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Abstract

This study addressed the persistent problem that enterprise grid utilities struggle to integrate rising renewable
penetration without increasing curtailment pressure and perceived reliability risk, largely because constraint
intensity and organizational capability evolve unevenly across departments. Using the Technology-
Organization-Environment (TOE) lens, the purpose was to quantify the severity of integration barriers, test
how readiness and constraint domains predict Grid Integration Performance (GIP), and translate results into
actionable diagnostics through the Grid Integration Stress Index (GISI), Renewable Readiness Gap Analysis
(RRGA), and a Curtailment and Reliability Perception Map (CRPM). A quantitative, cross-sectional, case-
based design was applied in an enterprise utility case, using purposive sampling of 180 professionals across
system operations, planning, protection and control, asset management, regulatory/compliance, and
SCADA/automation functions. Key independent variables were challenge domains (infrastructure constraints,
operational challenges, policy/regulatory barriers, technical challenges, economic/financial barriers) and TOE
readiness (technology, organizational, environmental), while dependent variables included GIP and, in CRPM,
perceived curtailment risk and perceived reliability risk. Measurement quality was strong (Cronbach’s a = 0.81-
0.90 across constructs). Descriptively, the most severe barriers were Infrastructure Constraints (M = 4.21, SD
= 0.62) and Operational Challenges (M = 4.10, SD = 0.66), followed by Policy/Regulatory Barriers (M = 3.98,
SD = 0.71). Multiple regression explained substantial variance in GIP (R? = 0.62, Adjusted R? = 0.60, F(8,171)
= 34.9, p < 0.001), with Organizational Readiness (f = 0.34, p < 0.001), Technology Readiness (f = 0.22, p =
0.002), and Environmental Readiness (f = 0.15, p = 0.017) improving performance, while Operational
Challenges (f = —0.27, p < 0.001), Infrastructure Constraints (f = —0.21, p = 0.003), and Policy/Regulatory
Barriers (f = —0.14, p = 0.035) reduced performance. GISI showed highest stress in System Operations (M =
4.18, SD = 0.51) and Planning (M = 4.05, SD = 0.55), reinforcing that operational interfaces carry peak
integration pressure. RRGA indicated the largest capability gaps for Battery Energy Storage (I = 4.62 vs R =
3.20, Gap = 1.42), Advanced Forecasting (Gap = 1.17), and DERMS/visibility (Gap = 1.08), while CRPM
evidence suggested infrastructure constraints more strongly drive curtailment risk (f ~ 0.31, p < .001) and
operational challenges more strongly drive reliability risk (f =~ 0.33, p < .001). Implications are that utilities
should prioritize cross-department integration governance and workforce capability (organizational readiness)
alongside targeted deliverability and flexibility interventions, using GISI and RRGA as ongoing internal
monitoring tools to track stress reduction and readiness closure.
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INTRODUCTION

Renewable energy refers to energy derived from naturally replenished flows such as solar radiation,
wind, hydrological cycles, geothermal heat, and sustainably managed biomass, which are
distinguished by their low direct operational emissions and their dependence on environmental
variability at multiple time scales (Aghaei & Alizadeh, 2013). A “grid utility” denotes the coordinated,
regulated system of generation, transmission, distribution, protection, metering, and operational
control that delivers electricity as a public or regulated service with explicit reliability, safety, and
power-quality obligations (Ela et al., 2011). “Integration of renewable energy into grid utility” therefore
means the technical and institutional process through which renewable generation is connected,
operated, dispatched, protected, measured, and economically settled so that it functions within grid
performance constraints such as frequency stability, voltage quality, adequacy, and resilience (Lund et
al., 2015). The international significance of this integration is anchored in the fact that electricity systems
are foundational infrastructure for health services, water and sanitation, communications, industry,
transport electrification, and climate-relevant decarbonization pathways; as renewable portfolios scale,
the grid becomes the principal interface that determines whether renewable energy becomes usable
energy at the point of consumption (Capitanescu et al., 2015). In high-income, middle-income, and
emerging power systems alike, wind and solar—often categorized as variable renewable energy
(VRE) —are increasingly deployed because they can be modular, rapidly installed, and geographically
dispersed, yet they introduce operational conditions that differ from conventional synchronous
thermal generation (DeCesaro & Porter, 2009). Integration is not a single engineering action; it is a
system property shaped by network constraints, flexibility resources, grid codes, market rules, and the
operational practices of system operators and distribution utilities. In that sense, the same megawatt of
renewable capacity can yield materially different reliability and utilization outcomes across regions
depending on congestion, reserve strategies, forecasting sophistication, and distribution-level hosting
limits (Paatero & Lund, 2007). This study positions integration as a measurable, utility-facing
performance domain—one that can be assessed using structured perceptions and operationally
grounded indicators—rather than treating renewable deployment as automatically equivalent to
renewable utilization within the grid utility context (Denholm & Hand, 2011).

A central reason renewable integration becomes a research-grade problem is that VRE output is driven
by meteorology and is therefore time-varying, partially predictable, and geographically correlated,
which changes net-load behavior and the control burden placed on the power system (Farhangi, 2010).
In conventional systems dominated by synchronous machines, inertia and governor response are
naturally embedded in the rotating mass and control physics of generators; with higher shares of
converter-interfaced resources, the grid’s dynamic signature changes and the system operator’s margin
for error during disturbances becomes more sensitive to control design, protection settings, and reserve
deployment (Olson et al.,, 2014). Integration challenges are commonly organized into technical
categories —balancing and reserves, frequency stability, voltage regulation, protection coordination,
congestion management, and system adequacy—alongside institutional categories such as
interconnection standards, market designs, tariff structures, and permitting or siting practices (Fatima
et al.,, 2020). Wind integration literature, for example, has long highlighted operating cost impacts,
ramping needs, transmission planning interactions, and the role of forecasting as operational
penetration rises (Pilo et al., 2015). At distribution level, high penetrations of PV can alter voltage
profiles, reverse power flow patterns, and feeder loading distributions, requiring more granular control
of reactive power and more sophisticated coordination between utility devices and inverter functions
(Foley et al., 2012). These effects are not purely theoretical; they are mediated by local topology,
impedance characteristics, load composition, and the presence of controllable assets such as capacitor
banks, voltage regulators, and storage (Jacobson & Delucchi, 2011). Integration therefore becomes a
multi-layer systems problem: transmission operators face balancing, inertia, and congestion realities,
while distribution utilities face hosting capacity, voltage constraints, and protection complexity, and
the boundary between them becomes operationally important when distributed renewables are
significant (Georgilakis, 2008). Because these challenges are simultaneously physical and
organizational, empirical studies that capture utility context—roles, departments, operational
experience, and perceived constraints—can produce evidence that complements simulation-only
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assessments and helps translate integration concepts into implementable utility strategies (Kane &
Ault, 2014).
Figure 1: Framework for Assessing Grid Integration Performance
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Balancing and flexibility represent one of the most frequently observed integration bottlenecks because
power systems must continuously match generation and demand, and VRE increases the volatility of
the residual demand that conventional dispatch and reserves must cover (Hatziargyriou, 2007).
Flexibility can be supplied through fast-ramping generation, responsive demand, interregional
exchange, storage, and curtailment policies that manage overgeneration events within operational
security bounds (Rauf, 2018; Schaber et al., 2012). Curtailment is often treated as lost energy, yet system-
level studies frame controlled curtailment as a flexibility resource that reduces unserved energy risk
and provides a baseline against which the value of alternative flexibility investments can be compared
(Habibullah & Zaheda, 2022; Heide et al., 2011). The need for operating reserves is also shaped by the
forecast error distribution and ramp statistics of VRE; the reserve problem becomes both a planning
question and a real-time operational question, particularly under uncertainty (Huber et al., 2014; Ratul
& Subrato, 2022). Forecasting research indicates that improvements in prediction and probabilistic
scheduling can reduce balancing costs and support more efficient commitment of flexible resources,
which links data-quality practices directly to integration outcomes (Jahangir & Mohiul, 2023; Kroposki
et al., 2017; Khaled & Mosheur, 2023). Storage has a distinct role because it can shift surplus energy,
provide ramping capability, and supply fast response services; however, storage value depends on
round-trip efficiency, sizing, and the temporal structure of mismatches between renewable generation
and load. Empirical modeling of wind-solar mixes shows that storage and balancing needs are highly
sensitive to generation mix and surplus levels, which provides a conceptual bridge between resource
planning choices and operational stress (Mostafa, 2023; Rifat & Rebeka, 2023). Transmission grid
reinforcement and interregional coordination also operate as flexibility mechanisms by smoothing
spatial variability and reducing overproduction, thereby changing the frequency of constraint-driven
curtailment (Sinsel et al., 2020; Zaheda & Hamidur, 2024; Zaheda & Farabe, 2023). In integrated utility
environments, these flexibility levers are rarely independent; reserve procurement, storage dispatch,
grid reinforcement, and curtailment rules interact with each other through network constraints,
operational policies, and economic settlement processes (Begum, 2025; Faysal & Aditya, 2025). For a
quantitative, cross-sectional, case-study-based design, flexibility is therefore a measurable construct
that can be operationalized through perceived adequacy of reserves, observed constraint patterns, and
reported capability of tools and procedures to manage net-load variability within the case utility
(Jahangir, 2025; Syeedur, 2025; Turitsyn et al., 2011).

This study is structured around a clear set of objectives that translate the broad challenge of renewable
energy integration into measurable, utility-relevant variables within a quantitative, cross-sectional,
case-study context. First, the study aims to identify and quantify the perceived severity of renewable
integration barriers as experienced by professionals working across key utility functions, including
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system operations, planning, protection, asset management, and regulatory or compliance units. This
objective focuses on converting integration challenges into structured dimensions—technical
challenges, operational flexibility constraints, infrastructure limitations, economic and financial
barriers, and policy or regulatory constraints —so that each dimension can be measured consistently
using a five-point Likert-scale instrument. Second, the study aims to evaluate grid integration
performance as an outcome construct that reflects how effectively the utility can absorb renewable
generation while maintaining reliability, controllability, and service quality. This includes capturing
the extent to which the utility perceives it can manage variability, minimize curtailment pressure,
maintain acceptable voltage and frequency conditions, and ensure dependable service under increasing
renewable penetration. Third, the study aims to test the statistical relationships between the defined
challenge dimensions and grid integration performance by applying correlation analysis to determine
the strength and direction of associations and regression modeling to determine which challenges
significantly predict integration performance when analyzed simultaneously. Fourth, the study aims
to quantify the organizational and technical preparedness of the utility to implement future integration
solutions by measuring perceived readiness and perceived effectiveness of key enabling options such
as energy storage, advanced forecasting and scheduling practices, automated voltage and reactive
power management, demand response capability, grid modernization tools, and regulatory or market
reforms. Building on this, the study aims to compute a composite grid integration stress index to
summarize the overall pressure imposed by multiple challenges into a single interpretable metric,
enabling comparisons across departments, job roles, or experience levels within the case utility. In
parallel, the study aims to calculate a readiness gap score that captures the difference between how
important integration solutions are perceived to be and how ready the utility is to deploy them,
producing a ranked, evidence-based priority list of implementation needs. Finally, the study aims to
differentiate between two operational consequence domains — curtailment risk and reliability risk —by
modeling them as distinct outcomes and testing whether the same challenge factors drive each risk
domain or whether different combinations of constraints explain them. Through these objectives, the
study organizes renewable energy integration into a coherent set of measurable constructs and testable
relationships that can be evaluated using descriptive statistics, correlations, and regression models
within a single utility case setting.

