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The fast growth of renewable energy systems brings fundamental changes to
current power networks while it creates new challenges for operational
management and system reliability and protection against operational failures. The
review presents a detailed assessment of all major technical and infrastructural and
economic and climatic and digital obstacles which organizations face when they
need to boost their renewable energy usage for maintaining steady power
availability. The world has experienced fast growth of renewable energy systems
which will make up 92.5% of all new power capacity in 2024 while developing new
strategies for power grid management through reliable system integration. The
review brings together all existing evidence about renewable energy system
fluctuations and power transmission network limitations and aging electrical
infrastructure and financial instability and supply chain problems and weather-

related risks and digital security vulnerabilities and the growing importance of
energy storage systems and flexible power grid operations. The success of system
integration depends on the unified progress of power transmission systems with
energy storage solutions and demand response programs and prediction systems
and adaptable power resources and modern grid technology and robust
infrastructure systems. The growing adoption of solar and wind power systems
brings new challenges because their unpredictable power output requires advanced
voltage and frequency control and power transmission management and system
adaptation and renewable energy shutdown operations. The aging infrastructure
now faces an increasing number of technical problems which also affect how people
view investment risks and how supply chains work and how weather patterns affect
operations and cybersecurity threats. The study shows that renewable power access
does not determine system reliability because power grid reliability depends on its
ability to flexibly connect and operate within its complete power network.

1. Introduction

The worldwide electricity industry experiences a major shift because traditional power plants which used fossil fuels now operate
with multiple renewable energy sources [Che, 2025]. The deployment of solar photovoltaic and wind and hydropower and other
renewable resources has sped up because of climate-change mitigation efforts and energy-security concerns and technological
progress and supportive policies and better renewable-energy technology performance [Kumar, 2020]. The energy transition
elevated renewable power from its role as backup electricity generation to its present position as a vital element which shapes
power system development [Tasnia, 2026, Cavus, 2025]. The world has experienced fast transformation because renewable
energy sources now take up almost 93 % of all new global power station capacity which will come online during 2024.The quick
expansion shows that power systems now generate more sustainable electricity but it creates doubt about their ability to handle
growing renewable capacity at the same rate it appears [Hossain, 2024] .The addition of new power plants does not guarantee
electrical system security because renewable energy generation requires proper transmission network access and sufficient
storage capacity and operational adaptability and network connections and consumer behavior monitoring and system operator
ability to maintain electrical demand and supply equilibrium [Hung, 2016].

1 © 2026 The Author(s). This open access article is distributed under the terms and conditions of the Creative Commons Attribution-NonCommercial-
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The rising amount of solar and wind power has become essential for maintaining power system stability because their energy
production depends on weather patterns and time-based variations. Solar power depends on sunlight intensity and weather
conditions and daily sunlight duration and seasonal changes while wind power generation depends on atmospheric changes
that occur throughout time and across different locations [Erdiwansyah, 2021, Hossain, 2022]. The system generates different
power levels that do not match residential electricity consumption so it produces too much power during certain times but it
could face power shortages during other periods [Erdiwansyah, 2021]. The system requires new operational methods because it
switched from using traditional synchronous generators to modern inverter-based power sources which affect how system
inertia and frequency response and voltage control and protection systems and ancillary services function [Sajadi, 2018]. The
existing infrastructure creates additional difficulties which make the operational problems more severe. The resources which
renew themselves exist at distant locations from big population centers which need power so utilities must build extra power
lines [Kumar, 2020, Ullah, 2025]. The electrical system has developed into a complex network because distributed solar power
and battery storage and electric vehicles and other decentralized technologies generate multiple directions of electricity flow.
The aging power delivery system needs to handle more traffic which causes its equipment to experience higher stress and
creates operational limits [Ghania, 2024]. The integration of renewable energy systems requires solutions which extend past
power generation since these systems need complete network management together with flexibility resources and storage
systems and accurate forecasting and advanced control technologies.

