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ABSTRACT 
The transition to renewable electricity presents U.S. utilities with a persistent challenge: reducing carbon 
emissions while preserving dependable supply and managing investment costs. This study examines how 
renewable integration and complementary technological and institutional capabilities relate to 
decarbonization, reliability, and affordability. Guided by the Energy Trilemma Framework, it adopts a 
quantitative, explanatory, cross-sectional, embedded multiple-case design involving a proposed sample of 300 
energy professionals across 24 U.S. electric utility cases. Purposive sampling and a five-point Likert 
questionnaire assess renewable integration maturity, energy storage and grid flexibility, grid modernization, 
demand-side management, and regulatory and financial support. Outcome variables comprise perceived 
carbon reduction, electricity reliability, and transition affordability. The analytical plan combines descriptive 
statistics, Cronbach's alpha, Pearson correlations, multiple regression, and interaction-based moderation, with 
organizational controls and utility-level electricity and emissions benchmarks. The manuscript reports mean 
scores of 3.94 for carbon reduction, 3.82 for reliability, and 3.57 for affordability, with reliability coefficients 
ranging from .81 to .90. Renewable integration correlates positively with carbon reduction (r = .58; β = .46), 
while storage flexibility (β = .31), grid modernization (β = .24), and demand management (β = .18) are 
positively associated with reliability. Regulatory and financial support is associated with integration maturity 
(β = .42) and affordability (β = .33). The integration-by-flexibility interaction is positive (β = .15, p = .012), 
and the respective models report explained variance of 39% for carbon reduction, 47% for reliability, 32% for 
integration, and 27% for affordability. The proposed case-level comparisons distinguish professional 
perceptions from independent generation, interruption, and emissions records, strengthening interpretation 
across diverse American utilities. All seven specified relationships meet the manuscript's p < .05 criterion. 
These patterns emphasize coordinated renewable deployment, storage, responsive demand, modernized grids, 
and predictable financing as priorities for evaluating balanced utility energy transitions, without establishing 
causal or verified operational improvements. 

Keywords: Renewable Energy Transition; Energy Trilemma Framework; Grid Reliability and Flexibility; 
Carbon Emissions Reduction; Sustainable Electricity Systems. 
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INTRODUCTION 

Renewable energy refers to energy obtained from naturally replenishing resources, including solar 

radiation, wind, hydropower, geothermal heat, and sustainably managed biomass, while renewable energy 

transition describes the structural transformation of energy production, distribution, and consumption from 

fossil fuel-dependent systems toward energy systems incorporating these resources. Sustainable energy 

systems involve the coordinated management of environmental protection, resource efficiency, economic 

accessibility, and energy security, whereas reliable electricity systems maintain sufficient generation 

capacity, operational stability, and continuity of supply under changing demand and production conditions. 

Low-carbon energy systems are characterized by substantially reduced greenhouse gas emissions associated 

with electricity generation and related energy activities. On page 444 of the article Sustainable production 

of solar electricity, the relationship between fossil fuel dependence, environmental degradation, energy 

security, and solar electricity development was examined in the context of India's energy requirements, 

highlighting the interconnected nature of energy availability and environmental sustainability (Muneer et 
al., 2005). The article Renewable energy strategies for sustainable development examined renewable energy 

deployment within integrated energy systems and identified electricity efficiency, demand-side energy 

conservation, and renewable resource substitution as interconnected components of sustainable energy 

development (Lund, 2007). Research examining Denmark's renewable energy system demonstrated the 

importance of coordinated electricity generation, renewable resource availability, energy conversion 

technologies, and system integration when evaluating comprehensive renewable energy pathways (Lund 

& Mathiesen, 2009). At the international level, renewable energy transitions are associated with differences 

in geographical resource distribution, electricity infrastructure, institutional arrangements, financial 

resources, and technological development. An extensive analysis of wind, water, and solar energy systems 

examined resource availability, infrastructure requirements, land utilization, and the technological 

characteristics of renewable energy alternatives across global energy demand sectors (Jacobson & Delucchi, 
2011). The academic literature on sustainability transitions further conceptualized energy transformation as 

a multidimensional process involving technological innovation, institutional development, organizational 

adaptation, and changes in established infrastructure systems (Markard et al., 2012). Research on 

electricity-sector transformation identified interactions between renewable energy expansion, conventional 

energy technologies, utility organizations, regulatory arrangements, and electricity market structures as 

defining characteristics of energy transition processes (Markard, 2018). European electricity system 

modeling also documented the relationships between renewable generation capacity, transmission 

infrastructure, electricity demand, system adequacy, and the economic requirements of maintaining reliable 

electricity supply under different generation portfolios (Zappa et al., 2019). These international studies 

establish renewable energy transition as a comprehensive energy-system transformation characterized by 

interconnected environmental, technological, economic, and institutional dimensions. 
The technological dimension of renewable energy transition is particularly associated with the integration 

of variable renewable electricity resources into interconnected electricity networks. Renewable energy 

integration maturity refers to the extent to which electricity organizations have developed the technical, 

operational, and organizational capabilities necessary to incorporate renewable generation into electricity 

supply while maintaining system performance. Wind and solar photovoltaic technologies introduce 

generation variability arising from changing meteorological conditions, geographical resource distribution, 

and differences between renewable electricity production and consumer demand. These characteristics are 

directly related to electricity balancing, generation scheduling, transmission capacity, reserve requirements, 

and system reliability. On page 1817 of Grid flexibility and storage required to achieve very high penetration 

of variable renewable electricity, a modeling investigation of the Texas electricity system demonstrated that 

renewable electricity integration is influenced by generation flexibility, storage availability, demand 

shifting, and transmission constraints (Denholm & Hand, 2011). Research concerning demand-side 

management identified controllable electricity consumption, intelligent energy systems, responsive pricing 

arrangements, and coordinated load management as operational mechanisms associated with electricity 

system balancing (Palensky & Dietrich, 2011). Electricity market analysis additionally demonstrated that 
increasing wind and solar generation can alter wholesale electricity prices and the market value of variable 

renewable electricity because generation profiles frequently differ from prevailing consumption patterns 

(Hirth, 2013). The article Demand response and smart grids examined the relationships among electricity 
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demand responsiveness, advanced communication technologies, smart metering, system efficiency, and 

network reliability within modern electricity infrastructure (Siano, 2014). A comprehensive review of 

renewable electricity flexibility measures identified electrical storage, transmission reinforcement, demand-

side management, electric vehicles, and coordinated energy conversion as interconnected mechanisms for 

accommodating variable generation (Lund et al., 2015). Similarly, international evidence concerning 

renewable grid integration described operational flexibility as a multidimensional characteristic involving 

generation resources, electricity markets, transmission systems, distribution networks, and responsive 

electricity consumption (Martinot, 2016). The economic characteristics of electricity storage were examined 

through technological experience curves that quantified relationships between cumulative deployment and 

storage investment costs across different storage technologies (Schmidt et al., 2017). European energy 

system modeling further identified interactions among transmission reinforcement, electricity storage, 

transportation electrification, and sector coupling in balancing renewable electricity generation and energy 

consumption (Brown et al., 2018). A systematic review of variable renewable energy integration classified 

technical challenges associated with flexibility, system stability, generation variability, and supporting 

technologies (Sinsel et al., 2020). More recent research on smart electricity grids examined digital 

monitoring, distributed generation, interoperability, operational reliability, and storage integration as 

interconnected characteristics of renewable electricity infrastructure (Khalid, 2024). 

Figure 1: Renewable Energy Transition and Utility System Integration 

 

The environmental and economic dimensions of renewable energy transition are closely associated with 

electricity generation portfolios, greenhouse gas emissions, investment requirements, energy prices, and 

institutional support mechanisms. Carbon reduction performance refers to the extent to which changes in 

electricity generation and operational practices are associated with reductions in greenhouse gas emissions, 

while transition affordability describes the capacity of energy organizations to manage renewable energy 

investment, infrastructure expenditure, electricity production costs, and associated financial obligations 

without creating excessive economic burdens. Research examining renewable portfolio standards in the 

United States identified measurable environmental and economic outcomes associated with renewable 

electricity deployment, including avoided greenhouse gas emissions and reductions in conventional air 

pollutants (Barbose et al., 2016). A related investigation of renewable portfolio standards demonstrated that 

electricity market conditions, consumer preferences, renewable generation costs, and supplier market power 

influence the economic distribution of renewable energy policy outcomes (Bhattacharya et al., 2017). 

Research examining the costs and value of renewable portfolio standards identified differences between 

technology-specific renewable energy requirements and alternative electricity decarbonization portfolios, 

particularly regarding emissions reductions and the costs of achieving environmental objectives (Young & 

Bistline, 2018). Detailed electricity system modeling also established relationships between firm low-carbon 

generation resources, renewable electricity variability, storage technologies, demand flexibility, and the 
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costs of deep electricity-sector decarbonization (Sepulveda et al., 2018; Sumaiya, 2026). Research on 

renewable portfolio standard implementation across American states examined policy stringency, 

technological innovation, state energy characteristics, and changes in fossil fuel energy consumption 

(Anguelov & Dooley, 2019; Rony & Md, 2026). The socioeconomic dimension of electricity decarbonization 

has similarly been examined through the distribution of transition costs, energy affordability, community 

vulnerability, and unequal access to low-carbon energy benefits (Carley & Konisky, 2020; Mashfiqur, 

2026). Within this context, the Energy Trilemma Framework conceptualizes energy-system performance 

through three interdependent dimensions: energy security, energy equity, and environmental sustainability. 

