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Objective: This paper looks at the interrelation between capital allocation and 
reliability in the context of sustainable energy systems, stressing the importance of 
renewable resource deployment, obstacles to investments, energy storage, and grid 
infrastructure development, as well as flexibility. Method: This study employs a 
narrative literature review approach by examining recent evidence on renewable energy 
deployment, investment trends, energy storage, electricity transmission, grid flexibility, 
and infrastructure resilience. The review synthesizes relevant statistics and findings on 
renewable energy capacity expansion and cost competitiveness to assess how capital 
allocation strategies can support the reliability and sustainability of future energy 
systems. Results: Recent facts demonstrate that the competitive position of renewable 
technologies has been improving quickly. In 2024, global renewable power capacity 
additions amounted to 582 GW, which is a 19.8% rise from 2023. In addition to this, 
in 2024, 91% of newly built utility-scale renewable projects produced supply at a 
cheaper price compared to the cheapest possible fossil fuel alternative. At the same time, 
the quick implementation of renewable energy is, however, creating new expectations 
regarding storage, transmission, flexibility, and digital management of grids. Novelty: 
For this reason, the review states that future capital investments need to undergo a 
paradigm shift from generation-centered approaches to integrated portfolios that 
comprise renewable generation technologies, storage, transmission, flexibility, and 
resilience improvement infrastructure. 
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INTRODUCTION  

The world energy system is experiencing a major transformation under the 

influence of the same factors like climate goals, innovations, energy security challenges, 

and requirement to decrease reliance on carbon-based technologies [1]. That being said, 

now renewable energy sources are critical for the development of the energy sector, 

which is facilitated by technological progress, production efficiency improvements, as 

well as better supply chains and scalability of the projects [2]. Today, various kinds of 

renewable energy technologies receive wider applications in the national energy 

strategies due to their benefits in terms of environmental safety, increase in 

competitiveness, and contribution to energy security in the long run [3]. In the year 2024, 

renewable energy made up around 92.5% of the worldwide electricity capacity 

expansion. This shows the significance of renewable energy in the transition of electric 

power systems. Solar photovoltaic technology was dominant in renewable installations 

as technological development and production were ongoing [4]. The increase in 

renewable energy technology requires an increase in energy systems that will offer stable, 
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affordable, adequate, and sustainable energy. Therefore, the transformation of energy 

consumption and use should not solely depend on the increase of renewable energy 

capacity but also, on how much capital is allocated for energy-generating technologies 

and infrastructure facilities [5,6]. 

The growing integration of renewable energy gives rise to major issues around 

capital allocation and electricity-system reliability. Solar and wind generation depend 

heavily on weather, which leads to fluctuations in electricity production over time and in 

different areas [7]. With more reliance on these technologies, energy systems will have to 

be more flexible and invest in energy storage, transmission systems, demand-side 

management systems, forecasting systems, grid upgrades, and complementary 

generation resources [2,8]. The role of grid infrastructure is especially important since 

renewable energy sources are typically located far away from load centers and require 

the use of effective transmission and distribution networks. The International Energy 

Agency highlights the essential need for extensive enhancement and modernization of 

electricity grids to facilitate energy transition [9]. Energy storage has become an essential 

investment component as it helps even out short-term fluctuations, transfer electricity 

consumption from generation to demand periods and offer grid-support functions. The 

technology developments in batteries, energy management systems, and forecasting 

have also opened new avenues for the integration of renewable energy resources [10]. 

Nevertheless, poor investment in electricity generation with no similar investment in 

networks, storage, and flexibility could lead to many difficulties such as congestion, 

curtailment, connection delay, and reliability problems [11]. 

Investments based only on the costs or capacities of different technologies might 

miss the necessary qualities of the infrastructure required for proper integration of 

renewable energy [5]. Thus, a sustainable investment approach must analyze how 

technologies and infrastructure can enhance economic efficiency, energy security, 

reliability of the system, environmental performance, and long-term sustainability. This 

question is especially relevant for developing countries with their limited funding, 

infrastructural deficiencies, legal ambiguity, and varying degree of access to technologies 

[12]. It is through strategic capital allocation that the coordination of generation with 

storage, transmission, modernization of distribution networks, digital management, and 

demand flexibility can be achieved [13]. Consequently, this review investigates the 

relationship between capital allocation and reliability through four dimensions: 

investment in renewable energy and its economic competitiveness, financial and 

infrastructural barriers, reliability issues associated with renewable integration, and 

measures taken for the resilient development of sustainable energy [14,15]. Combining 

these aspects, this review points out the importance of coordinated investment in the 

transformation of energy supply and development of energy system that is economically 

efficient, technologically adaptable, reliable, and environmentally sustainable [16]. 
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METHODOLOGY 