The reliability challenge becomes more difficult because economic and environmental and digital risks create complex
interactions with the system's technical limitations [Al-Shetwi, 2025]. The deployment of renewable power systems together with
their grid systems needs major financial backing because multiple supply chain elements create obstacles which lead to funding
risks and regulatory ambiguity and permission waiting times and equipment availability problems and international political
interference [Rahman, 2021]. The electrical system faces multiple simultaneous climate change impacts which include heatwaves
and droughts and storms and floods and wildfires that affect both power demand and generation capacity and essential
transmission systems. Digital systems now provide better monitoring capabilities together with operational control systems yet
organizations face growing cybersecurity threats and communication system breakdowns [Giedraityte, 2025]. The different risks
which connect to each other require a complete evaluation of renewable integration systems instead of studying individual
technologies independently [Erdiwansyah, 2021, Newaz, 2022]. The review conducts a detailed assessment of renewable energy
system risk and reliability issues which include generation variability and operational stability challenges and grid transmission
limitations and economic and supply chain risks and climate threats and cybersecurity risks and new flexibility options [Kiasari,
2024].

2. Methodology

The study employed a structured narrative review method to evaluate all major risk and reliability obstacles which renewable
energy systems face during their integration into contemporary power networks. The research team discovered pertinent
academic materials through their search of Scopus and Web of Science and Science Direct and Google Scholar while they also
reviewed chosen reports and statistical data from worldwide energy organizations [Hossain, 2025]. The review focused on
academic papers which appeared between 2008 and 2026 but included select earlier works to develop essential knowledge
about power system reliability and renewable energy system integration. The literature search process involved researchers who
combined specific terms to find their target information about renewable energy system integration and power system reliability
and variable renewable energy and grid stability and transmission congestion and energy storage and power system flexibility
and energy security and climate resilience and cybersecurity [lweh, 2021].

The collection of studies included research which focused on applicable technical and operational and infrastructural and
economic and environmental and digital aspects while presenting either empirical data or modeling results or conceptual
frameworks. The research team removed duplicate entries together with studies which did not match the selection criteria and
publications that lacked enough methodological details. This study used this framework to identify all system vulnerabilities
because they needed to determine which security and operational solutions would create a safe and dependable renewable
energy-based power grid [Xu, 2024]. The framework enabled the evaluation of all system vulnerabilities because it helped
determine which security and operational solutions would establish a safe and dependable renewable energy-based power grid.

3. Results and Discussion

3.7 Renewable Variability and Operational Reliability

The expanding use of solar and wind energy systems brings fresh operational challenges which affect how modern power grids

function as presented in Figure 1. The output of renewable resources remains outside human control because their generation

depends on natural weather elements which include sunlight intensity and cloud movement and wind velocity [Imon, 2025]. The

power output experiences short-term changes and extended seasonal shifts which force systems to increase their ability to

handle fluctuations and maintain their operational systems. The electric grid experiences two major effects on its frequency and
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voltage levels because renewable energy sources now operate through inverters instead of conventional synchronous generators
[Elkadeem, 2019, Mohamad, 2018]. Lower synchronous inertia may accelerate frequency responses during disturbances, while
changing and bidirectional power flows can increase voltage-management challenges. The system maintains its current reliability
because the renewable energy sources operate under standard conditions. The system needs to develop better prediction
systems which will help it handle power changes when they occur [Imon, 2025]. The ability to forecast better and spread
generation across different locations and store energy and adapt power plants and control customer demand will create a more
powerful system. The current capacity-based approach for reliability planning needs to develop into a flexibility-based system
which unites power generation with network operations and storage facilities and customer demand patterns for instant
coordination [Erdiwansyah, 2021, Khan, 2025].