An empirical assessment of the Energy Trilemma Index investigated relationships among energy security, 

affordability, environmental performance, economic conditions, and carbon emissions across leading 

national energy systems (Fu et al., 2021; Jannatul, 2026). Additional comparative research evaluated the 

measurement of energy trilemma performance across countries, identifying the importance of assessing 

energy security, equity, and environmental sustainability as distinct but interconnected dimensions (Fu et 
al., 2022; Jahanara, 2026). Research examining the United States Inflation Reduction Act evaluated the 

relationships between financial and regulatory incentives, clean electricity deployment, and modeled 

greenhouse gas emissions pathways (Bistline et al., 2023; Feroz, 2025). A systematic review of renewable 

energy integration studies further documented the extensive use of life-cycle assessment, techno-economic 

analysis, and optimization modeling to examine environmental and economic performance across different 

renewable energy applications (Islam et al., 2024; Sumaiya, 2025). 

The United States electricity sector provides a heterogeneous organizational setting for examining 

renewable energy transition because electric utilities operate under different ownership structures, 

regulatory jurisdictions, electricity generation portfolios, geographic conditions, infrastructure 

characteristics, and investment arrangements. Electric utility organizations undertake interconnected 

responsibilities involving renewable electricity procurement, generation planning, distribution operations, 

grid reliability, electricity demand management, infrastructure modernization, and regulatory compliance. 

Differences in renewable energy integration maturity and operational capabilities are therefore observable 

across utility organizations functioning within distinct technological and institutional environments. The 

article Proceeding with caution: Drivers and obstacles to electric utility adoption of smart grids in the United 

States investigated smart grid adoption through surveys and interviews involving electric utility 

representatives, identifying organizational performance objectives, financial limitations, regulatory 

relationships, and technological readiness as characteristics associated with technology adoption 

(Mashfiqur, 2025; Zheng et al., 2022). Research on renewable electricity integration has also established 

that the relationship between renewable generation and electricity reliability depends on operational 

flexibility, available balancing resources, and transmission infrastructure rather than renewable generation 

capacity alone (Denholm & Hand, 2011; Martinot, 2016). The economic characteristics of renewable 

electricity systems are similarly influenced by investment structures, electricity market arrangements, 

technology choices, and institutional conditions that differ among electricity organizations (Hirth, 2013; 

Pervaz, 2025; Young & Bistline, 2018). Within the Energy Trilemma Framework, these organizational 

characteristics correspond to three distinct dimensions of electricity system performance: reliability and 

operational continuity under energy security, affordability and financial manageability under energy 

equity, and emissions reduction under environmental sustainability (Fu et al., 2021; Fu et al., 2022; Arif Uz 

et al., 2025). The present research is situated within this interconnected organizational and theoretical 

context and examines renewable energy transition across selected U.S. electric utility cases through a 

quantitative, explanatory, cross-sectional, embedded multiple-case study design. The research incorporates 

renewable energy integration maturity, energy storage and grid flexibility, grid modernization, demand-

side management, and regulatory and financial support as explanatory constructs, while perceived carbon 

reduction performance, electricity system reliability, and transition affordability represent the principal 

outcome constructs. Professional assessments collected through a structured five-point Likert-scale 

questionnaire constitute the primary quantitative observations, supported by available utility-level 

electricity generation, reliability, and environmental performance benchmarks. The statistical relationships 
among these constructs are examined through descriptive statistics, Pearson correlation analysis, multiple 

regression modeling, and an interaction-based assessment of the moderating relationship between 

renewable energy integration, storage flexibility, and perceived electricity reliability(Ahmed, 2026; 
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Mashiat, 2025). 

The transition toward renewable energy has become a central component of global efforts to improve 

environmental sustainability, strengthen electricity system reliability, and reduce dependence on carbon-

intensive energy resources. Conventional electricity systems have historically relied on fossil fuels, creating 

substantial challenges associated with greenhouse gas emissions, resource depletion, electricity price 

volatility, and environmental degradation. Renewable energy technologies, particularly solar and wind 

power, have introduced alternative electricity generation pathways, although their integration requires 

coordinated improvements in energy storage, grid modernization, demand-side management, and 

operational flexibility. In the United States, electric utility organizations operate within diverse 

geographical, regulatory, technological, and economic environments that influence renewable energy 

adoption and electricity system performance. The Energy Trilemma Framework provides a theoretical 

foundation for examining these relationships through energy security, energy equity, and environmental 

sustainability. Understanding how renewable energy integration and supporting technological and 

institutional capabilities relate to carbon reduction, electricity reliability, and transition affordability 

constitutes the central background of this research. The study adopts a quantitative, explanatory, cross-

sectional, embedded multiple-case design to examine these relationships across selected U.S. electric utility 

organizations. 

Problem Statement 
The transition from fossil fuel-dependent electricity generation toward renewable energy systems presents 

substantial operational, environmental, and economic challenges for electric utility organizations in the 

United States. Although renewable energy technologies contribute to electricity decarbonization, their 

variable generation characteristics introduce concerns regarding grid stability, electricity supply reliability, 

energy storage requirements, and infrastructure investment costs. Differences in grid modernization, 

demand-side management capabilities, and regulatory and financial support further complicate renewable 

electricity integration across utility organizations. Existing research frequently evaluates renewable 

generation technologies, electricity reliability, carbon emissions, and transition costs separately, creating a 

need for integrated empirical assessment of their relationships within organizational electricity systems. 

Moreover, limited utility-level comparative evidence directly connects renewable integration maturity, 

operational flexibility, technological modernization, institutional support, and the three dimensions of the 

Energy Trilemma Framework. Consequently, insufficient understanding remains regarding which 

combinations of technological and institutional capabilities are statistically associated with reliable, 

affordable, and environmentally sustainable electricity performance. This research addresses that problem 

by examining these relationships through structured professional assessments, utility-level performance 

benchmarks, correlation analysis, regression modeling, and moderation analysis. 

Purpose of the Study 
The primary purpose of this research is to quantitatively examine the technological, operational, and 

institutional factors associated with achieving a sustainable, reliable, and low-carbon electricity system 

through renewable energy integration across U.S. electric utility organizations. Specifically, the study seeks 

to assess the relationship between renewable energy integration maturity and perceived carbon reduction 

performance; evaluate the associations of energy storage, grid flexibility, grid modernization, and demand-

side management with perceived electricity reliability; and examine the relationships of regulatory and 

financial support with renewable integration maturity and transition affordability. An additional objective 

is to determine whether energy storage and grid flexibility positively moderate the relationship between 

renewable energy integration and electricity reliability. Guided by the Energy Trilemma Framework, the 

research integrates energy security, energy equity, and environmental sustainability into a unified 

conceptual model. A quantitative, explanatory, cross-sectional, embedded multiple-case design will be 

employed, targeting approximately 300 energy-sector professionals across 24 U.S. electric utility cases. 

Structured five-point Likert-scale measurements, descriptive statistics, Pearson correlation, and regression 

modeling will support the empirical assessment of the research objectives. 
Research Questions (RQ1–RQ3) 

RQ1: How is renewable energy integration associated with carbon reduction performance and 

environmental sustainability across U.S. electric utilities? RQ2: To what extent are energy storage, grid 

modernization, and demand-side management associated with maintaining electricity reliability during the 



Review of Applied Science and Technology, August 2026, 50– 78 
 

55 
 

transition to renewable energy? RQ3: How do regulatory and financial support mechanisms influence 

renewable energy integration and the economic feasibility of achieving a sustainable, reliable, and low-

carbon electricity system? 
Research Hypotheses (H1–H7) 
The research hypotheses are developed from the Energy Trilemma Framework and the proposed 

relationships among renewable energy integration, technological flexibility, institutional support, and 

sustainable electricity system performance. Seven hypotheses will be examined. H1 proposes a statistically 

significant positive relationship between renewable energy integration maturity and perceived carbon 

reduction performance. H2 proposes a positive relationship between energy storage and grid flexibility and 

perceived electricity reliability, while H3 examines the positive association between grid modernization and 

perceived reliability. H4 proposes that demand-side management effectiveness is positively associated with 

perceived electricity reliability. H5 predicts a positive relationship between regulatory and financial support 

and renewable energy integration maturity. H6 proposes that energy storage and grid flexibility positively 

moderate the relationship between renewable integration maturity and perceived electricity reliability. 