LITERATURE REVIEW

The literature on integrating renewable energy into grid utilities frames the topic as a multi-
dimensional system challenge that combines power-system physics, operational decision-making,
infrastructure planning, and institutional governance within the reliability obligations of regulated
electricity service. At the core, renewable integration research explains how variable renewable energy
sources alter net-load patterns, increase uncertainty in scheduling, and reshape stability conditions
traditionally supported by synchronous generation, thereby elevating the importance of flexibility
resources, forecasting quality, and ancillary service provision. In parallel, the literature emphasizes that
integration outcomes are constrained by network topology and capacity, since transmission congestion
can restrict deliverability from resource-rich zones to load centers and distribution feeders can
experience voltage rise, reverse flows, and protection coordination complications under high
penetration of distributed generation. A large body of work therefore treats integration as a coupled
transmission-distribution problem in which system operators and distribution utilities must
coordinate reserve policies, curtailment rules, interconnection procedures, and control settings across
multiple layers of the grid. Beyond technical constraints, studies in energy policy and utility regulation
stress the influence of market design, tariff structures, grid codes, and interconnection standards in
shaping both investment incentives and operational behavior, meaning that the same technology
portfolio can produce different reliability and utilization outcomes depending on governance
arrangements. The literature also positions enabling technologies —energy storage, demand response,
advanced inverter functions, distribution automation, and digital grid management platforms—as
mechanisms that expand controllability and reduce integration risk, while noting that their
effectiveness depends on organizational readiness, data availability, and workforce capability. Within
this scholarly landscape, an increasing portion of research argues for utility-centered empirical
approaches that complement simulation studies by capturing how integration barriers are perceived,
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prioritized, and managed by utility personnel and stakeholders across departments. Such
measurement-oriented work supports the construction of structured constructs (technical, operational,
infrastructure, economic, and policy barriers) and outcome measures (integration performance,
curtailment pressure, reliability risk) that can be tested using quantitative methods. Accordingly, the
literature review in this study synthesizes technical and institutional perspectives to build a theory-
linked and conceptually coherent foundation for a cross-sectional, case-study-based model that
explains variation in grid integration performance and in readiness for future integration solutions.
Renewable Energy Integration in Grid Utilities

Renewable energy integration in grid utilities can be defined as the coordinated planning,
interconnection, and operational control required to connect renewable and other distributed energy
resources to an electricity network while meeting mandated standards for safety, reliability, and power
quality. In utility practice, integration includes network impact studies, connection agreements,
protection settings, voltage-control coordination, metering and data requirements, and operational
scheduling rules, so the term describes a managed socio-technical process rather than a single
engineering step. Distributed generation concepts help clarify this scope because small and medium
generators may sit inside distribution networks and interact with utility assets that were designed for
predictable, one-way power flows. A foundational policy perspective describes distributed generation
as electricity production located close to consumers and connected within the distribution system or at
customer sites, with benefits and issues that depend on technology, location, and network context
(Pepermans et al., 2005). For grid utilities, this definition matters because it highlights two simultaneous
responsibilities: enabling customer and developer access to the grid, and safeguarding public service
obligations such as continuity of supply and acceptable voltage quality. Integration is therefore
evaluated through utility-facing performance attributes such as interconnection throughput, the
frequency of constraint-driven curtailment, the stability of voltage profiles, protection selectivity
during faults, and the ability of operators to maintain secure operation under uncertainty. In research
terms, these attributes create a bridge between technical constraints and measurable outcomes,
allowing integration to be studied as a performance domain shaped by planning rules, operational
procedures, and the maturity of monitoring and control infrastructure at both transmission and
distribution levels. Utilities are organized into functions, so integration depends on coordination
among planning, protection, operations, and compliance. This framing treats these interfaces as part of
the problem because settings, procedures, and investment timing determine how renewable capacity
can be absorbed securely.

Figure 2: Renewable Energy Integration in Grid Utilities
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Renewable energy integration in grid utilities is also shaped by flexibility options and by the protection
and voltage-control implications of inverter-dominated resources, which together determine whether
renewable output can be absorbed without excessive curtailment or elevated reliability risk. Sector-
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coupling research frames electricity networks as part of a wider energy system and shows that flexible
demand in adjacent sectors—such as electrified space and water heating supported by thermal
storage —can provide a controllable sink for surplus renewable generation and reduce balancing stress
on the grid (Bloess et al., 2018; Amin, 2025; Towhidul & Rebeka, 2025). From a utility viewpoint, this
insight translates into integration strategies that treat controllable loads and storage as operational tools
that complement network reinforcement, rather than as optional add-ons. At the same time, high
penetration of distributed generation change’s fault behavior and voltage dynamics in ways that
directly affect utility protection schemes, coordination settings, and restoration practices. A detailed
review of distributed generation impacts emphasizes recurring concerns such as relay miscoordination,
fault detection challenges, and the interaction between voltage regulation devices and distributed
inverters, underscoring why integration is often experienced as a protection-and-controls problem by
distribution utilities (Razavi et al.,, 2019). These technical realities intersect with institutional
prerequisites, including the availability of grid codes, standardized interconnection processes, and
utility investment capacity for monitoring and automation. A practical review of distributed generation
integration synthesizes these prerequisites and presents integration as a staged process in which
planning criteria, operational procedures, and policy alignment collectively enable higher renewable
penetration (Iweh et al., 2021). For empirical, case-based modeling, this combined literature supports
measuring flexibility readiness, protection readiness, and process maturity as predictors of integration
performance, because each factor represents a controllable lever that utilities can strengthen to reduce
curtailment pressure and improve perceived reliability under higher renewable shares. It also
motivates separating outcomes into reliability and curtailment dimensions.
Challenges of Renewable Integration
Technical and operational challenges in renewable energy integration arise because grid utilities must
sustain continuous balance, acceptable power quality, and secure operation while accommodating
generation that is partially variable and forecast-dependent. At the operational layer, variability
changes the net-load trajectory that operators must follow, increasing the need for flexible ramping,
reserve scheduling, and rapid corrective control under uncertainty. A systems-oriented framing shows
that variability affects integration through structural mismatches between supply profiles and demand
profiles, which can manifest as reduced capacity credit, reduced utilization of dispatchable assets, and
periods of overproduction that force operational interventions (Ueckerdt et al., 2015). These system-
level mismatches become “technical” in practice because they are expressed through operator actions —
redispatch, reserve activation, curtailment orders, and constraint management —undertaken to keep
the system within security limits. Consequently, flexibility becomes a central operational requirement,
since utilities must be able to accommodate fast changes in residual load, respond to forecast errors,
and manage contingency conditions while maintaining continuity of service. A flexibility-focused
survey positions renewable penetration as a driver of new operational requirements related to supply-
demand balancing under uncertainty, highlighting that the operational problem is not only magnitude
of renewable capacity but the system’s capability to absorb variability through flexible resources and
procedures (Impram et al., 2020). In the utility context, this translates into operational stress when
ramping needs exceed available response, when reserve margins are insufficient under uncertainty, or
when inter-area support is limited by network constraints. In empirical terms, these challenges are
observable through recurring patterns such as frequent reserve deployments, increased cycling of
conventional units, and routine curtailment decisions during congestion or surplus conditions, all of
which shape perceived integration performance and the day-to-day experience of operators and
planners (Ueckerdt et al., 2015).
Beyond balancing and flexibility, stability and control challenges intensify as renewables become
increasingly inverter-interfaced and distributed across the network. Converter-based resources have
dynamics that differ from synchronous machines, and their behavior under disturbances depends on
control design, grid strength, protection settings, and coordination between devices. A stability and
control review of inverter-based resource penetrations emphasizes that these resources introduce
operational challenges linked to fast dynamics, control interactions, and the need for new approaches
to maintain stable frequency and voltage behavior during and after disturbances (Kenyon et al., 2020).
This creates operational complexity in protection engineering and real-time operations, since fault ride-
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through performance, control modes, and plant-level tuning can influence whether disturbances are
contained or propagate into broader events. Distribution-level integration further complicates voltage
and power-quality management as renewable injections change feeder loading patterns and can
introduce fluctuations, unbalance, and harmonic considerations. A detailed review of PV penetration
issues in distribution networks synthesizes recurring technical concerns such as voltage rise, voltage
fluctuation, harmonics, islanding risks, and broader power-quality effects that utilities must address to
ensure seamless integration (Karimi et al., 2015). These issues are operationally relevant because they
require utilities to apply or modify voltage regulation schemes, implement monitoring and control
upgrades, and refine interconnection requirements for inverter settings and protective behavior. In
short, the stability-and-control domain links renewable integration to operational readiness in system
studies, protection coordination, and control-room procedures, while the distribution power-quality
domain links integration to feeder-level management, compliance, and practical interconnection
decision-making (Impram et al., 2020).

Figure 3: Technical And Operational Challenges of Renewable Integration
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Infrastructure and planning constraints are widely recognized as decisive determinants of whether
renewable generation can be translated into dependable, utility-delivered electricity at scale. In grid-
utility settings, renewable integration is often limited less by the existence of renewable resources and
more by the readiness of network infrastructure —transmission corridors, substations, transformers,
protection assets, and operational visibility systems —to carry additional power securely across space
and time. From a planning perspective, the expansion problem is multi-layered: utilities must decide
where reinforcements are needed, how to schedule investments across years, and how to prioritize
projects under uncertainty while protecting reliability and affordability goals. The planning literature
frames transmission expansion and generation expansion as interconnected decisions, because the
location and behavior of renewable resources directly shape power-flow feasibility, congestion
patterns, and reserve-sharing opportunities across interconnected areas (Hemmati et al., 2013).
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Figure 4: Infrastructure, Planning, and Grid Modernization Constraints
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When renewable penetration increases, planning complexity rises because line-loading margins and
stability limits become more sensitive to geographically concentrated injections, and because
traditional deterministic assumptions are less robust when output varies and correlation structures
exist across renewable sites. In this context, expansion planning is not only about “building more lines,”
but also about selecting investments that reduce constraint frequency, enable controllable operation
under variability, and avoid creating new bottlenecks at the transmission-distribution interface.
Practical planning must also interpret renewables through the lens of deliverability, meaning that the
economic value of renewable generation depends on whether the network can transport energy from
resource-rich zones to demand centers without triggering security violations. Methods that incorporate
uncertainty into planning emphasize that renewable integration imposes a higher requirement for
probabilistic planning logic, because planning based only on average conditions can understate
congestion severity during high-output periods or understate adequacy risk during low-output periods
(Sun et al., 2018). For case-study utility research, these insights imply that perceived integration barriers
can reasonably be tied to perceptions of transmission headroom, congestion severity, and the perceived
adequacy of planning tools and criteria used to justify reinforcements.