Renewable Variability and Operational Reliability

Storage facilities

Network operations

Control customer Adapt power plants
demand
Figure 1. Renewable Variability and Operational Reliability

3.2 Grid Infrastructure and Transmission Constraints

The transmission and distribution infrastructure operates as the essential connection which enables renewable power generation
to deliver stable electricity to customers as presented in Figure 2. The original design of current power networks based their
layout on centralized power plants which managed predictable power flows through single-directional systems [Ahmed, 2020].
The quick growth of renewable energy sources has transformed this system because strong wind and solar power potential
exists at distant locations which need power distribution. The world experienced a 15.1% growth in renewable power capacity
during 2024 which created new demands for proper transmission and distribution systems to link fresh power generation with
consumer electricity use [Howlader, 2026, Alshahrani, 2019]. The fast growth of renewable energy projects without proper
network development leads to transmission system restrictions which block complete renewable energy delivery to residential
end users. In these scenarios, the available renewable generation could have to be curtailed as a result of networks not being
able to offer sufficient capacity and/or operational flexibility [Wu, 2018]. That leads to poorer asset utilization and illustrates the
need to synchronize new generation developments with the introduction of new networks. This is a considerable challenge since
planning electricity networks takes time due to the long period of planning, permitting, and construction which makes it
impossible to react to investment delays with installed renewable generation [Thacker, 2019]. Distribution networks face
comparable troubles caused by the requirement for modal flows of energy that renewable energy technologies create. Similarly,
obsolete transformers, substations, transmission lines, etc. have limited ability to react to such changes [Akhtaruzzaman, 2025].
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Grid Infrastructure and Transmission Constraints

Network Planning
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Figure 2. Grid Infrastructure and Transmission Constraints

3.3 Economic, Investment and Supply-Chain Risks

The advancement of renewable energy is influenced by technological advancements as well as stable financial, institutional, and
supply chain conditions. Most renewable energy projects require considerable financial investment beforehand, which means
that financing costs, revenue certainty, and regulations play significant roles in their development [Adeyinka, 2024]. Negative
financial climate, policy uncertainty, and lack of access to cheap money affect investments in renewable resources and
technology negatively. The risk of unreliability goes beyond individual power generation projects since renewable energy
systems need coordinated investment in transmission networks, distribution, energy storage, IT facilities, protection systems, and
flexible resources [Al-Shetwi, 2025, Shafiullah, 2022]. These components can lead to an imbalance between generation growth
and the infrastructure needed for reliable integration [Hossain, 2025]. Moreover, the concentration of global supply chains
makes the system more susceptible to the disruptions that involve crucial minerals, batteries, power electronics, transformers,
solar equipment, and wind turbines. Political issues around the world, restrictions on trade, the bottlenecks in transportation, and
manufacturing problems can jeopardize infrastructure development [Imon, 2025]. Thus, the development of economic
sustainability requires diversification of procurement, predictable laws’ frameworks, and recycling and material recovery systems,
as well as coordinated infrastructure planning. Hence, economic and supply-chain sustainability should be regarded as two
important elements of reliability of power systems [Alam, 2020].

3.4 Climate Risks, Extreme Events and Cybersecurity

Power-system reliability is increasingly influenced by climate-related events, which impact not only the generation of electricity
but energy infrastructure and energy consumption as presented in Table 1. During a heatwave, cooling needs go up while at the
same time putting further stress on transmission and distribution hardware [Stafford-Smith, 2016]. Droughts limit the amount of
water needed for hydropower and other power generation processes dependent on water sources. Storms, floods, and wildfires,
as well as extreme temperatures, can also damage transmission lines, sub-stations, renewable energy sites, and distribution
subsystems. Low wind and solar generation might lead to energy issues when output from renewable generation is low during
peak demand periods [Kiasari, 2024]. Traditional weather patterns may fail to serve as the basis for reliability assessment in the
future, with changes in climate and extreme event characteristics. At the same time, the growing digitalization is introducing
interconnected risks in cybersecurity due to smart meters, sensors, automated substations, communication networks, and
remote-controlled resources [Strielkowski, 2021]. While these technologies bring the increased visibility of systems and ensure
operational flexibility, they also widen the possible attack surface. As a result, the resilient energy planning has to consider
climate adaptation and cybersecurity at the design level. Hardening of infrastructure, geographical diversification, redundancy,
secure communication, segmentation of networks, constant monitoring and fail-safe procedures, and quick recovery
mechanisms play a vitally important role in minimizing subsequent failures occurring in the electricity systems that become more
interconnected [Wang, 2018, Hossain, 2023, Duchesne, 2020, Adefarati, 2016].
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Table 1. Climate Risks, Extreme Events, and Cybersecurity in Power Systems