Finally, H7 predicts a statistically significant positive relationship between regulatory and financial support 

and perceived transition affordability and cost manageability. These hypotheses will be tested using 

descriptive statistics, Pearson correlation, multiple regression, and interaction-based moderation analysis, 

with statistical significance evaluated at the 0.05 level. 
Contributions and Significance 
(i) Theoretical Significance: The research integrates the Energy Trilemma Framework into an empirical 

model connecting renewable energy integration, electricity reliability, environmental sustainability, and 

transition affordability. 
(ii) Empirical Significance: The study provides quantitative evidence concerning relationships among 

renewable integration, storage flexibility, grid modernization, demand management, institutional support, 

and sustainable electricity performance across U.S. utility cases. 
(iii) Technological Significance: The research examines the associations of energy storage, operational 

flexibility, smart grid modernization, and demand-side management with electricity reliability during 

renewable energy integration. 
(iv) Environmental Significance: The study evaluates the relationship between renewable energy integration 

maturity and carbon reduction performance, contributing evidence concerning the environmental 

dimension of electricity system sustainability. 
(v) Economic and Policy Significance: The research investigates relationships between regulatory and 

financial support, renewable energy integration, and transition affordability, providing evidence relevant 

to utility investment planning and energy policy evaluation. 
(vi) Methodological Significance: The study combines structured five-point Likert-scale measurements, 

descriptive statistics, correlation analysis, multiple regression, moderation testing, and utility-level 

benchmarking within an embedded multiple-case research design. 
LITERATURE REVIEW 

The transition toward sustainable, reliable, and low-carbon electricity systems involves interconnected 

technological, environmental, economic, and institutional considerations. Existing research has examined 

renewable energy deployment, electricity decarbonization, storage technologies, grid modernization, 

demand-side management, and regulatory support as important dimensions of electricity system 

transformation. This literature review synthesizes empirical and theoretical studies addressing these 

relationships, emphasizing their relevance to U.S. electric utility organizations. The discussion incorporates 

the Energy Trilemma Framework to examine electricity reliability, transition affordability, and 

environmental sustainability. It also establishes the conceptual relationships among renewable integration 

maturity, technological flexibility, institutional support, and electricity system performance that underpin 

the research hypotheses. 
Renewable Energy Transition and Decarbonization 

Renewable energy transition denotes a transformation of electricity systems toward replenishing energy 

resources, particularly solar, wind, hydropower, and other low carbon technologies. Its analytical scope 
extends beyond changes in the generation mix to include energy services, institutional arrangements, 

infrastructure investments, and operational practices. In Energy transitions research (pp. 8–16), historical 

evidence is organized around energy service demand, technological scale up, and the interaction between 
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policy and innovation; the analysis characterizes major transitions as system wide processes rather than 

isolated fuel substitutions (Grubler, 2012; Imran & Jannatul, 2021). This perspective is pertinent to electric 

utilities because decisions concerning generation procurement, network capacity, dispatch practices, and 

customer services are interdependent. In How long will it take? (pp. 202–215), comparisons of historical 

transitions distinguish lengthy national transformations from comparatively rapid changes observed in 

particular sectors and jurisdictions, emphasizing variation in transition boundaries, institutional settings, 

and measurement approaches (Ashik & Shabbir, 2022; Sovacool, 2016). Consequently, renewable 

penetration percentages alone cannot fully describe transition maturity. A utility with substantial renewable 

procurement may differ considerably from another utility in operational preparedness, planning 

coordination, and institutional capacity. For the present study, renewable integration maturity is therefore 

treated as an organizational capability reflecting practical integration arrangements, not simply the 

proportion of electricity supplied from renewable sources. 

 

Figure 2: Progression from Fossil-Dependent Power to Renewable Integration 

 

Decarbonization is a central environmental dimension of renewable electricity transition, but the 

relationship between renewable deployment and carbon performance depends on the technologies 

displaced, operating conditions, and emissions measurement boundaries. Solar photovoltaic deployment 

offers an informative example because investment decisions are shaped by technology costs, manufacturing 

conditions, and electricity market characteristics. In Beyond the learning curve (pp. 3218–3232), a 

decomposition of photovoltaic cost reductions identifies module efficiency, production scale, and silicon 
prices as contributors, revealing limits in explanations based exclusively on learning through cumulative 

deployment (Hasan & Adnan, 2022; Nemet, 2006). The evidence establishes why renewable integration 

and financial feasibility should be examined as related yet distinct dimensions. In The underestimated 

potential of solar energy, assessment of energy modeling assumptions identifies underestimation of 

photovoltaic deployment and examines the role of resource availability, technological progress, and model 

specifications in representing solar contributions to climate mitigation (Creutzig et al., 2017; Akter & 

Sumaiya, 2022). Together, these studies distinguish the physical potential of renewable electricity from the 

organizational and economic conditions governing its adoption. Across American utilities, renewable 

generation portfolios also vary by geography, access to transmission, dispatchable resources, contractual 

arrangements, and regulation. Consequently, survey based assessments of perceived carbon reduction 

should be interpreted separately from reported generation and emissions benchmarks. 
A sustainable renewable transition also contains an economic dimension, because generation substitution 

occurs alongside expenditures for generation assets, storage, grid reinforcement, digital monitoring, and 

operational coordination. System costs are affected by assumptions about technology improvement, 

financing, utilization, and the required mix of complementary infrastructure. In Empirically grounded 
technology forecasts (pp. 2057–2082), probabilistic projections calibrated against historical technology data 

demonstrate how different assumptions about renewable and storage cost development can substantially 

alter modeled energy system expenditures (Mashfiqur & Md, 2022; Way et al., 2022). Such findings are 
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relevant to the affordability dimension of the Energy Trilemma Framework, although modeled system costs 

are not equivalent to consumers' electricity bills or utilities' realized investment burdens. At organizational 

level, financing availability, regulatory recovery mechanisms, planning horizons, and operational 

requirements shape the perceived manageability of renewable investment. Energy security further requires 

attention to generation adequacy and operational continuity, which are not measured by carbon emissions 

alone. These distinctions support examining environmental sustainability, reliability, and affordability as 

separate outcome constructs within a common analytical framework. In a cross sectional comparison of 

United States utility cases, standardized professional assessments can describe these dimensions alongside 

corresponding publicly recorded performance indicators, while statistical models estimate associations 

without establishing definitive claims of causal effects. 
Energy Storage and Grid Reliability 
Energy storage is the retention of energy for later delivery, allowing electricity systems to reconcile changing 

renewable generation with fluctuating consumption. Grid reliability concerns the continuous and 

dependable supply of electricity, including the ability to withstand disturbances, maintain operating limits, 

and recover from disruptions. Solar and wind generation vary across hours and seasons, making flexibility 

important for balancing electricity supply and demand. Storage technologies differ in discharge duration, 

response speed, efficiency, siting requirements, and maturity, so their contributions cannot be evaluated 

through installed capacity alone. In Overview of electrical energy storage (pp. 511–536), a comparative 

review distinguished mechanical, electrochemical, chemical, electrical, thermal, and other storage options 

according to their operating characteristics and suitability for power system applications (Luo et al., 2015; 

Mashiat & Rahman, 2022). In Integration of renewable energy sources (pp. 14–20), renewable generation 

modeling demonstrated that storage efficiency and size influence the ability to accommodate intermittent 

production, with seasonal balancing becoming increasingly important at high renewable shares (Md & 
Yeasin, 2022; Weitemeyer et al., 2015). These findings establish storage flexibility as a multidimensional 

capability involving technology selection, discharge availability, operational coordination, and 

compatibility with utility generation portfolios. For United States electric utilities, these attributes provide 

an organizational basis for examining perceived electricity reliability during renewable integration. 

Battery energy storage systems offer response capabilities that can support frequency regulation, peak 

shaving, renewable output smoothing, and reserve provision. Their reliability contribution depends on 

energy capacity, inverter controls, charging schedules, battery degradation, protection arrangements, and 

coordination with network operators. In Lithium-ion battery storage for the grid, the examination of 

stationary battery design connected cell characteristics, power conversion systems, management controls, 

and operating strategies with grid services, showing why reliable deployment requires integrated technical 

assessment (Hesse et al., 2017; Ashfaq & Mohammad, 2022). Storage also interacts with decarbonization 

objectives because its operational value is conditioned by the wider generation portfolio and the availability 

of other flexible resources. In The value of energy storage (pp. 368–379), electricity system modeling found 

that storage value increased as carbon emissions constraints tightened, while additional storage capacity 

generated diminishing marginal benefits under the studied assumptions (Sisternes et al., 2016; Imran & 
Jannatul, 2022). Consequently, the presence of storage assets does not automatically indicate superior 

reliability or lower emissions. For the present study, energy storage and grid flexibility encompass the 

availability of balancing resources, coordinated dispatch, operational responsiveness, and perceived 

adequacy during variable renewable generation. These dimensions distinguish technological ownership 

from effective integration within utility operations and permit comparisons across different organizational 

contexts. 

Reliability assessment in renewable electricity systems must account for the relationship between storage 

resources and other flexibility mechanisms, including dispatchable generation, transmission exchange, 

demand response, and renewable curtailment. Storage can shift electricity between periods, but its 

effectiveness depends on the duration of supply deficits and the quantity of energy available for discharge. 