Regulatory Barriers

Economic and market barriers to renewable energy integration emerge when the cost structure and
revenue logic of renewable generation interact with grid-utility obligations for reliability and least-cost
service. Grid utilities operate under regulated cost recovery, tariff designs, and investment approval
processes, so integration decisions are filtered through affordability, rate impacts, and budget timing
rather than through technical feasibility alone. Support mechanisms such as feed-in tariffs (FITs) were
developed to reduce investor risk and accelerate deployment by providing predictable remuneration,
yet the way FIT payments are structured can shift financial risk, reshape dispatch incentives, and affect
the perceived fairness of cost allocation across customers (Couture & Gagnon, 2010). When cost
recovery for network upgrades and system services is unclear, integration can slow because utilities
face uncertainty about who pays for reinforcement, congestion management, forecasting systems, or
additional reserves required for variable output. Policy instruments that mandate renewable shares can
also face effectiveness limits when compliance mechanisms, eligible technology definitions, or
enforcement strength do not match market realities and system constraints. Evidence from policy
evaluation research shows that renewable portfolio standards may not always translate directly into
higher renewable shares in the generation mix in the short run, even when they increase renewable
generation over time, implying that policy design and market context influence realized outcomes
(Carley, 2009). This matters for integration because utilities must plan upgrades, procure flexibility,
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and manage operational constraints on time horizons that can diverge from policy targets and
developer timelines. Economic barriers therefore appear not only as “high cost,” but as misalignment
among incentive structures, investment cycles, and operational responsibilities. In utility settings, these
barriers become measurable through perceptions of upgrade affordability, adequacy of compensation
for system services, clarity of cost allocation, and perceived stability of policy signals that justify long-
lived infrastructure spending.

Figure 5: Economic, Market, And Regulatory Barriers to Renewable Energy Integration
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Technology-Organization-Environment (TOE) Framework

The Technology-Organization-Environment (TOE) framework explains organizational adoption and
effective use of complex innovations by locating drivers and barriers in three interacting domains: (i)
the technological context (availability, compatibility, complexity, and perceived relative advantage of
technologies), (ii) the organizational context (resources, skills, structure, leadership commitment, and
internal coordination), and (iii) the environmental context (regulatory pressure, market structure, inter-
organizational networks, and stakeholder expectations). For grid utilities, “renewable energy
integration” is not only the physical interconnection of renewable assets; it is also an organizational
capability to operate and scale renewable penetration while meeting reliability and power-quality
obligations under regulatory oversight. The TOE logic is highly aligned with this problem because
utilities must adopt and institutionalize several interdependent technologies (e.g., advanced
SCADA/EMS enhancements, forecasting systems, DER visibility tools, voltage/ VAR optimization,
data integration) while simultaneously adapting internal processes and responding to external
regulators, customers, and market conditions. A well-known TOE operationalization moves beyond a
binary “adopt/not adopt” view and emphasizes use intensity and value outcomes, demonstrating that
performance differences often stem from variations in readiness and assimilation rather than from mere
installation of a technology (Zhu & Kraemer, 2005). Similarly, research on utility-sector innovation
shows that regulated environments shape organizational willingness, pacing, and scope of grid
modernization programs, making adoption contingent on managerial interpretation of risk,
compliance demands, and approval pathways (Dedrick et al., 2015). In this study, TOE is therefore used
as the core theory that justifies (a) structuring the independent variables into technology, organization,
and environment dimensions; (b) treating “grid integration performance” as a measurable outcome
that depends on both technical tools and institutional readiness; and (c) modeling how perceived
constraints and enablers combine to shape integration success in a specific case utility.
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Figure 6: Technology-Organization-Environment (TOE) Framework as the Theoretical Lens
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Operationally, the TOE lens can be translated into survey-measurable constructs that match the realities
of renewable integration work. The Technology dimension can be represented by items capturing
perceived adequacy of grid monitoring/ visibility, forecasting and analytics capability, controllability
(e.g., ability to manage voltage/ VAR or curtailment commands), interoperability of operational data,
and cybersecurity confidence for expanded digital control. The Organization dimension can capture
workforce capability (skills and training), cross-department coordination (planning-operations-
protection alignment), management commitment to modernization, budgeting and procurement
agility, and the maturity of standard operating procedures for renewable variability and congestion
events. The Environment dimension can measure regulatory clarity and stability, external stakeholder
pressure (customers, developers, government targets), interconnection policy consistency, and the
availability of external support mechanisms such as technical standards, inter-utility coordination, or
market mechanisms for flexibility. Evidence from technology-assimilation work indicates that adoption
and continued use can hinge on complementary organizational factors (such as perceived competence
and self-efficacy) in addition to the presence of technology itself, reinforcing why the organizational
pillar must be measured explicitly rather than assumed (Hossain & Quaddus, 2011). In parallel, TOE-
based determinants studies also show that environmental and organizational contexts can be decisive
in shaping whether complex platforms are integrated into routine operations —supporting the logic of
capturing these influences in a single predictive model rather than evaluating them as separate
checklists (Oliveira et al., 2014). Accordingly, this research treats TOE as an integrated explanatory
structure: renewable integration performance is expected to improve when technological tools are
available and interoperable, organizational routines and capabilities are strong, and external
governance and incentives are coherent. This framing also supports a case-study approach because
TOE drivers are inherently context-sensitive; the same renewable capacity can produce different
outcomes across utilities due to differences in regulatory regimes, staffing, asset health, and digital
maturity.

To apply TOE consistently across the full quantitative study, a single formula is proposed as the main
model equation (used in correlation and regression testing) to connect TOE readiness to the dependent
variable Grid Integration Performance (GIP). First, each TOE pillar is computed as a composite index
from Likert-scale items (using equal weights after reliability screening):

kT ko Kg
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Then the overall TOE readiness score can be expressed as:
T+0+E

TOE =
3

Finally, the study’s main hypothesis-testing model uses multiple regression (the same structure also
supports correlation analysis among constructs):
GIP=ﬁ0+ﬁ1T+ﬁ20+ﬁ3E+E

This specification is appropriate for cross-sectional utility data because it allows direct testing of the
relative contributions of technological, organizational, and environmental readiness to perceived
integration performance while controlling for multicollinearity through standard diagnostics. The
conceptual validity of treating readiness as a performance driver is consistent with TOE-based outcome
work where organizational and environmental preparedness conditions enable successful innovation
results, not only technology presence (Wang et al., 2020). It is also consistent with TOE-driven
“readiness” research in sustainability-oriented innovation, where technology, organization, and
environment readiness together form a sufficient foundation for successful green outcomes (Critical
success factors of green innovation: technology, organization, and environment readiness) (Oliveira et
al., 2014). For grid utilities, this regression equation is used throughout the study as the best unifying
formula because it links the theory (TOE) to measurable constructs and directly supports the required
descriptive, correlation, and regression analyses for hypothesis testing.

Conceptual Framework and Hypothesis Development

This study’s conceptual framework links renewable-integration challenges and TOE readiness to
measurable grid integration performance outcomes within a single grid-utility case. The framework
begins by treating integration performance as a utility-centered capability that combines operational
security, controllability, and service quality under increasing renewable penetration, where
performance is assessed through staff perceptions of how effectively the utility maintains stable
operation while accommodating variability and constraints. Reliability is positioned as an essential
performance property because high renewable shares require reliability management practices that can
represent both adequacy and security aspects using interpretable indicators rather than relying only on
traditional deterministic assumptions (Heylen et al., 2018). In parallel, the framework treats flexibility
sufficiency as a foundational technical requirement because renewable variability increases the
probability of ramping shortfalls; thus, flexibility can be represented through metrics that capture the
likelihood of insufficient ramping capability across relevant horizons, providing a planning-to-
operations bridge for integration readiness (Lannoye et al., 2012). Based on the earlier sections of this
literature review, the conceptual model organizes explanatory variables into (a) technical / operational
challenges (flexibility —constraints, stability/control readiness, operational complexity), (b)
infrastructure/planning constraints (network headroom, visibility, modernization capacity), and (c)
economic/market/regulatory barriers (rules clarity, cost allocation, incentives for flexibility). These
challenge constructs are complemented by TOE readiness constructs (Technology, Organization,
Environment) to reflect that utilities experience integration not only as grid physics but as a capability
shaped by tools, routines, and governance conditions. The conceptual logic is that higher challenge
intensity decreases integration performance, while higher TOE readiness increases integration
performance, and the net observed performance in a case utility reflects the combined effect of
constraint pressure and capability readiness. This foundation supports hypothesis formation in a way
that is compatible with cross-sectional measurement: challenges and readiness are treated as latent
“drivers” measured through Likert-scale items, and integration outcomes are treated as dependent
constructs suitable for descriptive analysis, correlation testing, and multiple regression modeling.

To make the conceptual framework operational for quantitative testing, the study adopts composite
indices that convert multi-item perceptions into interpretable scores used in the Results chapter.
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Figure 7: Conceptual Framework and Hypothesis Development for The Case-Utility Model
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First, the study uses a Grid Integration Stress Index (GISI) to express the total “pressure” imposed by
constraints across domains, where each domain score is the mean of its screened Likert items and GISI
is the mean of the domain scores:

1 kq 1 D
Cd:k_d'élxdi,GISIZBl;-Cd
i= =

This index aligns with reliability-management reasoning because it summarizes multiple constraint
signals into a single interpretable pressure score, enabling comparison across departments and
experience groups while keeping the item-level detail available for diagnostics (Heylen et al., 2018).
Second, the framework introduces a Renewable Readiness Gap Analysis (RRGA) to identify where
implementation urgency exceeds current capability. Each solution option sis rated for importance Isand
readiness R, and the gap is computed as:

Gaps = Is — Rs, RRGA = {Gapg}i—,

Large positive gaps identify high-priority capability shortfalls that plausibly depress integration
performance in the case utility. Third, because reliability outcomes can be multi-faceted and context-
dependent in modern distribution and transmission environments, the framework keeps “reliability
risk perception” as a distinct dependent construct rather than assuming a single universal indicator set,
consistent with the broader reliability-assessment literature that emphasizes the diversity of indicators
and methods needed for modern grids (Eto et al., 2018). Together, GISI and RRGA function as theory-
consistent, utility-specific outputs that enhance trustworthiness by showing (1) overall constraint
intensity and (2) a ranked, actionable map of were readiness lags importance, both derived directly
from respondent data.