A formal literature review was made in order to study capital allocation, barriers 

to investments, problems of reliability, technological advances, and resilience in 

sustainable energy systems. The literature search was accomplished using such 

referencing systems as Scopus, Web of Science, Science Direct, Google Scholar, and 

documents from respected world energy companies. The literature search was based on 

the use of relevant terms and phrases like sustainable energy systems, renewable energy 

investments, capital allocation, energy reliability, grid resilience, battery storage, and 

renewable energy transition. Research studies released predominantly from 2006 to 2026 

were taken to reflect the latest technological and financial developments. Scientific 

journal articles, credible reports from institutions and high-level technical literature 

directly linked to the research objectives were taken into consideration. Studies that 

featured insufficient relevance, methodological clarity and trustworthiness of 

quantitative data were eliminated from the analysis [17]. The results of the investigations 

carried out were thematically analyzed to determine the advancements in investments, 

price shifts, restrictions in reliability, responses due to technology and policy issues 

related to energy sustainability. 

 

RESULTS AND DISCUSSION 

Capital Allocation and the Changing Economics of Sustainable Energy 

Investment in sustainable energy systems increasingly favors renewable 

generation, as projects become competitive through technological maturity, economies of 

scale, manufacturing improvements, and enhanced supply chains as presented Figure 1. 

In 2024, worldwide renewable capacity additions reached 582 GW, reflecting continued 

speedup in renewable deployment and an increasing role within energy investment 

portfolios. Solar photovoltaic technology had the highest addition of new renewable 

capacity due to its relative scalability, technological maturity, and expanding 

manufacturing base [18]. The economic attractiveness of renewable energy has also 

strengthened considerably. Large-scale renewable projects entered the market in 2024, 

with 91% of this generating electricity at lower costs than the least expensive newly 

installed fossil-fuel alternative [9,19]. These actions indicate that there is a growing 

emphasis on environmental and economic goals supporting investment in renewables. 

Nevertheless, it is important to remember that just focusing on generation costs may not 

be an appropriate approach [20]. The outcome of investments can be influenced by 

multiple factors such as differences in availability of energy resources, project readiness, 

accessibility of grids, terms of financing, anticipated utilization, required infrastructure, 

and characteristics of market [11]. Nonetheless, capital allocation should take into 

account not only project-related requirements but also system-related kinds of benefits. 

The usage of portfolio-based approach to investments can help mitigate risks related to 

concentration of capital, increase capital efficiency, and promote balanced development 

of generation, storage, and supporting infrastructure [21]. 
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Figure 1. Capital Allocation and the Changing Economics of Sustainable Energy 

 

Financial, Infrastructure, and Investment Barriers 

Renewable technologies are gaining more relevance in the market, a number of 

problems that prevent effective capital allocation can be seen in various studies carried 

out in this area. The success of renewable technologies is affected not only by technology 

costs but by a wide range of other factors like access to finance, permitting processes, land 

accessibility, connection to grid, construction conditions, and revenue generation as 

presented in Figure 2. Therefore, technologies of the same type can show disparate 

investment outcomes in different countries and regions. It is true that recent studies show 

evidence of the increasing competitiveness of renewable technologies. According to 

IRENA, in 2024 solar photovoltaic electricity was about 41% cheaper than the cheapest 

fossil-fuel technology [22,23]. Nonetheless, lower generation costs do not help to 

eliminate barriers to financing and implementation. The infrastructure of the grid 

continues to be vital since renewable energy sources are typically far away from areas 

where there are high demands for electricity. It is calculated that 80 million km of 

electricity grids must be constructed or updated by the year 2040 to meet the targets of 

energy transitions [24]. If transmission and distribution capacities are not sufficient, there 

will be delays in connecting the new power sources, congestion in the existing networks, 

and the curtailing of renewables. It becomes evident that investments in renewable 

energy production must be coordinated with investments in network infrastructure, 

permitting capacity, chain supply, and institutional development [25]. This way, 

implementation, and efficiency of renewable energy financing projects will be ensured. 
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Figure 2. Financial, Infrastructure, and Investment Barriers 

 

Reliability Challenges in Renewable-Intensive Energy Systems 

Rising penetration of renewable energy is altering technical and operational 

requirements of electricity networks. Solar and wind power generation is inherently 

variable as it is determined by the weather, creating variations in energy supply and 

increasing the necessity for flexibility as presented in Table 1. As noted in the literature, 

energy storage, transmission, forecasting, demand-side response, interconnection, and 

flexible generation are all essential mechanisms to continue functioning reliably under 

the conditions of higher renewable penetration. Battery storage has been highlighted as 

a significant flexibility technology [26]. According to the International Energy Agency, 

battery storage capacity worldwide increased 40% in 2025 due to rapid growth of storage 

capacity in electricity systems with high share of renewable energy. The innovations in 

battery technology can be advantageous in providing services like shifting of electricity, 

regulation of frequency in the system, supporting peak electricity demand, balancing 

energy systems, providing backup energy, and managing congestion [27,28]. Therefore, 

it can be inferred that the technology has a role beyond the storage of surplus energy 

from renewable sources. However, it must be noted that storage does not solve all issues 

of reliability. Implementation of the required strategy of expansion of transmission 

facilities is important to deliver electricity to consumption centers. Moreover, proper 

forecasting is useful to optimize the scheduling and operations of electricity systems [29]. 