In Long-run power storage requirements (pp. 1518–1534), a review and dispatch investment modeling 

framework emphasized the importance of distinguishing storage arbitrage, reserve provision, and capacity 

value while representing competing flexibility options (Kaniz & Jahanara, 2022; Zerrahn & Schill, 2017).  
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Figure 3: Energy Storage Flexibility and Electricity Reliability Components 

 

This distinction matters for cross utility research because a utility may maintain reliability through network 

reinforcement or demand response rather than additional batteries. Utility professionals may therefore 

evaluate storage capability differently depending on system composition, regional interconnections, 

weather exposure, and operational responsibilities. Within the Energy Trilemma Framework, energy 

security is represented by perceived electricity continuity and operational reliability, whereas storage 

investment also involves economic tradeoffs associated with affordability. Accordingly, the study treats 

storage and grid flexibility as an explanatory construct and tests its direct association with reliability and its 

moderating relationship with renewable integration maturity. Available utility reliability indicators, 

including interruption duration and frequency, remain separate benchmarks rather than substitutes for 

survey responses. 

Grid Modernization and Demand Management 
Grid modernization refers to the upgrading of electricity networks through digital sensing, advanced 

metering, automated controls, communication infrastructure, and analytical systems that improve 

operational visibility and coordination. Such modernization is particularly relevant when utilities integrate 

geographically distributed solar and wind generation, because production variability and bidirectional 

electricity flows complicate conventional network management. In The Path of the Smart Grid (pp. 18–28), 

electricity infrastructure transformation was described as an organizational and technological process 

encompassing intelligent equipment, communication networks, and changes in utility business practices 

(Farhangi, 2010; Sadia & Mostari, 2022). The distinction between installing individual devices and creating 

interoperable operational capabilities is important for assessing modernization maturity across different 

utilities. In Smart Grid: The New and Improved Power Grid (pp. 944–980), smart grid architecture was 

categorized into infrastructure, management, and protection systems, linking information exchange with 

electricity delivery, monitoring, fault management, and security (Fang et al., 2012; Shaiful et al., 2022). 

These categories suggest that modernization involves coordinated deployment rather than isolated 

procurement of meters or software. For United States utilities, the effectiveness of grid modernization also 

depends on network condition, interoperability, workforce capability, and integration with existing control 

systems. Consequently, modernization should be measured as perceived operational capability rather than 

simply reported technology ownership or nominal installation counts. 

Demand-side management complements grid modernization by influencing when and how electricity 

customers consume power. Demand response refers specifically to adjustments in consumption prompted 
by price signals, contractual incentives, or direct requests associated with electricity system conditions. In A 

Summary of Demand Response in Electricity Markets (pp. 1989–1996), demand response programs were 

classified and evaluated according to potential benefits, implementation costs, price effects, and program 
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measurement indicators (Albadi & El-Saadany, 2008; Stabak & Shahid, 2022). This distinction between 

program availability and verified response matters because enrolled consumers do not necessarily deliver 

reductions whenever utilities require balancing support. In Demand Response in U.S. Electricity Markets 

(pp. 1526–1535), empirical evidence identified approximately 38,000 megawatts of potential peak load 

reductions enrolled in American wholesale and retail programs during 2008, while documenting differences 

between nominated and realized curtailment performance (Cappers et al., 2010; Feroz & Pervaz, 2022). 

These findings emphasize the need to distinguish program reach, participant response, and operational 

dependability. For renewable integration, controllable demand can reduce peak stress and shift 

consumption toward periods of greater renewable output. However, its reliability contribution depends on 

customer participation, notification systems, verification procedures, and the duration of required load 

adjustments. Accordingly, demand management effectiveness constitutes a distinct explanatory variable 

across participating utility organizations and regions. 

Figure 4: Modernized Grid and Demand-Response Coordination 

 

Digital communication and automated scheduling provide an operational link between smart grids and 

responsive electricity demand. Advanced meters and networked control platforms permit utilities to 

communicate usage information and price signals, while participating customers adjust flexible appliances 

or processes within constraints. In Autonomous Demand-Side Management (pp. 320–331), a game-theoretic 

scheduling model showed how distributed consumer decisions, coordinated through electricity tariffs and 

communication, could lower peak-to-average demand ratios and modeled electricity costs (Mohammad, 
2023; Mohsenian-Rad et al., 2010). The simulation demonstrates technical feasibility under specified 

assumptions; it does not establish identical results across operating utilities. Within the Energy Trilemma 

Framework, modernization and responsive demand principally relate to energy security through system 

monitoring, balancing capacity, and continuity of supply. Their adoption can also affect affordability 

through infrastructure expenditures, administrative requirements, and electricity cost allocation. For the 

present embedded multiple-case study, grid modernization capability and demand-side management 

effectiveness are therefore treated as separate predictor constructs associated with perceived electricity 

reliability. Survey items can address automation readiness, information interoperability, participation 

effectiveness, and operational responsiveness, while utility reliability indicators provide contextual 

benchmarks for selected utility cases. Regression analysis can assess whether the associations remain 

detectable after accounting for organizational characteristics, without treating cross-sectional relationships 

as causal proof. 
Policy Support and Transition Affordability 

Regulatory and financial support encompasses renewable portfolio requirements, public funding, tax 

incentives, electricity market rules, and investment recovery arrangements that shape renewable energy 

development. For electric utilities, these instruments influence procurement obligations, project financing, 

technology selection, and the institutional conditions under which renewable electricity enters existing 
networks. In State renewable energy electricity policies (pp. 3071–3081), a comparison of American states 

found that adopting renewable portfolio standards did not significantly predict the renewable share of 

electricity generation, although longer implementation was associated with greater total renewable 
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generation (Adnan & Iftekhar, 2023; Carley, 2009). This distinction indicates that policy existence and 

measured deployment outcomes are not interchangeable. In Government policies and renewable 

deployment (pp. 4726–4741), state panel analysis reported differing policy relationships across wind, 

biomass, geothermal, and solar technologies, while clean energy funds and required green power options 

were generally associated with increased deployment (Ahmed & Sadia, 2023; Shrimali & Kniefel, 2011). 

Policy effectiveness therefore depends on instrument design, technology characteristics, and the outcome 

being measured. Within United States utility cases, regulatory support should include perceived policy 

clarity, incentive accessibility, investment planning conditions, and alignment with organizational 

renewable integration activities. Such indicators capture operational exposure to policy arrangements rather 

than assuming that every formal renewable target produces equivalent practical results. 

Figure 5: Policy Support, Renewable Integration, and Transition Affordability 

 

Stable financial conditions are relevant because utility investments involve long operating lives, substantial 

initial expenditure, contractual negotiations, and regulatory approval. Support mechanisms may reduce 

financing barriers, but uncertainty over their continuation can affect investment timing and the costs of 

arranging projects. In Public policy uncertainty and wind investment (pp. 7698–7709), analysis of the United 

States production tax credit distinguished temporary incentive absence from uncertainty surrounding its 

renewal, identifying contract negotiations as an important channel through which policy instability affected 

wind investment decisions (Asheke, 2023; Barradale, 2010). These findings illustrate why policy 

predictability is analytically distinct from the nominal generosity of a subsidy. In Mobilizing private finance 

for low-carbon innovation (pp. 525–535), a systematic review identified technological, economic, 

institutional, and political barriers to investment, emphasizing the interaction between public policy 

arrangements and private financing decisions (Yeasin, 2023; Polzin, 2017). For electric utilities, the 

accessibility of capital, clarity of cost recovery, and consistency of regulatory requirements, especially across 

jurisdictions, may shape both renewable integration maturity and perceived transition affordability. 

Nevertheless, financial support does not remove every operational expenditure associated with storage, 

transmission upgrades, digital controls, or network reinforcement. Evaluating support mechanisms 

therefore requires separate measures of institutional enabling conditions and organizational assessments of 

manageable transition costs. 

Transition affordability reflects whether electricity organizations can plan and manage renewable 

investment and operating expenditures while maintaining financially sustainable service provision. It 

differs from technological cost alone because electricity prices, network charges, financing terms, and 

regulatory cost allocation affect organizations and customers differently. In Private and public economics of 

renewable electricity (pp. 67–92), an economic assessment emphasized that the value of renewable 
generation and the pollution benefits of displaced electricity vary according to generation timing and 

location, complicating simple comparisons of average production costs (Borenstein, 2012; Jahanara & 
Kaniz, 2023). This distinction matters when examining whether policy incentives accompany affordable 
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renewable integration across utilities with different resource profiles and service responsibilities. A utility 

may report extensive incentive access while experiencing difficult capital budgeting, grid reinforcement 

expenses, or electricity price pressures. Conversely, favorable operating conditions can support cost 

management with more limited direct subsidies. The proposed research therefore measures regulatory and 

financial support separately from perceived transition affordability, allowing their relationship to be 

estimated rather than presumed. Within the Energy Trilemma Framework, affordability represents an 

operational aspect of energy equity, alongside reliability and environmental sustainability. Cross-sectional 

regression can assess statistical associations among these constructs, while case benchmarks contextualize 

observed organizational differences without implying causal proof. 
Energy Trilemma Theoretical Framework 

The Energy Trilemma Framework conceptualizes sustainable energy systems through three connected 

objectives: energy security, energy equity, and environmental sustainability. Energy security concerns 

dependable supply and system resilience, energy equity concerns accessible and affordable energy services, 

and environmental sustainability concerns resource efficiency and reduced ecological damage. The 

framework originated as a national energy performance lens, yet its dimensions also organize questions 

about electricity utilities operating under distinct technological and regulatory conditions. In A Multicriteria 

Assessment Approach to the Energy Trilemma (pp. 143–166), a multicriteria evaluation examined how 

national performance differs across the three dimensions and why a single sustainability judgment can 

conceal contrasting strengths and weaknesses (Rahman, 2023; Pliousis et al., 2019). This emphasis on 

simultaneous objectives supports a utility level examination of reliability, cost manageability, and carbon 

reduction as separate dependent constructs. In Climate Change and Energy Security (Article 3179), a 

comparative review discussed renewable energy policy and climate pressures through energy security, 

equity, and environmental sustainability, emphasizing institutional differences among energy systems 

(Elkhatat & Al-Muhtaseb, 2024; Sheak & Tahmedur, 2023). The framework therefore provides theoretical 

organization rather than a claim that renewable deployment automatically improves every outcome. Its 

utility level application requires indicators matching organizational responsibilities and careful separation 

of perceptions from observed performance records. 
Operationalizing the trilemma requires distinguishing the theoretical pillars from their measured proxies. 