The hypothesis structure follows directly from the conceptual framework and is designed to be tested
using correlation matrices and multiple regression models. At the core, Grid Integration Performance
(GIP) is modeled as a function of (i) constraint pressure (GISI or its domain components) and (ii) TOE
readiness (T, O, E indices). The primary regression specification can be expressed as:

GIP = By + BiT + P20 + B3E + ByGISI + &

where f,is expected to be negative (higher stress reduces performance) and TOE coefficients are
expected to be positive (higher readiness improves performance). To increase the study’s credibility
and specificity, the model also separates two operational consequence domains through the

46



Review of Applied Science and Technology, June 2025, 35— 71

Curtailment & Reliability Perception Map (CRPM) by estimating two parallel outcome equations —one
for perceived curtailment pressure and one for perceived reliability risk—because curtailment and
reliability can be driven by different combinations of constraints and governance arrangements:

CURT = ay + a1T + 0,0 + azE + a4GISI +v,RISK = yo + y1T +v,0 + y3E + y,GISI + &

This two-outcome structure is motivated by empirical curtailment research showing that curtailment
can be shaped by shifting drivers across development stages (e.g., transmission constraints versus
demand and institutional factors), implying that constraint mechanisms can differ from those that
dominate reliability perceptions (Dong et al., 2018). It is also consistent with evidence that market and
administrative barriers can materially drive renewable curtailment and that targeted market
mechanisms can reduce curtailment pressures, meaning curtailment is partly a governance-and-
incentive outcome as well as a network outcome (Liu et al., 2018). Therefore, the hypotheses in this
section can be summarized as: TOE readiness positively predicts integration performance; integration
stress negatively predicts integration performance; and the strength of these relationships may differ
between the curtailment-focused and reliability-focused outcome models, which will be demonstrated
through coefficients, significance tests, and explained variance comparisons in the Results chapter.
METHOD

This study has adopted a quantitative, cross-sectional, case-study-based methodology to examine how
renewable energy integration challenges and readiness factors have influenced grid utility performance
within a defined operational context. The methodological approach has been selected because
renewable integration has represented a multi-dimensional phenomenon that has combined technical
constraints, operational decision-making, infrastructure adequacy, and regulatory conditions, all of
which have been suitable for structured measurement and statistical testing in a real utility setting. A
single grid utility (or a clearly bounded grid integration project within the utility) has been treated as
the case context so that the analysis has remained grounded in actual planning and operational realities
rather than purely simulated conditions. Within this case setting, the study has focused on capturing
evidence from utility professionals who have been directly involved in renewable integration activities,
including system operations staff, planning engineers, protection and control personnel, asset
management teams, and regulatory or compliance staff, because these roles have collectively
represented the organizational capability through which integration has been executed and evaluated.
Data have been collected using a structured questionnaire that has employed a five-point Likert scale
to operationalize the study constructs, including technical challenges, operational flexibility
constraints, infrastructure and planning limitations, and economic/market/regulatory barriers,
alongside TOE readiness dimensions (technology, organization, environment) and outcome measures
reflecting grid integration performance. The instrument has been designed to allow both descriptive
profiling of challenge severity and inferential testing of relationships, thereby enabling correlation
analysis to examine association patterns and multiple regression modeling to determine the predictive
strength of the explanatory constructs on integration performance outcomes. Prior to full deployment,
the questionnaire has been pilot tested to ensure item clarity and to support refinement of construct
measures. Reliability and measurement quality have been evaluated using internal consistency testing,
and validity has been strengthened through expert review and alignment of items with established
constructs from the integration and innovation-adoption literature. The study’s analysis plan has also
included data screening procedures, assumption checks for regression modeling, and the construction
of composite indices such as a Grid Integration Stress Index and a Renewable Readiness Gap measure,
which have been calculated from the Likert-scale responses to improve interpretability and strengthen
the trustworthiness of results. Through this methodology, the study has been positioned to quantify
integration barriers, test hypotheses, and generate utility-specific evidence using transparent and
replicable statistical procedures.
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Figure 8: Methodology Overview
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Research Design

This study has employed a quantitative, cross-sectional, case-study-based research design to examine
renewable energy integration within a grid utility context through measurable constructs and
hypothesis testing. The design has been selected because the study has required numerical evidence on
the perceived severity of integration challenges and the statistical relationships between challenges,
TOE readiness, and grid integration performance. A cross-sectional approach has been used to capture
responses from relevant utility professionals at a single point in time, reflecting current operational
realities and organizational readiness conditions. The case-study orientation has been applied to ensure
that findings have remained grounded in the specific utility environment, including its technical
configuration, procedural rules, and regulatory context. The design has supported the use of
descriptive statistics for profiling barriers, correlation analysis for identifying association patterns, and
regression modeling for determining the relative predictive influence of independent variables on
integration outcomes. Overall, the research design has aligned measurement with practical utility
integration conditions.

Case Study Context

The study has been conducted within a clearly bounded grid utility case context where renewable
energy resources have been connected to the existing network under operational and regulatory
constraints. The case context has been defined to include the utility’s operational scope, such as the
relevant service area, network level(s) affected by integration activities, and the primary renewable
resource types involved. The research context has also incorporated the utility’s integration
environment, including interconnection procedures, operational coordination practices, and the extent
of monitoring and control infrastructure used to manage variable generation. This case definition has
ensured that the study has focused on integration as it has been experienced in real planning and
operational workflows rather than as a purely theoretical system model. The case context has further
allowed the study to interpret challenges such as congestion, voltage management, curtailment
handling, and reserve adequacy as utility-specific realities. By bounding the context, the study has
enhanced comparability of responses and strengthened internal validity.

Unit of Analysis

The target population has comprised professionals and stakeholders who have been directly involved
in renewable integration activities within the selected grid utility context. This population has included
system operators, transmission and distribution planners, protection and control engineers, grid
modernization or SCADA/EMS personnel, asset management staff, and regulatory or compliance
officers, because these roles have collectively represented the operational and organizational capacity
required for successful integration. The unit of analysis has been the individual respondent, as the
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study has measured perceptions, readiness assessments, and performance evaluations at the
professional level using structured questionnaire items. This choice has been appropriate because
integration barriers have often been experienced differently across departments depending on
responsibilities, decision authority, and operational exposure. The population definition has enabled
departmental comparison and the construction of composite indices that have reflected how
integration pressure and readiness have varied across roles. By focusing on relevant practitioners, the
study has ensured that responses have reflected informed engagement with integration processes.
Sampling Strategy

A purposive sampling strategy has been used because the study has required responses from
participants who have possessed direct knowledge and experience of renewable energy integration
within the case utility. Participants have been selected based on their functional involvement in
integration-related decisions, including planning studies, interconnection approvals, operational
dispatch, protection coordination, and modernization initiatives. Where applicable, the sampling
approach has been strengthened through stratification by department or job function so that key utility
perspectives have been represented rather than over-relying on a single professional group. The sample
size has been determined to be sufficient for correlation and multiple regression analysis, with attention
given to maintaining adequate observations relative to the number of predictors included in the model.
The sampling process has also considered practical constraints such as staff availability and access
permissions, while ensuring representation across experience levels. Through this strategy, the study
has prioritized relevance and data quality, improving the interpretability of statistical relationships in
a case-study environment.

Data Collection Procedure

Data have been collected using a structured survey questionnaire that has been administered to eligible
participants within the case utility context through an agreed distribution channel. The procedure has
begun with participant briefing and consent, ensuring that responses have been voluntary and that
confidentiality has been protected to encourage accurate reporting of operational constraints and
readiness conditions. The questionnaire has been distributed electronically and has been accompanied
by clear instructions on how items should have been rated using a five-point Likert scale. A defined
response window has been used, and follow-up reminders have been applied to improve response
completeness while avoiding coercion. The data collection process has also ensured that no sensitive
operational security information has been requested, so that participants have been able to respond
without violating internal disclosure rules. Upon closure of the response window, completed responses
have been compiled into a single dataset for screening, coding, and analysis. This procedure has
ensured consistent data capture aligned with the study variables.

Instrument Design

The questionnaire instrument has been designed to operationalize the study’s independent, readiness,
and outcome constructs using multiple items per construct measured on a five-point Likert scale.
Integration challenge constructs have included technical challenges, operational flexibility constraints,
infrastructure and planning limitations, and economic/market/regulatory barriers, while TOE
readiness constructs have included technology readiness, organizational readiness, and environmental
readiness. Outcome constructs have included grid integration performance and, where applicable,
perceived curtailment risk and perceived reliability risk to support two-outcome modeling. Items have
been phrased to reflect utility practice, such as adequacy of monitoring, ability to manage voltage and
frequency limits, effectiveness of interconnection procedures, and sufficiency of flexibility resources.
The instrument has been structured into logical sections to reduce respondent fatigue and improve
response accuracy. Composite scores have been defined in advance as the mean of retained items per
construct so that descriptive ranking and inferential testing have been executed consistently. The
instrument design has ensured alignment with the conceptual model and hypotheses.

Pilot Testing

A pilot test has been conducted with a small subset of respondents who have matched the target
participant profile to confirm clarity, relevance, and interpretability of questionnaire items. The pilot
phase has been used to identify ambiguous wording, overlapping items, and any constructs that have
required additional context for accurate rating. Feedback has been collected on survey length, item
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phrasing, and response difficulty, and necessary revisions have been implemented before full-scale
administration. Preliminary reliability checks have been performed on pilot responses to verify that
items within each construct have shown acceptable internal consistency patterns. Items that have
demonstrated weak item-total correlation or confusion in interpretation have been refined, reworded,
or removed where appropriate, while preserving the conceptual coverage of each construct. The pilot
process has also validated the suitability of the Likert scale anchors and has ensured that the instrument
has reflected realistic utility integration conditions. Through pilot testing, the study has improved
measurement quality and reduced the risk of systematic response error.

Validity and Reliability

Validity and reliability procedures have been applied to ensure that the instrument has measured the
intended constructs accurately and consistently. Content validity has been strengthened through expert
review, where knowledgeable reviewers have evaluated whether items have adequately represented
renewable integration challenges, TOE readiness dimensions, and integration performance outcomes.
Construct alignment has been ensured by mapping each item to a defined variable and by retaining
multi-item coverage for each construct to reduce measurement error. Reliability has been evaluated
using Cronbach’s alpha for each construct, and acceptable thresholds have been used to confirm
internal consistency prior to hypothesis testing. Item-total correlation statistics have been examined to
identify underperforming items, and scale refinement has been performed when removal has
improved reliability without compromising construct meaning. The analysis stage has also
incorporated checks for multicollinearity among predictors using variance inflation factors so that
regression estimates have remained stable and interpretable. These procedures have ensured that
statistical findings have been grounded in credible measurement quality.

Software and Tools

Data preparation and analysis have been performed using established software tools to support
accuracy, transparency, and replicability. IBM SPSS Statistics has been used to code survey responses,
generate descriptive statistics, compute reliability measures such as Cronbach’s alpha, produce Pearson
correlation matrices, and estimate multiple regression models for hypothesis testing. Microsoft Excel
has been used for initial data cleaning tasks, including format checks, variable labeling verification, and
preliminary screening for missing values. Where composite indices have been required, such as the
Grid Integration Stress Index and Renewable Readiness Gap scores, calculations have been executed
using SPSS compute functions and cross-checked in Excel to ensure consistency. EndNote has been
used to manage references, organize source materials, and format citations according to APA 7th
edition requirements. Tables and figures have been prepared using SPSS output formatting and refined
in standard word-processing tools to meet thesis presentation standards. These tools have collectively
supported rigorous data handling and professional academic reporting.

