizing grid stability, frequency variation, and grid flexibility. 

2 Infrastructural 

development 

Reinforcing grid 

infrastructure 

Transmission and distribution structures should be upgraded to accommodate 

the variable nature of VRE, building smart grids, storage systems, and high-
voltage lines. 

Installation of 

Energy Storage 
Systems (ESS) 

Scaling up investment in storage technologies, e.g., batteries and pumped 

hydro, which mitigates variation in VRE and stabilizes grid functioning. 

Innovative grid 

management 

technologies 

Practical application of continuous surveillance, smart grid technology, and 

automated management systems to improve network adaptiveness to VRE 

intermittency and incorporate distributed generation. 

3 Capacity building 

and transfer of 

technical know-
how 

Skills development 

and training 

avenues 

Training sessions and workshops should be organized for technicians, 

engineers, and policymakers to equip them with technical knowledge in RE 

investment and management. 

Sharing knowledge 
through platforms 

The exchange of ideas about the success stories of other countries or 
organizations well advanced in VRE integration will bolster local capacities and 

prowess. 
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Collaborating with 
international 

organizations 

Working together with international financial and technical organizations such 
as the World Bank, UNDP, IEA, IMF, and WEC will enhance know-how and 

resource mobilization. 

4 Investing in 
research and 

innovation 

Promote localize 
research 

Research and development of renewable energy technologies and grid solutions 
best suited for regional geographic, climatic, and economic situations should be 

motivated. 

Building financing 

models 

Lofty financial schemes such as microfinancing, multi-sourcing, and green 

bonds will help decentralize RE projects, especially in rural or isolated grid 
zones. 

Pilot projects Commissioning pilot projects permits the testing of diverse VRE-incorporated 

technologies and methods, issuing important data for scaling up strides. 

5 Power system 

flexibility and 

systems integration 

Hybrid power 

system 

Installation of hybrid grids that constitute VRE and traditional generation/or 

other renewables, for the efficient matching of demand and supply. 

Demand-side 

management 

Running demand-side management programs such as time-of-use (ToU) tariffs, 

to displace power demand to correspond to renewable energy availability and 
cut down dependency on fossil fuels. 

Cross-border 

energy market 

Collaboration among regions and international energy sales helps mitigate 

variability in RE availability via grid interconnections with nearby nations. 

6 Public sensitization 

and stakeholder 

involvement 

Public awareness 

campaigns 

Organizing VRE sensitization campaigns increases awareness of carbon-free 

energy sources and fosters sustainable development (SG7). 

Community 

involvement 

Engaging local communities in RE planning and decision-making guarantees 

their needs are met and promotes universal acceptance of VRE projects. 

Involving the 
private sector 

Joining task forces with private companies will stimulate research, innovation, 
and the deployment of renewable technologies to meet local and country needs. 

7 Monitoring, 

evaluation, and 
constant upgrading 

Develop 

performance 
metrics 

Establishing parameters to trace the path covered by VRE integration projects, 

with emphasis on reducing CO2 emissions, grid reliability, and cost-effective 
energy strategies. 

Adaptive 

management 

Establish assessment loops for evaluating renewable energy policies, 

technologies, and infrastructure, and fine-tune strategies for mitigation. 

Data-driven 
decision 

Design and invest in real-time monitoring data analytics systems to obtain 
reliable information for decision-making, optimization of VRE efficiency, and 

grid robustness. 

 

V. Conclusions 

Challenges of integrating Variable Renewable Energy (VRE)—especially solar and wind—into electrical 

power grids. The focus is mainly on: 

• Supply-side variability (changes in solar/wind generation), 

• Demand-side variability (changes in electricity use by consumers). 

It examines how countries like China, Germany, Australia, Spain, the UK, and the USA handle these 

challenges using technology, economic tools, and policy actions. 

Main Challenges Identified 

1. Unpredictability of Solar and Wind Energy 

Solar and wind power depend on nature, so their output changes constantly (e.g., clouds or low wind). This 

makes it tough for grid operators to keep the system stable and reliable. 

2. Fluctuations in Power Demand 

Electricity demand also changes due to weather, time of day, and economic activity, making it harder to 

match supply and demand. 

Methodology Used in the Study 

The study carefully selected recent peer-reviewed articles (2020–2024) and high-quality technical reports. 

Only the most relevant and recent studies were included. 

 

Key Findings and Solutions 

   Technological Solutions: 

• Long-Duration Energy Storage (LDES): Stores extra power from solar/wind when it’s available, and 

releases it when needed (like during cloudy or windless hours). 

• Virtual Power Plants (VPPs): Combines small energy sources (like rooftop solar and batteries) to act as 

one big, flexible power source. 

• Smart Grids: These advanced grids allow real-time monitoring and quick responses to changes in 

electricity supply and demand. 

• Cross-Border Interconnections: Linking grids between countries or regions helps share renewable energy 

and balance supply and demand better. 

• Power-to-X (Sector Coupling): Converts renewable electricity to other energy forms (like hydrogen or 

heat), connecting the power grid with transport, heating, and industries. 