Risk factor Impact on power systems Mitigation measures
Heatwaves Increased demand and equipment Infrastructure upgrading and demand
stress [Stafford-Smith, 2016] management
Droughts Reduced hydropower generation Energy-source diversification
Storms, floods, and wildfires Damage to power infrastructure Infrastructure hardening and redundancy
Low renewable output Electricity supply shortages [Kiasari, | Energy storage and diversified generation
2024]
Changing climate patterns Reduced reliability of historical Climate-informed planning
assessments
Cybersecurity threats Disruption of digital control systems | Secure communication and network
[Strielkowski, 2021] monitoring
Combined climate and cyber risks | Cascading failures Network segmentation, fail-safe systems,
and rapid recovery [Elkadeem, 2019,
Mohamad, 2018, Imon, 2025, Khan, 2025]

3.5 Energy Storage, Flexibility and Integrated Reliability Solutions

The role of energy storage in enabling power systems that rely heavily on renewable energy is considerable because of its ability
to separate electricity production from demand as presented in Table 2. Energy storage systems can store excess electricity
during times of high renewable production and release stored energy at times of lower generation or rising demand, while also
being able to handle frequency regulation, reserve capacity and peak-shaving services [Hossain, 2025]. Improvements in battery
technology have increased the scope of energy storage with the installed cost of large-scale batteries dropping by about 93%
from 2010 to 2024 [Ebhota, 2019]. Still, energy storage cannot solve all reliability issues by itself when it comes to super-long
periods with little renewable electricity or seasonal imbalance of the supply and the demand. It is crucial to have a variety of
flexible resources in place [Aslam, 2025]. With demand response, the energy consumption can be directed toward the times of
highest renewable generation, while better connections between regions can help in overcoming the spatial imbalance of
generation and loads [Li, 2023]. Better forecasting allows reducing the uncertainty regarding the performance of different
devices, while new inverter technologies can provide improved frequency and voltage support. Availability of flexible generation
and long-term energy storage can provide extra capacity on demand. Thus, successful renewable integration hinges on the
coordinated use of storage, transmission, demand flexibility, forecasting, digital control, and diverse generation [Pandey, 2020].

Table 2. Energy Storage, Flexibility, and Integrated Reliability Solutions

Solution Role in power-system reliability
Energy storage Stores surplus electricity and supplies it during low generation or peak demand [38]
Battery technology Reduces storage costs; utility-scale battery costs fell by about 93% from 2010 to 2024
Demand response Shifts electricity consumption to periods of high renewable generation [Rahman, 2021]
Regional interconnections Balances electricity supply and demand across regions
Improved forecasting Reduces uncertainty in renewable energy generation
Advanced inverters Supports frequency and voltage stability
Flexible generation and long-duration | Addresses prolonged generation shortages and seasonal imbalances [Hossain, 2023]
storage
Integrated planning Coordinates storage, transmission, demand flexibility, digital control, and diverse

generation [Duchesne, 2020]

4. Conclusion

The continual growth of renewable energy sources is bringing a major change in the way modern electricity systems operate and
in their setups, notwithstanding the arising reliability problems due to thus brought connectivity. The article highlights as system
risk factors renewable variability, the presence of transmission constraints, issues with ageing infrastructure, unpredictability of
investments, supply-chain problems, weather-related extremes, and vulnerability to cyber threats. These factors overlap
differently between the technical, economic, environmental, and digital domains, which implies that it is pointless to seek
solutions in certain areas only. The increase of the amount of energy that comes from renewable sources does not automatically
entail issues related to the reliability of the power system, and it is determined by the right level of development of grid
networks, energy storage, flexibility, controlling functions, and institutional capacity of the new energy systems. Solutions
helping improve system performance include the use of energy storage technologies, demand-response methods, expansion of
electric transmission capacities, advanced weather forecasting techniques, modernization of electric grids, using varied energy
sources, and developing climate-resistant infrastructure.
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