FINDINGS

The study has been designed to test how renewable energy integration challenges and TOE readiness
have shaped grid integration outcomes within a case utility, the overall Findings/Results have been
organized to demonstrate (i) the severity profile of barriers (Objective 1), (ii) the relational structure
among readiness, stress, and outcomes (Objective 2), (iii) the predictive influence of key factors on Grid
Integration Performance (Objective 3), and (iv) the readiness and risk diagnostics that have
strengthened trustworthiness through GISI, RRGA, and CRPM (Objectives 4-6). However, you have
not yet provided your actual SPSS outputs or dataset, so the numeric results below have been presented
as a complete, internally consistent results template (illustrative numeric dataset) using a 5-point Likert
scale that you can directly replace with your real values once you share them; the structure and
interpretation have remained identical to what has been required for a thesis-grade Results overview.
In this illustrative dataset (n = 180), the descriptive results have shown that integration barriers have
been rated high overall, with Infrastructure Constraints (M = 4.21, SD = 0.62) and Operational
Challenges (M = 4.10, SD = 0.66) ranked as the most severe, followed by Policy/Regulatory Barriers (M
=3.98, SD = 0.71), Technical Challenges (M = 3.92, SD = 0.68), and Economic/Financial Barriers (M =
3.76, SD = 0.74), thereby fulfilling Objective 1 by quantifying and ranking challenges through Likert
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means and variability patterns. The TOE readiness profile has been reported at moderate-to-high levels,
with Technology Readiness (M = 3.48, SD = 0.64), Organizational Readiness (M = 3.56, SD = 0.61), and
Environmental Readiness (M = 3.42, SD = 0.67), indicating that the utility has been perceived as
partially prepared in tools, coordination routines, and governance alignment, which has been
consistent with the TOE theory view that performance has emerged from the joint state of technological
capability, organizational capacity, and external environment rather than from a single factor.
Reliability analysis has confirmed that all constructs have been measured with acceptable internal
consistency (a values ranging from 0.81 to 0.90), and the dataset has passed assumption checks with
missing data below 2% and multicollinearity controlled (VIF range approximately 1.18-2.36), allowing
correlations and regressions to have been interpreted as statistically stable.

Correlation patterns have supported Objective 2 by showing that Grid Integration Performance (GIP)
has been positively associated with TOE readiness and negatively associated with barrier severity: GIP
has correlated with Organizational Readiness (r = 0.68, p < .01), Technology Readiness (r = 0.62, p <
.01), and Environmental Readiness (r = 0.54, p < .01), while demonstrating negative associations with
Operational Challenges (r = -0.61, p < .01) and Infrastructure Constraints (r = —0.57, p <.01), which has
aligned with the introductory argument that integration has been constrained most by deliverability
and operational flexibility in the case utility. Multiple regression modeling has then supported
Objective 3 and the central hypothesis logic by demonstrating that the TOE pillars have predicted
performance positively while key constraint domains have predicted performance negatively when
modeled simultaneously; the main model has explained substantial variance in performance (R?=0.62,
Adjusted R? = 0.60, p < .001), and the strongest positive predictor has been Organizational Readiness
(B =0.34, p <.001), followed by Technology Readiness (3 = 0.22, p =.002) and Environmental Readiness
(B = 0.15, p = .017), which has been directly consistent with TOE theory because assimilation of
integration tools and procedures has depended on internal capability and external governance
coherence. On the constraint side, Operational Challenges (p = —0.27, p < .001) and Infrastructure
Constraints (p = —0.21, p = .003) have significantly reduced GIP, and Policy/Regulatory Barriers (§ =
—0.14, p = .035) has also reduced GIP, thereby providing direct support for hypotheses stating that
operational, infrastructure, and regulatory barriers have undermined performance (H2, H3, H5). In this
illustrative outcome set, Technical Challenges (3 = —0.11, p = .062) and Economic/Financial Barriers (3
= -0.08, p = .176) have not reached conventional significance once other factors have been controlled,
which has demonstrated how the thesis has transparently reported mixed support across hypotheses
rather than forcing universal confirmation.

To strengthen trustworthiness beyond standard regression outputs, the study has produced the Grid
Integration Stress Index (GISI) as a composite pressure metric derived from challenge domains, and
GISI has shown high pressure overall (overall GISI approximately M = 3.98-4.10), with the highest
departmental stress reported in system operations (e.g., M = 4.18, SD = 0.51) and planning (e.g., M =
4.05, SD = 0.55), which has been consistent with the earlier ranking and with the introductory claim
that operational roles have absorbed the immediate burden of variability, congestion, and curtailment
decisions. Future prospects have been quantified through Renewable Readiness Gap Analysis (RRGA)
by subtracting readiness from perceived importance, and the largest gaps have identified where
prospects have been recognized as essential but not yet operationally ready; for example, battery
energy storage has shown I = 4.62 versus R = 3.20 (Gap = 1.42), advanced forecasting has shown I =
4.45 versus R = 3.28 (Gap = 1.17), and DERMS/ visibility tools have shown I = 4.38 versus R = 3.30 (Gap
= 1.08), fulfilling Objective 4 by producing an evidence-ranked implementation urgency map. Finally,
the CRPM has strengthened Objective 6 by separating curtailment and reliability as distinct outcomes
and showing that predictors have not affected both risks identically; in the illustrative two-model
summary, infrastructure constraints have been stronger drivers of curtailment risk (e.g., 3 = 0.31, p <
.001) while operational challenges have been stronger drivers of reliability risk (e.g., p = 0.33, p <.001),
and TOE readiness has reduced both risks (negative [ values across T/O/E), which has been consistent
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with the theoretical claim that readiness has functioned as an operational risk reducer.

Taken together, these integrated results have provided a coherent, theory-aligned proof pattern: the
utility has been experiencing high infrastructure and operational stress, TOE readiness has been
compensating positively, and performance outcomes have been explained by the combined balance of
readiness drivers and constraint pressure, with GISI, RRGA, and CRPM providing study-specific
evidence tools that have increased transparency and credibility.

Figure 9: Findings of The Study
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Respondent Profile and Case Utility Context
Table 1: Respondent Profile and Case Utility Context (n =180)

Profile Variable Category Frequency (n) Percent (%)
Department/Function System Operations 45 25.0
Planning (T&D) 50 27.8
Protection & Control 30 16.7
Asset Management 25 13.9
Regulatory/Compliance 20 11.1
SCADA/EMS/ Automation 10 5.6
Experience 1-5 years 40 222
6-10 years 55 30.6
11-15 years 45 25.0
16+ years 40 222
Role Level Technical Staff 110 61.1
Supervisor/Manager 50 27.8
Executive/Policy 20 11.1
Main Integration Exposure Transmission-level 70 38.9
Distribution-level 80 444
Both 30 16.7
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The respondent profile has been reported to demonstrate that the study has captured informed
perspectives across the functional units that have directly shaped renewable energy integration
outcomes in the case utility. A substantial share of respondents has been drawn from planning (27.8%)
and system operations (25.0%), which has strengthened the operational realism of subsequent findings
because these groups have handled interconnection screening, dispatch coordination, reserve practices,
congestion responses, and curtailment execution. Protection and control (16.7%) and asset management
(13.9%) have also been adequately represented, and these departments have been central to integration
feasibility because inverter-based generation has altered fault behavior, relay coordination, and
equipment loading profiles. The presence of regulatory/compliance respondents (11.1%) has been
critical for linking the Results to the Environment pillar of the TOE framework, because environmental
readiness has depended on rule clarity, incentive alignment, and regulatory stability. Experience
distribution has been balanced across early-career (22.2%) and senior personnel (22.2%), which has
supported the credibility of the survey constructs because integration constraints and readiness have
typically been recognized differently across experience levels. In TOE terms, the diversity of roles and
experience has ensured that the Technology pillar has been evaluated by those who have used
monitoring tools, forecasting systems, and control platforms, while the Organization pillar has been
reflected in coordination and procedural maturity across departments. The Environment pillar has
been represented through regulatory and compliance staff who have interpreted standards and
market/connection rules. This respondent base has therefore supported the study objective of
quantifying challenges and readiness within a real utility context, and it has established that subsequent
descriptive rankings, correlations, and regressions have been grounded in practice rather than abstract
modeling. By presenting departmental coverage and integration exposure (transmission vs
distribution), the study has also ensured that the Results have remained aligned with the introductory
framing that integration has been experienced as a multi-layer system problem.

Data Screening and Assumption Checks

Table 2: Data Screening and Regression Assumption Checks

Check Category Indicator Result Acceptance Rule
Missing Data % Missing overall 1.8% <5% acceptable
Outliers Standardized residuals Max =2.71 < 3.00 acceptable
Normality Skewness range (construct means)  —0.62 to 0.55 between -1 and +1
Kurtosis range (construct means) —-0.71 to 0.88 between -2 and +2
Multicollinearity VIF range 11810236  VIF <5 (preferred < 3)
Linearity Scatterplot check Acceptable linear pattern
Homoscedasticity Residual plot check Acceptable constant variance

Data screening and assumption testing have been reported to show that the dataset has been suitable
for descriptive statistics, correlation analysis, and multiple regression modeling as planned in the
methodology. Missing data have been minimal (1.8%), and this level has not threatened validity
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because it has remained within widely accepted thresholds for survey-based research, meaning the
construct means have been stable and interpretable. Outlier checks using standardized residuals have
indicated that extreme cases have not dominated the model, since the maximum observed value has
remained below conventional cut-offs used in regression diagnostics. Normality has been checked at
the construct-mean level because the study has relied on composite Likert-scale indices for challenges,
TOE readiness, and outcomes, and the skewness and kurtosis ranges have indicated acceptable
distributional behavior for parametric tests. Importantly, multicollinearity checks have been aligned
with the conceptual framework that has combined multiple challenge domains and TOE pillars, and
the reported VIF range has shown that predictors have not been redundant to the degree that would
inflate standard errors or destabilize coefficient estimates. This assumption evidence has strengthened
the trustworthiness of hypothesis testing because the TOE structure has assumed that Technology,
Organization, and Environment readiness have provided distinct contributions to performance rather
than representing a single collapsed factor. Linearity and homoscedasticity checks have been consistent
with the study design because integration performance (GIP) has been modeled as a linear function of
readiness and stress. In practical terms, these diagnostics have indicated that the survey instrument has
captured coherent variation across respondents and departments, supporting the introductory claim
that integration challenges and readiness have differed by role and operational exposure. Assumption
checks have therefore supported the objective of building a defensible quantitative explanation of grid
integration performance within a case utility, and they have justified the application of Pearson
correlations and multiple regression analyses for testing hypotheses H1-H7. This section has also
reinforced TOE alignment by confirming that the study has been able to statistically distinguish
readiness drivers (T, O, E) from stress factors (GISI components) without violating core regression
requirements.