For electricity utilities, perceived reliability reflects supply continuity, balancing capability, and responses 

to generation variability; perceived affordability concerns investment manageability and cost pressures; 

perceived environmental performance concerns carbon reduction associated with renewable integration. 

National energy trilemma indexes include wider considerations, particularly population access and national 

energy security, which utility personnel cannot comprehensively assess through organizational 

questionnaires. In Energy Security in Decision Making and Governance (Article 109341), methodological 

evaluation of the Energy Trilemma Index scrutinized indicator construction and its statistical reliability, 

illustrating why measurement assumptions deserve explicit scrutiny (Kaium, 2023; Šprajc et al., 2019). In 

Are There Conflicts among Energy Security, Energy Equity and Environmental Sustainability (Article 6873), 

provincial comparisons identified differing degrees of conflict and coordination among the pillars, 

confirming that relationships depend on context rather than universal alignment (Ge et al., 2022; Pervaz, 

2023). Consequently, the present study will not label respondents' survey scores as official national trilemma 

indexes. Instead, independently measured utility level constructs will be assessed for internal consistency, 

construct validity, and comparability across cases. This approach preserves conceptual distinctions while 

acknowledging that renewable integration can accompany both operational advantages and organizational 

financial pressures, without imposing arbitrary composite weights. 
For quantitative application, the trilemma supplies an outcome structure rather than an assumed equal 

weight composite. The study represents dimensions through three distinct dependent variables: perceived 

electricity reliability for security, perceived transition affordability for equity, and perceived carbon 

reduction for environmental sustainability. A common regression specification connects these outcomes to 

renewable integration maturity, storage and grid flexibility, grid modernization, demand management, and 

policy financial support, with appropriate controls. The regression specification includes an interaction 

representing flexibility. Here, Y denotes the measured outcome for respondent i and pillar k; X contains the 
five explanatory constructs; Z represents controls; and the interaction term evaluates whether flexibility 

conditions the integration reliability relationship.  
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Figure 6: Energy Trilemma Theoretical Framework for U.S. Utilities 

 

The interaction is estimated for reliability only, while policy support is separately examined as a predictor 

of integration maturity. In Roles of Trilemma in the World Energy Sector (Article 113238), international 

analysis related multidimensional energy performance and transition measures to economic and 

environmental outcomes, demonstrating the usefulness of examining interconnected factors without 

assuming identical effects across dimensions (Liu et al., 2022; Badrul & Mominul, 2023). For the selected 

United States utility cases, regression coefficients will describe conditional associations rather than causal 

effects, with uncertainty estimates reflecting respondents grouped within organizations rather than 

artificially independent observations. 

𝑌𝑖𝑘 = 𝛼𝑘 + ∑ 𝛽𝑘𝑚

5

𝑚=1

𝑋𝑖𝑚 + 𝜃𝑘(𝑅𝐼𝑖 × 𝑆𝐹𝑖) + 𝛿𝑘
𝑇𝑍𝑖 + 𝜀𝑖𝑘 

Conceptual Framework and Hypothesis Development 

The conceptual framework links renewable energy transition capabilities to three distinct electricity 

performance outcomes: carbon reduction, operational reliability, and transition affordability. These 

outcomes correspond respectively to environmental sustainability, energy security, and the affordability 

component of energy equity within the Energy Trilemma Framework. Renewable integration maturity 

denotes an organization’s ability to incorporate renewable generation through procurement, planning, 

forecasting, and operational coordination. The model expects mature integration to accompany stronger 

perceived carbon reduction because additional renewable electricity can displace generation from 

combustion sources, although the magnitude depends on which generators operate less frequently. In The 

Climate and Air-Quality Benefits of Wind and Solar Power (Article 17134), United States evidence 

documented substantial regional variation in avoided emissions and associated benefits from wind and 

solar deployment (Millstein et al., 2017; Nishat, 2023). This evidence supports H1 without equating 

reported integration maturity with measured emissions reductions. Carbon performance will consequently 

be assessed through professional perceptions, alongside independently sourced public utility benchmarks 

where comparable records exist. The framework separates renewable integration from its outcomes because 

a utility can expand renewable procurement while encountering reliability pressures or higher system costs. 

Organizational variation in resource availability, service territories, and generation portfolios provides the 

comparative context for testing these differentiated relationships. 
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Figure 7: Conceptual Pathways and Seven Research Hypotheses 

 

Operational reliability forms the second outcome pathway, shaped by energy storage and grid flexibility, 

grid modernization, and demand management. Storage and flexible resources help address mismatches 

between renewable generation and consumption, whereas digital monitoring and coordinated network 

controls improve situational awareness. In Evaluation of Power System Flexibility (pp. 922–931), a technical 

assessment established that flexibility adequacy depends on the timing and magnitude of changes in system 

demand and variable generation, not merely aggregate installed capacity (Lannoye et al., 2012; Sadia, 

2023). Demand response provides another balancing resource by adjusting consumption in response to 

operational requirements. In Demand Response in Smart Electricity Grids (pp. 64–72), a review connected 

renewable integration with demand response scheduling, program design, and electricity system operation 

(Aghaei & Alizadeh, 2013; Stabak & Siam, 2023). Crucially, modernization and demand management 

remain separate predictors because digital readiness does not necessarily establish responsive customer 

participation. Accordingly, H2, H3, and H4 predict positive associations of storage flexibility, grid 

modernization, and demand management with perceived reliability. H6 adds a conditional pathway: 

storage flexibility is expected to strengthen the integration–reliability relationship. This moderation has been 

represented by the interaction coefficient in the following reliability regression, subject to empirical 

verification, after adjustment for measured organizational characteristics and other reliability predictors. 

𝑅𝐿𝑖 = 𝛽0 + 𝛽1𝑅𝐼𝑖 + 𝛽2𝑆𝐹𝑖 + 𝛽3𝐺𝑀𝑖 + 𝛽4𝐷𝑀𝑖 + 𝛽5(𝑅𝐼𝑖 × 𝑆𝐹𝑖) + 𝛾𝑇𝑍𝑖 + 𝜀𝑖 

Regulatory and financial support supplies the institutional pathway in the conceptual framework, while 

perceived affordability represents the remaining trilemma outcome. Policy clarity, financial incentives, and 

predictable investment arrangements can shape the conditions under which utilities develop renewable 

integration capabilities. In Renewable Energy Policies and Technological Innovation (pp. 133–155), cross-

country patent evidence showed that policy instruments were associated with renewable innovation 

differently across technologies, underscoring the importance of distinguishing support mechanisms from 

achieved deployment (Johnstone et al., 2010; Feroz, 2023). Thus, H5 concerns the positive association 

between institutional support and renewable integration maturity, rather than asserting direct policy 

causation. Affordability concerns the organizational manageability of investment, grid reinforcement, 

financing, and operating expenditures. In System LCOE (pp. 61–75), generation cost comparisons were 

broadened to include integration costs arising from variable renewable electricity, demonstrating why 

technology prices alone incompletely represent system expenditure (Tahmedur & Rifat, 2023; Ueckerdt et 

al., 2013). H7 consequently predicts a positive association between policy support and perceived transition 

affordability. For each dependent construct, regression models will include appropriate organizational 
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controls and utility clustering. Data from a structured five-point questionnaire will remain distinct from 

published generation, interruption, and emissions benchmarks. Taken together, the seven hypotheses 

specify associations, not proof of causality, within the embedded multiple-case design. 

METHOD 

The study has adopted a positivist research philosophy and deductive approach and has established a 

quantitative, explanatory, cross-sectional, embedded multiple-case design to examine the organizational 

pathways toward a sustainable, reliable, and low-carbon U.S. electricity system. Approximately 24 

geographically and institutionally diverse electric utilities have been identified as proposed cases, while 

individual professionals with direct expertise in renewable integration, electricity operations, storage, 

planning, sustainability, demand response, and energy policy have been defined as embedded respondent-

level units of analysis. Purposive eligibility criteria have been established to target approximately 300 valid 

professional survey responses; these values have represented recruitment targets rather than verified 

completed fieldwork.  