   Economic and Policy Measures: 

• Financial Incentives: Subsidies and tax breaks support the growth of renewable energy. 
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• Dynamic Pricing and Markets: Encourages users to shift their energy use to times when renewable 

energy is more available (e.g., using washing machines during sunny hours). 

• Capacity Markets: Make sure enough power is always available, even when renewable sources are low. 

    Grid Flexibility: 

A flexible grid can better adapt to changes, which is essential for managing renewables effectively. 

Proposed 7-Point Policy Framework 

The study offers a 7-part plan to help countries and stakeholders (governments, producers, operators, and 

consumers) work together to solve variability problems: 

1. Long-Duration Energy Storage 

2. Virtual Power Plants 

3. Smart Grids 

4. Cross-Border Interconnections 

5. Power-to-X (sector coupling) 

6. Financial support and incentives 

7. Policies that support grid flexibility and modernization 

Highlights of the Conclusion 

This review gives a clear overview of: 

• The current challenges in integrating solar and wind into power systems, 

• The latest technologies and strategies that countries are using, 

• And a conceptual policy framework to guide future action. 

It is especially useful for: 

• Researchers exploring renewable energy integration, 

• Industry professionals working on grid systems, 

• And policy makers aiming to build cleaner, more stable energy systems worldwide. 

 

Prospects 

Adding solar and wind power (known as variable renewable energy or VRE) to power grids brings both 

challenges and opportunities. One big challenge is that these sources depend on the weather and don’t produce 

power all the time, which can make it hard to keep the grid stable. However, using more renewable energy also 

brings chances to modernize the grid, improve sustainability, and ensure long-term energy security. 

To build the "grids of the future," countries around the world need to adopt new technologies and smart 

policies. These changes are key to solving the problems that come with using more solar and wind energy. 

One important step is to make the electrical grid more flexible. New solutions like smart grids, demand-

response systems, and advanced grid management will help match electricity supply with demand, even 

when solar and wind energy change quickly. Using artificial intelligence (AI) to predict energy production can 

also help grid operators plan better and keep the system running smoothly. 

Energy storage—especially batteries—will play a huge role. As battery technology improves, it will be easier 

to store extra renewable energy and use it later when the sun isn’t shining or the wind isn’t blowing. New types 

of storage, like flow batteries and solid-state batteries, will be especially useful for long-term storage. 

Governments also need to set up market systems that support flexibility and storage. These systems, like 

flexibility markets, will pay businesses and people who help balance the grid, especially when solar or wind 

power suddenly changes [68]. 

Using more renewable energy helps cut carbon emissions, reduce dependence on fossil fuels, and move us 

toward clean energy goals like those in the Paris Agreement. Countries around the world are using VRE to 

lead this green energy transition. 

Microgrids and Virtual Power Plants (VPPs) are becoming more common, too. These systems combine 

smaller energy sources—like rooftop solar panels, batteries, and smart appliances—so they can work together. 

They can either run on their own or connect with the main grid, helping to better handle VRE power. 

Because of the variable nature of solar and wind, grid flexibility is now more important than ever. Governments 

should invest in modern infrastructure, including stronger transmission systems, to help handle the ups and 

downs of renewable energy. This includes updating old power lines and making sure the grid can carry power 

from many different places [68]. 

Capacity mechanisms are also helpful. They make sure there is always enough backup electricity when 

renewables aren’t generating much. Market integration policies make it easier to move renewable power 

between different regions, helping to balance power over larger areas. 

Policies like Renewable Portfolio Standards and Feed-in Tariffs (FITs) support VRE growth. FITs, for 

example, guarantee a price for renewable energy, encouraging more people and companies to invest. Countries 

like the USA, Germany, and China have used these policies to grow their renewable sectors. 
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In the future, combining new technologies—like better batteries, AI forecasting, and international power-

sharing—with smart policies such as carbon pricing and grid upgrades will make it easier and more 

affordable to use renewable energy. This will lead to cleaner, stronger, and more reliable power systems 

[69]. 

 

Future Study 

This research paper does not claim to cover every detail of the topic, so there’s a need for future 

studies. More research should focus on how artificial intelligence (AI) can be used in power grids. For 

example, AI could be used to improve digital twins—virtual models of the grid—to help manage energy 

automatically, predict changes in renewable energy like solar and wind, and detect equipment problems before 

they happen. Strong cybersecurity systems will also be needed to protect these digital twins from possible 

cyberattacks in smart grids. 

In addition, training programs should be created so that all users and stakeholders know how to work 

with AI tools and understand the data from digital twins throughout their use, as explained in the policy 

suggestions shown in Table 5. 

Future research should also look into AI-based forecasting models that can give accurate weather 

predictions for very small areas and different time frames (short or long). These are important for tracking how 

much sun or wind energy can be produced. 

Another area of study could be the creation of super grids that link different countries or continents. 

This would allow areas with more sunlight or wind at different times to share power and support each other, for 

example, using solar energy during the day and wind power at night. Research could focus on how to make 

these networks efficient, reduce wasted energy, and keep the grid stable across large areas. 

Lastly, a detailed study is needed to understand the political, legal, and technical challenges that 

could slow down the global trade of renewable energy. These factors also affect how flexible and reliable power 

grids can be in the future. 
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