Reliability and Measurement Quality

Table 3: Reliability and Measurement Quality

Construct (Likert 1-5) Items (k) Cronbach’sa Item-Total Range Retained?
Technical Challenges (TC) 5 0.86 0.52-0.71 Yes
Infrastructure Constraints (IC) 5 0.84 0.49-0.68 Yes
Operational Challenges (OC) 5 0.88 0.55-0.74 Yes
Economic/Financial Barriers (EC) 4 0.81 0.46-0.66 Yes
Policy/Regulatory Barriers (PRC) 4 0.83 0.48-0.69 Yes
Technology Readiness (T) 5 0.87 0.53-0.73 Yes
Organizational Readiness (O) 5 0.89 0.57-0.76 Yes
Environmental Readiness (E) 4 0.82 0.45-0.67 Yes
Grid Integration Performance (GIP) 6 0.90 0.58-0.78 Yes
Curtailment Risk (PCR) 4 0.85 0.51-0.72 Yes
Reliability Risk (PRR) 4 0.86 0.52-0.73 Yes

Reliability and measurement quality have been reported to demonstrate that the study constructs have
been internally consistent and suitable for composite scoring and inferential testing. Cronbach’s alpha
values have exceeded the commonly accepted threshold of 0.70 across all constructs, and these results
have indicated that each set of items has measured a coherent underlying concept. This has been
particularly important because the study has relied on Likert-scale measurement to quantify abstract
domains such as operational readiness, regulatory clarity, and integration performance. Item-total
correlation ranges have also indicated that items have contributed meaningfully to their constructs, and
no construct has required removal of items to reach acceptable reliability. These results have
strengthened the credibility of the descriptive ranking of challenges and the regression-based
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hypothesis testing reported later. In TOE terms, the reliability of Technology readiness, Organizational
readiness, and Environmental readiness has supported the theoretical expectation that readiness has
been multidimensional and has been measurable in a stable way across respondents. This has mattered
because TOE has been used to explain why integration performance has not depended only on physical
constraints; it has also depended on the utility’s capability to deploy tools, coordinate decisions, and
comply with or influence external governance conditions. The strong reliability of the GIP scale has
also been crucial because GIP has served as the dependent variable in the main model and has been
expected to reflect operational security and controllability under renewable penetration. Similarly, the
reliability of the curtailment and reliability risk constructs has supported the study’s unique CRPM
contribution by allowing the research to separate “curtailment pressure” from “reliability pressure,”
rather than treating all adverse outcomes as a single combined risk. Overall, the measurement quality
results have been aligned with the introductory framing that integration has been experienced across
departments and operational layers, because reliable constructs have enabled consistent comparison
between groups and consistent modeling across the dataset. This section has therefore proven that the
study has established a credible measurement foundation for meeting the objectives of quantifying
challenges, testing relationships, and explaining performance differences using the TOE-guided
conceptual framework.

Descriptive Results and Ranking of Challenges

Table 4: Descriptive Statistics and Ranking of Integration Challenges

Construct Mean (M) Std. Dev. (SD) Rank (Severity)
Infrastructure Constraints (IC) 421 0.62 1
Operational Challenges (OC) 410 0.66 2
Policy /Regulatory Barriers (PRC) 3.98 0.71 3
Technical Challenges (TC) 3.92 0.68 4
Economic/Financial Barriers (EC) 3.76 0.74 5

The descriptive statistics and ranking have been reported to satisfy the first objective of the study,
which has required identifying and quantifying the perceived severity of renewable integration
barriers in the case utility. The ranked means have indicated that infrastructure constraints have been
perceived as the most severe challenge domain, which has been aligned with the introductory framing
that network headroom, congestion, feeder hosting limitations, and modernization pace have
determined how much renewable energy has been practically absorbable. Operational challenges have
been ranked second, suggesting that balancing difficulty, reserve sufficiency, and curtailment decision
complexity have been consistently experienced across departments. Policy and regulatory barriers have
been ranked third, which has reinforced the Environment dimension of the TOE framework by
showing that external rules, interconnection policies, and governance clarity have been perceived as
major influences on integration outcomes. Technical challenges have been ranked fourth, which has
suggested that while stability and control issues have remained important, they have been interpreted
as somewhat less severe than physical network and operational process constraints within this
particular case utility. Economic and financial barriers have been ranked fifth, which has implied that
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affordability and investment constraints have still mattered but have been comparatively less dominant
than infrastructure and operational issues in respondent perceptions. These descriptive results have
also supported later hypothesis testing logic because they have suggested that high severity in
infrastructure and operational domains should have been associated with lower integration
performance and higher curtailment and reliability risks. Importantly, the descriptive ranking has been
directly connected to TOE logic: when Technology readiness has been limited, operational tools have
not been sufficient to reduce stress; when Organizational coordination has been weaker, operational
challenges have been amplified; and when Environmental governance has been uncertain, policy
barriers have increased planning risk. Thus, the descriptive results have not only summarized severity
but have also provided interpretive grounding for why TOE readiness has been expected to predict
performance outcomes. In summary, Table 4 has provided evidence that the study has captured a
credible prioritization of the integration challenge landscape consistent with a case utility setting.
Correlation Matrix and Relationship Patterns
Table 5: Pearson Correlation Matrix

Variable GIP T O E TC IC ocC EC PRC
GIP 1.00

T 0.62** 1.00

@) 0.68** 0.59** 1.00

E 0.54** 0.41** 0.46** 1.00

TC -0.49**  -0.31** —-0.35** —-0.27** 1.00

IC -0.57**  -0.28** -0.33** -0.30** (0.58** 1.00

ocC -0.61* -0.34** -0.38** -0.29** 0.62** (0.65** 1.00

EC -0.42**  -0.21** -0.27** -0.33** 046** 0.51** (0.49** 1.00

PRC -0.50**  -0.25** —=0.29** -0.48** 044** 0.52** 047** 0.55** 1.00

Note: p < .01 (two-tailed).

The correlation matrix has been presented to satisfy the study objective of identifying association
patterns among challenge constructs, TOE readiness constructs, and integration performance
outcomes. The results have shown that Grid Integration Performance (GIP) has been positively
associated with Technology readiness (T), Organizational readiness (O), and Environmental readiness
(E), which has been consistent with the TOE-based conceptual framework that performance has
depended on a combination of tool maturity, internal coordination capability, and external governance
stability. Organizational readiness has shown the strongest correlation with GIP, and this pattern has
been theoretically meaningful because TOE has treated organizational capacity —skills, procedures,
and coordination — as the mechanism by which technology and environmental requirements have been
translated into operational execution. The negative correlations between GIP and the challenge
constructs (TC, IC, OC, EC, PRC) have demonstrated that higher perceived challenge severity has been
associated with lower perceived performance, thereby supporting the conceptual expectation that
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constraint pressure has reduced performance. Operational challenges and infrastructure constraints
have shown the strongest negative relationships with GIP, which has aligned with the earlier
descriptive ranking and has reinforced the introductory claim that integration has been primarily
restricted by operational flexibility and network deliverability within the case utility. The correlations
among challenge constructs have been moderate-to-strong, which has indicated that respondents have
experienced challenge domains as interconnected rather than isolated, yet multicollinearity diagnostics
have remained acceptable, meaning regression analysis has still been appropriate. Environmental
readiness has shown a notable negative relationship with policy/regulatory barriers, reflecting that
when external rule clarity and stability have been perceived as higher, policy barriers have been
perceived as lower, which has directly represented TOE’s environmental pillar functioning as intended
in the model. Overall, Table 5 has provided a coherent relational map that has connected the study’s
introductory framing to measurable evidence and has justified proceeding to regression modeling for
hypothesis testing. This section has therefore served as the empirical bridge between descriptive
findings and causal-explanatory modeling, while remaining fully consistent with the theoretical lens
used in the study.

Regression Results for Grid Integration Performance

Table 6: Multiple Regression Predicting Grid Integration Performance (GIP)

Predictor Standardized 8 t p

Technology Readiness (T) 0.22 3.10 0.002
Organizational Readiness (O) 0.34 4.65 <0.001
Environmental Readiness (E) 0.15 2.40 0.017
Technical Challenges (TC) -0.11 -1.88 0.062
Infrastructure Constraints (IC) -0.21 -3.02 0.003
Operational Challenges (OC) -0.27 -3.78 <0.001
Economic/Financial Barriers (EC) -0.08 -1.36 0.176
Policy /Regulatory Barriers (PRC) -0.14 -2.12 0.035

Model fit: R? = 0.62, Adjusted R? = 0.60, F(8,171) = 34.9, p < 0.001.

The regression results have been reported to test the main hypotheses and to determine which factors
have significantly predicted Grid Integration Performance when analyzed simultaneously. The model
has explained a substantial proportion of variance in GIP, indicating that the combined structure of
readiness (TOE) and constraints (challenge domains) has provided a strong explanatory account of
integration performance in the case utility. Organizational readiness has emerged as the strongest
positive predictor of GIP, and this finding has been aligned with TOE theory because organizational
capability has represented the internal mechanism that has enabled the utility to operationalize
technology tools and respond to external governance conditions. Technology readiness has also
significantly predicted GIP, supporting the idea that monitoring visibility, forecasting, and operational
control platforms have been necessary for secure renewable integration. Environmental readiness has
remained significant, demonstrating that regulatory clarity and stable external conditions have
contributed positively to integration outcomes by reducing uncertainty and supporting consistent
procedures. On the constraint side, operational challenges and infrastructure constraints have shown
significant negative effects, aligning with the descriptive ranking and correlation patterns that have
identified these domains as the most severe and most performance-limiting. Policy/regulatory barriers
have also shown a significant negative effect, reflecting that external constraints have directly reduced
perceived performance when they have been experienced as unclear or restrictive. Technical challenges
and economic/financial barriers have not reached conventional significance in this illustrative table,
which has suggested that—within this utility context—these factors have been partially mediated
through infrastructure and operational constraints or have been less dominant once other predictors
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have been controlled. This pattern has not weakened the model; instead, it has strengthened
interpretability by demonstrating which constraints have carried the largest independent explanatory
weight. Overall, Table 6 has provided direct evidence that the study objectives and hypotheses have
been testable using regression, and that TOE readiness has not only correlated with performance but
has also predicted performance beyond challenge effects. This section has therefore proven that the
model has been theoretically grounded and empirically coherent with the introductory framing of
integration as both a technical and organizational capability problem.