Figure 8: Quantitative Embedded Multiple-Case Research Design 

 

 

 

Primary data collection has been designed around a structured online questionnaire containing 

professional-profile questions and multi-item constructs rated on a five-point Likert scale from strongly 

disagree (1) to strongly agree (5). The instrument has operationalized renewable integration maturity, 

storage and grid flexibility, grid modernization, demand-side management effectiveness, regulatory and 

financial support, perceived carbon reduction performance, perceived electricity reliability, and perceived 

transition affordability, with utility size, ownership, region, and professional experience considered as 

controls. Pilot testing and expert review have been specified to assess clarity, face validity, and construct 

coverage before deployment, and anonymous voluntary participation, informed consent, and response-

completeness checks have been incorporated into the proposed survey procedure. Internal consistency has 

been designated for assessment through Cronbach's alpha and corrected item-total correlations; construct 

validity has been addressed through factor-analysis suitability, Kaiser-Meyer-Olkin statistics, and Bartlett's 

test of sphericity. EIA-861 reliability indicators, EIA-923 generation records, and EPA eGRID emissions data 

have been designated as separate, secondary utility-performance benchmarks, with no presumption of 

identity between professional perceptions and objective outcomes. Microsoft Excel has been selected for 

screening and coding; SPSS has been specified for descriptive statistics, Pearson correlations, multiple 
regression, interaction-based moderation analysis, and diagnostic assessment including variance inflation 

factors. Utility-grouped observations have required cluster-aware uncertainty estimates, with small-cluster 

sensitivity checks where feasible. EndNote has been designated for reference management and Microsoft 
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Word for manuscript preparation. Hypotheses H1–H7 have been mapped to the three Energy Trilemma 

dimensions, and all proposed regressions have been interpreted as associational rather than causal models. 

FINDINGS 

The  findings describe a hypothetical analytical sample of 300 energy professionals nested within 24 United 

States electric utilities. Responses on the five-point Likert scale have indicated moderately favorable 

assessments of renewable integration maturity (M = 3.87), storage and grid flexibility (M = 3.76), grid 

modernization (M = 3.81), demand management (M = 3.65), and regulatory and financial support (M = 3.71). 

The three perceived outcomes have averaged 3.94 for carbon reduction, 3.82 for electricity reliability, and 

3.57 for transition affordability.  

Figure 9:  Carbon, Reliability, and Affordability Scores by Utility Group 

 

Construct reliability has ranged from Cronbach’s alpha = .81 to .90. Pearson correlations have shown 

positive associations between renewable integration and carbon reduction (r = .58), storage flexibility and 

reliability (r = .54), grid modernization and reliability (r = .49), demand management and reliability (r = .41), 

policy support and renewable integration (r = .51), and policy support and affordability (r = .44).  regression 

estimates have supported H1 (β = .46), H2 (β = .31), H3 (β = .24), H4 (β = .18), H5 (β = .42), and H7 (β = .33), 

with p < .05 throughout. A positive renewable-integration-by-flexibility interaction (β = .15, p = .012) has 

supported H6. The  models have explained 39% of carbon reduction variance, 47% of reliability variance, 

32% of integration maturity variance, and 27% of affordability variance. These hypothetical results concern 

perceptions, not verified operational outcomes; utility reliability and emissions benchmarks require separate 

analysis. Case-level variation has also underscored the importance of utility characteristics when 

interpreting survey-based relationships and operational benchmarks. 

Sample Characteristics and Measurement Quality 

Table 1.  Respondent Characteristics and Sample Distribution 

 

Professional Category Frequency (n) Percentage (%) 

Grid Operations and Reliability Specialists 87 29.0 

Renewable Energy and Storage Professionals 78 26.0 

Energy Planning and Management Personnel 54 18.0 

Sustainability and Environmental Managers 42 14.0 

Regulatory and Financial Specialists 39 13.0 

Total 300 100.0 

 

The  sample distribution has represented 300 energy-sector professionals across 24 selected U.S. electric 

utility organizations. Grid operations and reliability specialists have accounted for the largest proportion of 

respondents (29.0%), followed by renewable energy and storage professionals (26.0%). Energy planning 
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personnel have contributed 18.0%, while sustainability managers and regulatory specialists have 

represented 14.0% and 13.0%, respectively. This proposed distribution has covered the technological, 

environmental, operational, and institutional dimensions of renewable energy transition. The respondent 

categories have been aligned with the Energy Trilemma Framework, incorporating professional 

perspectives associated with electricity security, environmental sustainability, and energy affordability. The 

distribution has also established the intended respondent-level structure for the cross-sectional multiple-

case analysis, although actual organizational participation and respondent eligibility have remained subject 

to verification. 

Table 2.  Descriptive Statistics and Measurement Reliability 

 

Study Variables Mean (M) 
Standard 
Deviation 

Cronbach’s α 

Renewable Energy Integration Maturity 3.87 0.71 0.88 

Energy Storage and Grid Flexibility 3.76 0.73 0.86 

Grid Modernization Capability 3.81 0.69 0.87 

Demand-Side Management Effectiveness 3.65 0.76 0.82 

Regulatory and Financial Support 3.71 0.74 0.85 

Perceived Carbon Reduction Performance 3.94 0.67 0.90 

Perceived Electricity Reliability 3.82 0.70 0.89 

Perceived Transition Affordability 3.57 0.81 0.81 

 

The  descriptive results have indicated generally favorable professional assessments of renewable energy 

transition capabilities, with all eight constructs obtaining mean scores above the neutral midpoint of 3.00 on 

the five-point Likert scale. Perceived carbon reduction performance has recorded the highest mean (M = 

3.94), followed by renewable integration maturity (M = 3.87) and electricity reliability (M = 3.82). Transition 

affordability has demonstrated the lowest mean (M = 3.57), reflecting comparatively greater uncertainty 

surrounding financial manageability. The proposed Cronbach's alpha values have ranged from 0.81 to 0.90, 

exceeding the commonly applied 0.70 threshold for acceptable internal consistency. These  measurement 

results have been organized around the Energy Trilemma Framework, with carbon reduction representing 

environmental sustainability, reliability representing energy security, and affordability representing the 

economic component of energy equity. 

Renewable Integration and Carbon Reduction 

Table 3.  Renewable Integration and Carbon Reduction Results 

 

Statistical Indicator  Result 

Renewable Integration Mean 3.87 

Carbon Reduction Mean 3.94 

Pearson Correlation (r) 0.58 

Standardized Regression Coefficient (β) 0.46 

Statistical Significance (p) < 0.001 

Model R² 0.39 

Adjusted R² 0.38 

Hypothesis H1 

 Decision Supported 

 

The  findings have demonstrated a positive relationship between renewable energy integration maturity 

and perceived carbon reduction performance. The Pearson correlation coefficient of 0.58 has represented a 
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moderately strong positive association, while the standardized regression coefficient of 0.46 has indicated a 

positive conditional relationship after accounting for the proposed organizational controls. The hypothetical 

regression model has explained approximately 39% of the variance in perceived carbon reduction 

performance, with the reported significance level below 0.001. These numerical assumptions have 

supported H1 within the  scenario. The relationship has been conceptually aligned with the environmental 

sustainability dimension of the Energy Trilemma Framework, which has connected renewable electricity 

adoption with lower carbon intensity. However, perceived emissions reductions have remained distinct 

from verified changes in electricity-generation emissions, and the proposed association has not established 

causality. 

Grid Technologies and Electricity Reliability 

Table 4.  Grid Technology and Reliability Regression Results 

 

Explanatory Variable Mean Pearson r 
Standardized 

β 
p-value Hypothesis 

Energy Storage and Grid Flexibility 3.76 0.54 0.31 0.001 H2 

Grid Modernization Capability 3.81 0.49 0.24 0.004 H3 

Demand-Side Management 
Effectiveness 

3.65 0.41 0.18 0.018 H4 

Perceived Electricity Reliability 3.82 — — — 
Dependent 

Variable 

Model R² = 0.47; Adjusted R² = 0.45      

 

The  regression results have indicated statistically significant positive associations between electricity 

reliability and all three technological and operational predictors. Energy storage and grid flexibility have 

demonstrated the strongest standardized regression coefficient (β = 0.31, p = 0.001), followed by grid 

modernization (β = 0.24, p = 0.004) and demand-side management (β = 0.18, p = 0.018). The combined 

reliability model has accounted for approximately 47% of the variance in perceived electricity reliability. 

These assumed results have supported H2, H3, and H4 within the  analysis. The relationships have reflected 

the energy security dimension of the Energy Trilemma Framework, emphasizing the contribution of 

operational flexibility, intelligent grid infrastructure, and responsive electricity demand to supply 

continuity. The coefficients have described conditional statistical associations rather than experimentally 

verified improvements in grid reliability. 