Demand-side management can be also used to relieve the overload of the system during 

the peaks of electricity demand and when renewable sources do not produce enough 

energy. The literature offers insights on the value of hydropower, flexible generation, 

interconnection, and diversified sources for increasing reliability in the electricity system 

[6,30]. 
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Table 1. Reliability challenges and mitigation measures in renewable-intensive 

energy systems 

Challenge  Implication Main mitigation measures 

Renewable variability Supply fluctuations and 
balancing needs 

Energy storage, forecasting, 
flexible generation 

Grid constraints Congestion and renewable 
curtailment 

Transmission expansion, 
interconnection 

Forecasting 
uncertainty 

Scheduling and balancing 
difficulties 

Improved forecasting and 
system planning 

Peak-demand periods Increased system stress Demand response, storage, 
flexible resources 

Limited system 
flexibility 

Reduced operational 
reliability 

Hydropower, batteries, 
diversified generation 

Fragmented 
investment 

Inefficient system-level 
performance 

Integrated investment in 
generation, storage, and 
networks 

 

Strategic Solutions for Resilient and Sustainable Energy Investment 

This study reveals that according to literature, successful energy investments 

demand an integrated approach, instead of only focusing on generation. Investments in 

renewable generation are closely associated with spending on energy storage, 

transportation, distribution systems, digital technologies, demand-side flexibility as well 

as institutions [31]. According to the IEA, the world needs to increase energy storage 

capacity by over six times before 2030 in order to achieve net zero path, which indicates 

the rising importance of energy storage in balancing renewable generation. In the same 

vein of thought, grid modernization is considered a crucial element for the integration of 

renewables [32,33]. It is anticipated that by 2040, alterations or improvements will be 

necessary in 80 million km of electric grids to help meet energy transition goals. 

Therefore, earlier publications draw attention to the need for investments in the 

expansion of transmission, upgrading of distribution, as well as for digital monitoring, 

automated control of electricity flows, forecasting, and flexible interconnectors [7,34]. 

Regulations and policies impact capital efficiency through regulatory predictability, 

competitive procurement, predictability of issuance, clear access to the grid, and 

mechanisms decreasing risks of investments. Moreover, the literature underlines the 

necessity of assessing social benefits such as dependability and resilience of the system, 

energy security, reduction of pollution, and operational flexibility [17]. Thus, the 

portfolio of integration of renewable energy generation, storage and electricity systems 

infrastructure, as well as demand response, and resilience makes it possible to overcome 

infrastructural hurdles and enhance the sustainability and flexibility of ruble-intensive 

energy systems [35]. 
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Figure 3. Strategic Solutions for Resilient and Sustainable Energy Investment. 

 

CONCLUSION 

Fundamental Finding: The transferal to sustainable energy systems relies heavily on the 

relationship between investment, technology, and power system reliability. Renewable 

energy has grown considerably cheaper and thus has secured a leading role in energy 

investments worldwide. However, increasing renewable generation will never guarantee 

reliability of power supply. With a share of renewables in the system increasing, other 

investments into energy storage facilities, grid, transmission, and distribution networks, 

flexible resources, information technologies, and demand management should also be 

made. Implication: According to the results, investment should evolve from a 

generation-based approach to using an integrated energy system approach that examines 

economic efficiency, reliability, resilience, and sustainability in the long run. By financing 

the development of renewable generations, as well as supporting infrastructure, 

investors can achieve higher capital efficiency, minimize reliability risks, and enhance 

energy resilience. Limitation: As long as financial barriers, infrastructural constraints, 

and regulatory uncertainty play a large role in energy system development, special 

attention will have to be given to developing economies. Future Research: Future 

research should examine how integrated investment strategies combining renewable 

energy generation, energy storage, grid infrastructure, flexible resources, and demand 

management affect power system reliability, resilience, and long-term economic 

efficiency. Further studies should also investigate financing mechanisms and regulatory 

frameworks that can overcome financial and infrastructural barriers, particularly in 

developing economies, to support the sustainable and reliable transition to renewable 

energy systems. 
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