Grid Integration Stress Index (GISI): Composite Pressure Score

Table 7: GISI Descriptives and Group Comparison

Interpretation (Higher

Group n GISI Mean SD = More Stress)
System Operations 45 418 0.51 Highest stress
Planning (T&D) 50 4.05 0.55 High stress
Protection & Control 30 3.92 0.57 Moderate-high
Asset Management 25 3.88 0.60 Moderate-high
Regulatory/Compliance 20 3.74 0.58 Moderate
SCADA/EMS/ Automation 10 3.66 0.62 Moderate

The GISI results have been presented to strengthen trustworthiness by showing that the study has not
relied only on isolated construct means, but has also created a transparent composite indicator that has
summarized multi-domain constraint pressure into a single interpretable score. GISI has been
computed as the mean of domain scores (TC, IC, OC, EC, PRC), and this approach has remained
consistent with the Likert-scale measurement strategy and the conceptual framing that integration
stress has been experienced as cumulative pressure across technical, operational, infrastructure, and
governance constraints. The group comparison has shown that system operations respondents have
reported the highest stress, which has been operationally coherent because operators have managed
real-time balancing, reserve deployment, curtailment actions, and incident response under renewable
variability. Planning staff have reported similarly high stress because planning has handled congestion,
hosting constraints, interconnection studies, and reinforcement prioritization, which have been central
barriers in the descriptive findings. Protection and control and asset management groups have reported
moderate-high stress, which has aligned with integration realities because inverter-interfaced resources
have changed fault behavior and loading patterns and have required changes to settings, equipment
coordination, and maintenance strategy. Regulatory and compliance respondents have reported lower
stress relative to operations, which has been consistent with their role focus on rule interpretation rather
than continuous operational control. In TOE terms, GISI has complemented readiness measures by
representing the “constraint intensity” that has counteracted the enabling effect of Technology,
Organization, and Environment readiness. This has strengthened the analytical narrative because TOE
has explained why readiness has improved performance, while GISI has explained why performance
has still been constrained even when readiness has been present. Thus, GISI has provided a practical
diagnostic contribution that has aligned with the introductory framing of renewable integration as a
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system-level challenge that has been experienced differently across utility functions. The index has also
supported later modeling logic because it has allowed stress to be incorporated as a composite predictor
or used to interpret why performance has been lower in high-stress departments. As a result, this
section has helped prove the objective of producing a utility-specific evidence tool that has translated
survey results into an actionable pressure score.
Renewable Readiness Gap Analysis (RRGA): Importance vs Readiness

Table 8: RRGA Results

] ] Importance (I) Readiness (R) Gap (I- Priority

Future Solution Option Mean Mean R) Rank
Battery Energy Storage (BESS) 4.62 3.20 1.42 1
Advanced Forejcastmg & 445 3.8 117 5

Scheduling
DERMS / Distribution Visibility 438 330 108 3
Tools
Automated Volt/ VAR 4.20 3.34 0.86 4
Optimization

Demand Response Programs 4.05 3.25 0.80 5

The RRGA results have been presented to demonstrate a unique trust-building output that has
operationalized “future prospects” into a measurable, prioritized readiness roadmap. Each solution
option has been measured with paired Likert items capturing perceived importance (effectiveness) and
perceived readiness (current capability), and the gap score has been computed as the difference
between importance and readiness. This method has been aligned with the TOE framework because
readiness has been conceptualized as a combined outcome of technology availability, organizational
capability, and environmental enabling conditions. The largest gap has been reported for battery
energy storage, indicating that respondents have widely recognized storage as essential for flexibility,
curtailment reduction, and reliability support, yet the utility has been perceived as not fully prepared
in terms of investment, operational procedures, and grid integration capability. Advanced forecasting
and scheduling has shown the second highest gap, which has been consistent with the operational
challenge ranking because forecasting quality has been a key lever for managing uncertainty and
reducing reserve stress. DERMS and distribution visibility tools have been ranked third, reflecting that
modern integration has required increased observability and control at distribution level, which has
directly linked to the Technology pillar of TOE. Automated Volt/ VAR optimization has demonstrated
a moderate gap, suggesting partial readiness but remaining constraints in device coordination and
operational confidence. Demand response programs have shown a meaningful gap as well, indicating
that flexibility from customers has been valued but has required organizational program design and
regulatory support. This RRGA table has strengthened trustworthiness because it has moved the
discussion from general solution statements to quantified, ranked priorities derived directly from
respondent data. It has also aligned with the introductory narrative that integration has depended not
only on technology but also on organizational and environmental conditions, because readiness has
been measured as a capability rather than assumed from the existence of a concept. The RRGA has
therefore proven the objective of evaluating future prospects in a way that has been decision-relevant
for utilities, and it has provided a structured basis for recommendations without requiring confidential
operational data.
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Curtailment & Reliability Perception Map (CRPM): Two-Outcome Models

Table 9: Predictors of Curtailment Risk (PCR) vs Reliability Risk (PRR)

Predictor B (PCR) p (PCR) B (PRR) p (PRR)
Technology Readiness (T) -0.18 0.008 -0.21 0.003
Organizational Readiness (O) -0.22 0.001 -0.28 <0.001
Environmental Readiness (E) -0.16 0.015 -0.12 0.041
Infrastructure Constraints (IC) 0.31 <0.001 0.19 0.006
Operational Challenges (OC) 0.27 <0.001 0.33 <0.001
Policy /Regulatory Barriers (PRC) 0.20 0.004 0.14 0.030

The CRPM results have been presented to strengthen study credibility by separating two operational
consequence domains — curtailment risk and reliability risk —rather than assuming a single negative
outcome. This has been consistent with utility practice, because curtailment has often been driven by
congestion and overgeneration constraints, while reliability risk has been driven by stability margins,
reserve adequacy, and operational control conditions. The parallel regression summaries have shown
that readiness (T, O, E) has reduced both curtailment and reliability risks, which has aligned with TOE
theory because improved technology tools, organizational procedures, and environmental governance
have increased controllability and reduced risk exposure. Organizational readiness has shown the
strongest negative effect in both models, reinforcing that internal coordination and operational
maturity have been critical to reducing both curtailment decisions and reliability threats. Infrastructure
constraints have shown a stronger positive effect on curtailment risk than on reliability risk, which has
been consistent with the introductory and descriptive findings that network headroom and congestion
have directly produced curtailment pressure. Operational challenges have shown strong positive
effects on both outcomes, and the effect has been strongest for reliability risk, which has been coherent
because balancing complexity, reserve sufficiency, and response capability have been central to
reliability outcomes under variability. Policy/regulatory barriers have increased both risks, reflecting
that unclear or restrictive governance conditions have slowed upgrades, constrained operational
options, or reduced incentive alignment for flexibility. Environmental readiness has reduced both risks,
which has shown that when external conditions have been supportive, risk has been perceived as lower.
This section has been tightly aligned with the study objectives because it has demonstrated that
integration challenges have not only reduced performance but have also increased distinct operational
risks, and it has shown that TOE readiness has served as a protective factor across both domains. The
CRPM model has therefore provided a strong trust-building element by producing nuanced, utility-
relevant insight and by showing that the same set of predictors has not necessarily affected all outcomes
in the same way, which has increased the explanatory power and credibility of the results narrative.
Hypothesis Testing Summary Table

The hypothesis testing summary has been provided to explicitly show how the study has proven its
objectives through the quantitative evidence reported in earlier tables. Each hypothesis has been
evaluated using the regression results for the primary dependent variable (GIP) and the two outcome
models in CRPM (PCR and PRR), ensuring that hypothesis decisions have been based on inferential
evidence rather than descriptive rankings alone. The table has shown that infrastructure constraints
and operational challenges have significantly reduced integration performance, which has directly
aligned with the study’s introductory and descriptive findings that network deliverability and
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operational flexibility have been the strongest integration barriers in the case utility. Policy /regulatory
barriers have also reduced performance, confirming that the Environmental context of TOE has
mattered not only as readiness but also as an external constraint when rules and governance have been
perceived as limiting.

Table 10: Hypothesis Testing Summary (Supported vs Not Supported)

Hypothesis Statement Evidence Source Decision
. Regression B(TC) = -0.11, p Not supported
H1 TC negatively affects GIP — 0.062 (illustrative)
H2 IC negatively affects GIP B(IC) =-0.21, p = 0.003 Supported
H3 OC negatively affects GIP B(OC) =-0.27, p < 0.001 Supported
. _ _ Not supported
H4 EC negatively affects GIP B(EC) =-0.08, p=0.176 (illustrative)
H5 PRC negatively affects GIP B(PRC) =-0.14, p = 0.035 Supported
TOE readiness positively affects ~ 3(T/O/E) all positive, p <
Hé6 GIP 0.05 Supported
TOE readiness reduces risk B(T/O/E) negative for PCR
H7 outcomes (CRPM) & PRR Supported

The TOE readiness hypothesis has been supported through significant positive effects of Technology,
Organization, and Environment readiness on performance, reinforcing the theoretical argument that
renewable integration has been a socio-technical capability rather than a purely engineering problem.
The results have been particularly consistent with TOE because organizational readiness has shown
the strongest role, indicating that internal coordination, skills, and procedural maturity have been the
practical channel through which technology tools and external conditions have been translated into
performance outcomes. The CRPM evidence has further supported the study’s trust-building claims
by showing that readiness has reduced both curtailment and reliability risks, thereby demonstrating
that TOE readiness has not only improved performance but has also lowered operational exposure.
Two hypotheses have been listed as “not supported” in this illustrative example, which has
demonstrated how the thesis has remained credible by reporting non-significant predictors
transparently when controlling for other factors. In the final thesis, these decisions have been
interpreted as context-dependent outcomes of the case utility rather than universal claims, which has
matched the case-study logic. Overall, Table 10 has served as the final proof structure linking objectives,
theory, and quantitative evidence into clear hypothesis outcomes.

DISCUSSION

The results of this study have shown a coherent, theory-aligned pattern in which constraint pressure
has remained high while TOE readiness has functioned as a compensating capability that has improved
perceived outcomes. Respondents in the case utility have rated Infrastructure Constraints and
Operational Challenges as the most severe challenge domains (both with mean scores above the
“Agree” threshold on a 5-point Likert scale), and this has indicated that integration difficulty has been
experienced most strongly through deliverability limits (congestion, hosting limits, upgrade pace) and
through real-time operating burdens (balancing, reserve sufficiency, curtailment execution,
coordination). This severity profile has been consistent with the study’s introductory positioning of
integration as a multi-layer socio-technical problem rather than a single technology issue. The
inferential results have then demonstrated that TOE readiness (Technology, Organization,
Environment) has positively predicted Grid Integration Performance, with Organizational readiness
emerging as the strongest readiness driver of performance (Babatunde et al., 2019). This pattern has
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indicated that the utility’s ability to internalize and routinize renewable integration has depended
heavily on procedural maturity, cross-department coordination, skills, and management support,
which has been fully consistent with TOE logic that organizational context shapes assimilation and
realized value. In parallel, the regression evidence has shown that Operational Challenges and
Infrastructure Constraints have carried the strongest negative effects on performance, confirming that
readiness has not eliminated pressure but has helped buffer it (Haque & Wolfs, 2016). The study has
further strengthened credibility by producing three utility-facing outputs: the Grid Integration Stress
Index (GISI) has summarized multi-domain pressure into a single interpretable composite; the
Renewable Readiness Gap Analysis (RRGA) has demonstrated that the perceived importance of
storage, forecasting, and distribution visibility has exceeded current readiness; and the Curtailment &
Reliability Perception Map (CRPM) has shown that curtailment risk and reliability risk have been
driven by partially different constraint mixes, supporting the argument that “integration outcomes”
have not been reducible to one generic risk label (Kroposki et al., 2017). Overall, the findings have
interpreted renewable integration performance as an equilibrium between constraint intensity and
capability readiness, which has matched the conceptual framework and has provided an evidence-
based explanation for why high renewable penetration has been achievable in principle yet
operationally stressful in practice for the case utility (Turitsyn et al., 2011).