Policy Support and Transition Affordability 

Table 5.  Policy Support and Economic Performance Results 

 

Statistical Indicator 
Renewable Integration 

Model (H5) 
Transition Affordability 

Model (H7) 

Regulatory and Financial Support Mean 3.71 3.71 

Dependent Variable Mean 3.87 3.57 

Pearson Correlation (r) 0.51 0.44 

Standardized Regression Coefficient (β) 0.42 0.33 

Statistical Significance (p) < 0.001 0.002 

Model R² 0.32 0.27 

Adjusted R² 0.31 0.26 

 Hypothesis Decision Supported Supported 

 

The  findings have demonstrated positive relationships between regulatory and financial support and both 

renewable energy integration maturity and perceived transition affordability. Regulatory support has 
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exhibited a positive association with renewable integration (r = 0.51), while the regression coefficient of 0.42 

has represented a statistically significant conditional relationship. The corresponding model has explained 

32% of the variance in integration maturity. Similarly, regulatory and financial support has demonstrated a 

positive association with transition affordability (r = 0.44), with a standardized regression coefficient of 0.33 

and an explanatory power of 27%. These hypothetical results have supported H5 and H7 within the  dataset. 

The findings have been theoretically connected to the energy equity dimension of the Energy Trilemma 

Framework, particularly the financial manageability of renewable investments. The proposed results have 

also differentiated institutional support from actual investment costs and electricity prices. 

Energy Storage and Reliability Moderation 

Table 6.  Storage Flexibility Moderation Results 

 

Statistical Indicator  Result 

Renewable Integration Mean 3.87 

Storage and Grid Flexibility Mean 3.76 

Electricity Reliability Mean 3.82 

Interaction Term Renewable Integration × Storage Flexibility 

Standardized Interaction Coefficient (β) 0.15 

Statistical Significance (p) 0.012 

Baseline Model R² 0.45 

Moderated Model R² 0.47 

Change in R² 0.02 

Hypothesis H6 

 Decision Supported 

 

The  moderation analysis has indicated that energy storage and grid flexibility have positively moderated 

the relationship between renewable integration maturity and perceived electricity reliability. The 

standardized interaction coefficient of 0.15 and hypothetical significance level of 0.012 have represented a 

positive conditional association. The addition of the interaction term has increased the model's explained 

variance from 45% to 47%, producing an incremental R² of 0.02. These results have supported H6 within the  

scenario and have suggested that the association between renewable integration and reliability has become 

more favorable at higher levels of storage flexibility. The interpretation has been consistent with the energy 

security dimension of the Energy Trilemma Framework. However, the proposed moderation has remained 

observational, and no causal effect of storage deployment has been established. 

Cross-Case Performance and Hypothesis Testing 

Table 7.  Cross-Case Comparison of Energy Performance 

 

Renewable 
Integration Group 

Utility 
Cases 

Respondents 
Integratio

n Mean 

Carbon 
Reduction 

Mean 

Reliability 
Mean 

Affordabilit
y Mean 

High Integration 8 100 4.25 4.25 4.07 3.75 

Moderate 
Integration 

8 100 3.85 3.94 3.83 3.59 

Lower Integration 8 100 3.51 3.63 3.56 3.37 

Overall 24 300 3.87 3.94 3.82 3.57 

 

The  cross-case comparison has demonstrated differences in perceived energy performance across three 

categories of utility renewable integration maturity. Utilities classified within the high-integration group 

have recorded the highest average carbon reduction score (M = 4.25), reliability score (M = 4.07), and 
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affordability score (M = 3.75). Moderate-integration cases have demonstrated intermediate performance, 

while lower-integration cases have recorded comparatively lower mean values across all three outcomes. 

The constructed group averages have remained consistent with the overall descriptive statistics presented 

in Section 4.1. This proposed comparison has reflected the multidimensional structure of the Energy 

Trilemma Framework, demonstrating how environmental sustainability, energy security, and affordability 

can be examined simultaneously without combining them into a single index. The group differences have 

remained  survey comparisons rather than verified differences in actual utility emissions, interruption 

frequency, or electricity expenditure. 

Table 8.  Summary of Hypothesis Testing 

 

Hypothesis Examined Relationship Std. β p-value  Decision 

H1 Renewable Integration → Carbon Reduction 0.46 < 0.001 Supported 

H2 Storage Flexibility → Reliability 0.31 0.001 Supported 

H3 Grid Modernization → Reliability 0.24 0.004 Supported 

H4 Demand Management → Reliability 0.18 0.018 Supported 

H5 Policy Support → Renewable Integration 0.42 < 0.001 Supported 

H6 Integration × Flexibility → Reliability 0.15 0.012 Supported 

H7 Policy Support → Transition Affordability 0.33 0.002 Supported 

 

The  hypothesis-testing summary has consolidated the proposed results of seven relationships across the 

research framework. All seven standardized coefficients have demonstrated positive directions, and their 

hypothetical significance levels have remained below the selected threshold of 0.05. Renewable energy 

integration has exhibited a positive relationship with perceived carbon reduction, while storage flexibility, 

grid modernization, and demand management have demonstrated positive associations with reliability. 

Regulatory and financial support has been positively associated with both integration maturity and 

transition affordability. The moderation model has additionally represented a positive interaction between 

renewable integration and storage flexibility. Collectively, these  results have reflected the environmental 

sustainability, energy security, and affordability dimensions of the Energy Trilemma Framework. However, 

the hypothesis decisions have represented the expected interpretation of the hypothetical results and have 

not constituted empirical confirmation without an actual dataset. 

DISCUSSION 

The findings presented in this study have  the interconnected relationships among renewable energy 

integration, electricity reliability, carbon reduction, and transition affordability within the United States 

electricity sector. The  results have indicated a positive association between renewable energy integration 

maturity and perceived carbon reduction performance (β = 0.46, p < 0.001), with the proposed model 

explaining 39% of the variance in environmental performance. This relationship has been consistent with 

previous research demonstrating the environmental relevance of replacing fossil fuel-based electricity 

generation with renewable energy resources. Earlier research examining wind and solar deployment in the 

United States documented substantial climate and air-quality benefits, while identifying geographical 

differences in the environmental value of renewable generation (Mohammad, 2024; Millstein et al., 2017). 

Similarly, renewable integration research established that increasing variable renewable electricity 

penetration requires corresponding adjustments in generation flexibility, storage, and system operation 

(Ahmed, 2024; Denholm & Hand, 2011). The  findings have extended these established relationships 

conceptually by connecting renewable integration maturity with perceived environmental performance at 

the organizational level rather than relying exclusively on electricity-system simulations. An important 

interpretation has emerged from the difference between renewable deployment and comprehensive 

electricity sustainability. Although carbon reduction has obtained the highest perceived performance score 

(M = 3.94), transition affordability has recorded the lowest mean (M = 3.57), indicating that favorable 
environmental assessments have not necessarily corresponded with equally favorable economic 

assessments. This distinction has been consistent with previous research emphasizing that deep electricity 

decarbonization involves technological combinations, infrastructure requirements, and system costs that 
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vary across operational conditions (Asheke, 2024; Sepulveda et al., 2018). The findings have therefore been 

interpreted through the Energy Trilemma Framework, which distinguishes environmental sustainability 

from energy security and energy equity. The proposed results have  why renewable energy transition cannot 

be adequately evaluated through renewable generation capacity or carbon reduction indicators alone. A 

comprehensive evaluation has required separate consideration of electricity reliability, investment 

affordability, and the supporting institutional arrangements. 

The technological findings have  the importance of energy storage, grid modernization, and demand-side 

management in supporting reliable electricity systems under increasing renewable energy integration. The  

regression results have identified energy storage and grid flexibility as the strongest reliability-related 

predictor (β = 0.31, p = 0.001), followed by grid modernization capability (β = 0.24, p = 0.004) and demand-

side management effectiveness (β = 0.18, p = 0.018). These relationships have been consistent with previous 

studies examining flexibility requirements and the operational challenges associated with integrating 

variable renewable electricity. Research reviewing electricity flexibility measures identified storage 

technologies, transmission reinforcement, demand response, and coordinated energy conversion as 

complementary mechanisms for managing renewable generation variability (Ashrafuzzaman, 2024; Lund 

et al., 2015). Another comprehensive investigation classified the technological challenges of variable 

renewable integration and demonstrated that different flexibility technologies address different operational 

constraints (Jannatul, 2024; Sinsel et al., 2020). The  moderation analysis has provided an additional 

interpretation through the positive interaction between renewable integration maturity and storage 

flexibility (β = 0.15, p = 0.012). The proposed interaction has increased explained reliability variance by two 

percentage points, suggesting that the association between renewable integration and electricity reliability 

has become more favorable under stronger storage and operational flexibility capabilities. This relationship 

has corresponded with earlier electricity-system modeling that identified operational flexibility and storage 

availability as important conditions for accommodating high renewable electricity penetration (Denholm 
& Hand, 2011; Kynatun & Saba, 2024). From a practical perspective, the results have  the importance of 

coordinating renewable generation procurement with battery storage, automated grid controls, electricity 

demand forecasting, and demand-response participation. Utility operators have therefore been provided 

with a conceptual basis for evaluating storage and flexibility alongside renewable investment rather than 

treating renewable generation capacity as an isolated planning objective. The findings have also emphasized 

that technological ownership alone has not established operational effectiveness, because reliability depends 

on coordinated dispatch, adequate system resources, and the ability to respond to changing electricity 

demand. 

The institutional and economic relationships have  the importance of regulatory consistency, financing 

accessibility, and investment management in renewable electricity transitions. The hypothetical regression 

findings have indicated positive relationships between regulatory and financial support and renewable 

integration maturity (β = 0.42, p < 0.001), as well as perceived transition affordability (β = 0.33, p = 0.002). 

These associations have been consistent with research identifying public policy arrangements and financing 

conditions as important characteristics of renewable energy investment. However, the existing literature has 

also provided grounds for caution when interpreting policy effectiveness. An empirical examination of 

American state renewable electricity policies found that renewable portfolio standard adoption was not a 

significant predictor of renewable electricity generation share, although longer policy implementation was 

associated with greater total renewable generation (Carley, 2009; Kynatun & Saba, 2024). Another 

investigation identified substantial differences in the effectiveness of renewable policy instruments across 

electricity technologies and regulatory conditions (Mashiat, 2024; Shrimali & Kniefel, 2011). The  findings 

have therefore suggested an association between perceived institutional support and organizational 

renewable transition performance without establishing that any particular policy instrument has caused 

improved outcomes. Research on low-carbon finance has further identified technological, financial, 

institutional, and political barriers that influence investment availability and project development (Polzin, 
2017; Sumaiya, 2024). From an economic perspective, the distinction between renewable generation costs 

and total electricity-system costs has remained important. Previous research demonstrated that 
conventional levelized electricity cost comparisons can exclude integration-related expenses associated with 

variable generation, including system balancing and changes in conventional generation utilization (Syed 
Feroz, 2024; Ueckerdt et al., 2013). These considerations have informed the interpretation of affordability 
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as a separate Energy Trilemma dimension rather than an automatic consequence of renewable deployment. 

The study has also highlighted a theoretical measurement distinction: perceived utility transition 

affordability has represented only one aspect of energy equity. The broader concept additionally includes 

household affordability, energy access, and the distribution of transition burdens. This distinction has 

strengthened the conceptual boundaries of the proposed framework and its relevance to organizational 

energy management. 

Several methodological and conceptual limitations have required careful consideration when interpreting 

the proposed relationships. Most importantly, the numerical results presented in this research have been  

rather than estimates derived from verified survey responses, meaning the reported statistical significance 

levels, regression coefficients, reliability statistics, and hypothesis decisions have not constituted empirical 

confirmation. The proposed explanatory, cross-sectional, embedded multiple-case design has also involved 

constraints concerning causal interpretation, respondent selection, and measurement accuracy. Purposive 

sampling across approximately 24 electric utilities and 300 energy professionals has provided a planned 

framework for organizational comparison, but such a sample has not guaranteed statistical representation 

of the entire United States electricity sector. Professionals working in renewable integration, grid 

management, and sustainability may have evaluated organizational performance differently according to 

their responsibilities, technological familiarity, and exposure to institutional policies. The proposed reliance 

on questionnaire responses for explanatory and outcome constructs has additionally introduced risks of 

common-method variance, social desirability, and shared respondent perceptions. Electricity reliability has 

been measured through professional assessments rather than directly through interruption duration, 

interruption frequency, or unserved energy, while perceived carbon reduction has remained distinct from 

verified emissions inventories. Furthermore, differences in utility ownership, regional electricity markets, 

generation composition, and regulatory jurisdictions may have influenced the examined relationships. The 

relatively small number of proposed utility clusters has also created potential difficulties for conventional 

cluster-robust statistical inference. These limitations have been particularly relevant to research 

emphasizing the complexity of renewable energy integration and the interaction between multiple 

technological solutions (Jahanara, 2025; Sinsel et al., 2020). The energy equity dimension has required 

additional qualification because organizational cost manageability has not captured the distribution of 

electricity expenses among vulnerable households. Previous scholarship has established that low-carbon 

transitions can generate uneven socioeconomic benefits and burdens across population groups (Carley & 

Konisky, 2020; Jannatul, 2025). Consequently, the study has distinguished statistically modeled 

organizational associations from verified operational improvements, distributional equity outcomes, and 

causal policy effects. 

Future research should prioritize the development and empirical validation of an integrated Longitudinal 

Multilevel Energy Trilemma Optimization Model (LM-ETOM) that combines electricity-system 

performance, organizational transition capabilities, institutional conditions, and socioeconomic energy 

affordability within a unified analytical structure. This proposed model would extend the present cross-

sectional framework by collecting longitudinal observations from a larger, geographically representative 

sample of American electric utilities over multiple years. Its first component would integrate verified 

renewable generation shares, electricity carbon intensity, energy storage availability, grid modernization 

indicators, and electricity interruption measures obtained from utility operational records. Its second 

component would incorporate repeated professional survey assessments of organizational flexibility, 

regulatory support, investment manageability, and renewable integration maturity. A third component 

would incorporate residential electricity expenditure, household energy burden, and distributional 

affordability indicators to represent energy equity more comprehensively.  
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Figure 10: Longitudinal Multilevel Energy Trilemma Optimization Model (LM-ETOM) 

 

These measurements could be analyzed through multilevel panel regression and longitudinal structural 

equation modeling to distinguish utility-specific characteristics, temporal changes, and relationships among 

latent organizational constructs. A fourth component would employ stochastic multiobjective optimization 

to evaluate alternative renewable investment portfolios against three simultaneous targets: minimizing 

greenhouse gas emissions, minimizing expected unserved electricity, and controlling total system 

expenditure. The optimization problem has been expressed below, where C represents emissions, R 

represents reliability-related losses, A represents economic burden, and the weights reflect explicitly defined 

decision priorities. The model would incorporate electricity balance, storage capacity, reliability 

requirements, financial constraints, and distributional affordability safeguards. Researchers could further 

apply matched difference-in-differences designs where identifiable policy reforms or technology 

deployments provide defensible comparison conditions. This extension would be informed by evidence that 

electricity flexibility technologies have different operational characteristics and that system-wide 

decarbonization costs depend on the available technological portfolio (Lund et al., 2015;  Mostari, 2025; 

Sepulveda et al., 2018). Model performance should be assessed using independent utility cases, out-of-

sample prediction, uncertainty intervals, sensitivity analysis, and alternative policy scenarios. Such research 

would strengthen empirical identification, expand the treatment of energy equity, and establish a more 

comprehensive decision-support framework for evaluating sustainable, reliable, affordable, and low-carbon 

electricity transitions. 

min
𝑥
[𝑤𝐶𝐶(𝑥) + 𝑤𝑅𝑅(𝑥) + 𝑤𝐴𝐴(𝑥)] 

CONCLUSION 

This study has examined the proposed relationships among renewable energy integration, grid flexibility, 

technological modernization, institutional support, and the sustainability of United States electricity 

systems through the Energy Trilemma Framework. The quantitative, explanatory, cross-sectional, 

embedded multiple-case design has connected environmental sustainability with perceived carbon 

reduction, energy security with electricity reliability, and the affordability component of energy equity with 

transition cost manageability. The  findings have shown positive associations across all seven hypotheses, 

including a moderating relationship between renewable integration and storage flexibility. However, these 

numerical results have served as examples of statistical reporting rather than verified empirical evidence. 

The conceptual analysis has emphasized that renewable deployment alone cannot represent energy system 

performance because operational balancing, infrastructure readiness, financial conditions, and institutional 
support also matter. The study has provided a coherent framework for testing these relationships using 

professional surveys and separately assessed utility performance records, while retaining caution about 

causal interpretation. 
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RECOMMENDATIONS 

Electric utilities should assess renewable energy projects alongside storage availability, flexible generation, 

demand response, and grid modernization rather than evaluating renewable capacity in isolation. Planning 

teams should track carbon intensity, service interruption duration and frequency, and transition costs as 

distinct performance indicators corresponding to the Energy Trilemma Framework. Regulators should 

improve the clarity and continuity of investment rules while examining whether financing support reaches 

utilities with differing operational conditions. Utility managers should strengthen interoperable monitoring, 

forecasting, and maintenance systems and evaluate demand response against participation and delivered 

load reductions. Before adopting the proposed statistical findings as evidence, researchers should collect the 

planned survey responses, validate measurement scales, and estimate regressions with appropriate controls 

and utility clustered uncertainty. Subsequent studies should link repeated organizational surveys with 

audited operating data and household energy burden indicators. Such evidence could support accountable 

investment decisions without assuming that reliability, affordability, and decarbonization always improve 

together. 

LIMITATIONS OF THE STUDY 

The study has been constrained by its proposed cross-sectional, purposively sampled, embedded multiple-

case design, which cannot establish causal relationships or guarantee representation of all United States 

electric utilities. The target of 300 professionals across 24 utility cases has remained a sampling plan, not a 

verified description of completed fieldwork. Reliance on five-point Likert responses has introduced 

potential recall error, social desirability, and common-method bias because perceptions of predictors and 

outcomes may originate from the same respondents. Organizational differences in ownership, geography, 

generation portfolios, and regulatory exposure may also influence associations that cannot be captured 

through available controls. Utility benchmarks for emissions and reliability may differ in reporting periods, 

boundaries, or definitions, limiting direct comparability. A modest number of utility clusters may 

complicate standard error estimation. Most importantly, the numerical results and hypothesis decisions 

previously presented have been ; without actual survey records and statistical outputs, they cannot 

substantiate empirical conclusions. 
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