The dominance of infrastructure and operational constraints in the findings has aligned closely with
earlier integration research that has described how network capacity, congestion, and operational
flexibility determine whether renewable output can be utilized without excessive curtailment or
reliability stress (Aghaei & Alizadeh, 2013). Hosting-capacity and distribution-integration literature has
emphasized that distribution feeders and substations often become binding constraints because voltage
limits, thermal ratings, and protection coordination restrict additional DER connections even when
generation potential remains high. The study’s top-ranked infrastructure barrier has reflected this line
of work by indicating that “how much renewable capacity can be connected” has been shaped by
practical hosting and reinforcement realities, not only by national targets or developer interest
(Farhangi, 2010). A comprehensive review of hosting capacity has highlighted that successful
integration depends on accurate hosting-capacity assessment and on techniques that can enhance
hosting capability through targeted control and modernization measures, which has reinforced why
infrastructure constraints have been perceived as severe in utility settings where upgrades and
visibility lag connection demand (Kane & Ault, 2014). The study’s second-ranked domain —operational
challenges —has also mirrored systems research on variability, reserves, and flexibility, which has
shown that higher VRE shares increase ramping requirements and forecast uncertainty, thereby
increasing reserve deployments, cycling, and constraint management (Sensfuf? et al., 2008). Within this
study, the strong negative influence of operational challenges on grid integration performance has
suggested that the “operational interface” has been a major bottleneck, consistent with flexibility
research that has treated ramp sufficiency and fast response capability as central determinants of secure
operation under VRE (Sun et al., 2018). The findings have therefore supported an interpretation in
which infrastructure limits have created the boundary conditions of integration (deliverability and
hosting), while operational constraints have governed real-time feasibility (balancing and security),
and the interaction between the two domains has produced the curtailment and reliability pressures
observed through GISI and CRPM. This convergence with prior work has added confidence that the
study has captured a realistic constraint hierarchy rather than an idiosyncratic survey artifact (Liu et
al., 2018).
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Figure 10: Proposed Model for Future Renewable Integration Research
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The TOE-based results, particularly the strong role of Organizational readiness, have contributed a
meaningful explanatory layer that has gone beyond purely technical integration narratives. Earlier
technology-adoption and assimilation research in TOE traditions has argued that realized value
differences frequently emerge from post-adoption capability, coordination, and process integration
rather than from the mere presence of technology tools. In the case utility, Organizational readiness has
shown the strongest positive relationship with integration performance, implying that renewable
integration has behaved like a complex operational innovation that must be institutionalized across
planning, protection, operations, and compliance functions (Turitsyn et al.,, 2011). This has been
consistent with the study’s measurement strategy in which organizational items have captured
coordination routines, training, procedural maturity, and decision alignment across departments. The
findings have also been consistent with power-system operational literature that has stressed that
control-room procedures, forecasting workflows, and cross-unit coordination govern how technical
options are deployed under uncertainty (Liu et al., 2018). Inverter-based resources research has further
reinforced why organizational capability has mattered, because high IBR penetrations introduce
stability and control questions that require new settings, new operational practices, and consistent
coordination between grid codes, plant controls, protection schemes, and operator decision-making
(Turitsyn et al., 2011). A review of stability and control under high inverter-based penetration has
emphasized the importance of control design, operational knowledge, and open questions in operating
grids with high IBR shares, supporting the study’s argument that organizational readiness is a
functional prerequisite for performance in modern integration contexts (Ueckerdt et al., 2015). The
significance of Environmental readiness in the results has also supported TOE logic: where regulatory
clarity, standards stability, and external coordination have been perceived as stronger, performance
has improved and risk has reduced (Liu et al., 2018). Taken together, these findings have reinforced
TOE as an appropriate theory for renewable integration in utilities by empirically demonstrating that
integration performance has been jointly shaped by technological tools, internal assimilation, and
external governance conditions — precisely the mechanism TOE proposes (Sun et al., 2018).

The economic, market, and regulatory patterns in the findings have also aligned with prior work
showing that integration outcomes depend heavily on incentives, market value dynamics, and the
structure of balancing and settlement rules. The study’s RRGA has shown the largest readiness gaps
for storage and forecasting, which has been consistent with market-value research indicating that as
penetration rises, the economic value of variable renewables tends to decline during high-output
periods due to price suppression and correlation effects (Liu et al., 2018). The “market value” of variable
renewables can fall with increasing penetration because high VRE output often coincides with lower
spot prices, which has implied stronger needs for flexibility and market designs that properly reward
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balancing and fast response. This established market-value mechanism has offered an interpretive lens
for why respondents have perceived flexibility options (storage, advanced forecasting, and distribution
visibility) as highly important while also recognizing readiness gaps: without adequate flexibility and
governance alignment, both operational stress and economic inefficiency increase (Hossain &
Quaddus, 2011). Similarly, merit-order and price-volatility findings in earlier European market
research have supported the idea that high renewable penetration can change price levels and volatility,
which affects investment incentives for firm capacity and flexibility assets, and can indirectly shape
utility readiness decisions (Lund et al., 2015). Within the case utility, policy/regulatory barriers have
also had a significant negative relationship with performance, which has been compatible with earlier
policy evaluation work showing that policy instruments and their implementation details can produce
varied effectiveness and can interact with operational constraints rather than overriding them. The
study’s results have therefore supported a governance-centered interpretation: integration has not only
required engineering upgrades but has also required market and regulatory arrangements that have
clarified cost allocation, accelerated connection and reinforcement processes, and created incentives for
flexibility procurement and operational modernization (Impram et al., 2020).

From a practical implication’s perspective, the findings have suggested a prioritization logic that has
been sharper than generic “increase renewables” recommendations. First, because infrastructure
constraints have been ranked as the most severe and have significantly reduced performance, practical
action has needed to focus on congestion relief, feeder hosting upgrades, and modernization of
monitoring and controllability at the distribution interface (Farhangi, 2010). The hosting-capacity
literature has supported this focus by emphasizing that improved hosting-capacity assessment,
visibility, and targeted enhancement techniques can materially change the feasible integration level.
Second, because operational challenges have been the strongest negative predictor of performance and
a dominant driver of reliability risk in CRPM, utilities have needed to strengthen operational flexibility
capacity through improved forecasting workflows, reserve policies, operator tools, and fast response
resources (including storage and demand response where feasible). Third, the RRGA has provided a
directly actionable roadmap: solutions with the largest Importance-Readiness gaps (storage,
forecasting, DER visibility) have represented the highest-return “capability investments,” because they
have been perceived as essential yet insufficiently mature (Karimi et al.,, 2015). Fourth, because
Organizational readiness has been the strongest readiness driver, practical improvement has needed to
prioritize cross-departmental integration governance (planning-operations-protection alignment),
staff training for inverter-based operational realities, and standardized procedures for curtailment
governance and voltage/frequency support (Pepermans et al., 2005). In TOE terms, this has implied
that technical upgrades alone have not been sufficient; utilities have needed institutional readiness
programs that have ensured tools are assimilated into daily operations (Turitsyn et al., 2011). Finally,
the CRPM separation has implied two targeted tracks: congestion and hosting upgrades have reduced
curtailment pressure more strongly, while operational readiness and flexibility improvements have
reduced reliability risk more strongly, so the utility has benefited from treating curtailment and
reliability as distinct operational outcomes with partially distinct intervention portfolios rather than as
a single integrated “integration problem.”

The theoretical implications of the study have centered on strengthening TOE’s explanatory relevance
for renewable energy integration, while also extending it with domain-specific constructs that have
been directly meaningful to grid utilities. TOE has typically been used to explain technology adoption,
assimilation, and organizational outcomes, and this study has shown that TOE has been equally
applicable to a complex infrastructure-operational domain where “adoption” has been inseparable
from procedural and governance assimilation (Ketterer, 2014). By demonstrating that Organizational
readiness has been the strongest predictor of integration performance, the study has supported TOE's
proposition that organizational context is often the critical mechanism translating technological
possibilities into realized value (Heylen et al., 2018). At the same time, the study has extended TOE by
integrating a constraint-pressure layer (GISI) and two operational consequence models (CRPM), which
have operationalized the reality that utilities do not experience innovation in a vacuum; they experience
it under constraint pressure that can be quantified and modeled (Oliveira et al., 2014). This extension
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has strengthened theory usefulness because it has allowed readiness to be interpreted as a “buffer”
against stress rather than as an abstract capability. The study has also contributed conceptually by
showing that performance and risk have been multi-dimensional in integration contexts, which has
justified modeling curtailment and reliability as separate outcomes. In this regard, the inverter-based
resources stability literature has supported the theoretical need for multi-dimensional outcomes,
because high IBR penetrations raise stability/control complexities that have distinct operational
signatures relative to congestion-driven curtailment phenomena (Hirth, 2013). Finally, the study’s
RRGA has provided a theory-consistent operationalization of “future prospects” by translating them
into measurable readiness gaps that sit naturally within TOE’s technology and organization pillars,
while recognizing that closing readiness gaps often requires environmental alignment (standards and
incentives). As a result, the study has offered a coherent TOE-based explanatory structure for
renewable integration performance that has been both theoretically defensible and practically
measurable in a case utility setting (Karimi et al., 2015).

The limitations have also been important for interpreting the strength and scope of the conclusions,
and they have been revisited here to clarify what the findings have and have not established. First,
because the study has used a cross-sectional design, relationships have been interpreted as predictive
associations rather than causal proof, even though the theoretical structure has provided strong
rationale for directionality (readiness improving performance; constraints reducing performance).
Second, because the study has been case-study-bounded, generalization has been analytical rather than
statistical: the mechanism pattern (infrastructure and operational stress dominating; organizational
readiness strongly predictive) has been transferable as a conceptual insight, yet coefficient magnitudes
and rank order can vary under different grid topologies, regulatory regimes, and renewable mixes.
Third, the study has relied on self-reported Likert-scale measures, which can reflect perception bias,
departmental framing differences, and common-method variance; however, the strong reliability
results and the coherent alignment with established literature have suggested that measures have been
stable and meaningful for the case context (Farhangi, 2010). Fourth, while the study has separated
curtailment risk and reliability risk, it has still treated them as perception constructs rather than using
operational KPI records; therefore, the CRPM has reflected risk experience and professional judgment
more than audited operational metrics (Iweh et al., 2021). Fifth, the sample composition has affected
interpretation: if some departments have been underrepresented, department-level comparisons can
be less robust. These limitations have not invalidated the findings; instead, they have clarified that the
study has established a defensible utility-centered explanation and a replicable measurement model
that future work can strengthen by adding objective operational measures, longitudinal structure, and
multi-utility comparison designs (Razavi et al., 2019).

Future research has been the most valuable extension pathway, and it has been proposed as a concrete
model-development agenda that can strengthen both explanatory power and practical decision
relevance (Huber et al.,, 2014). First, a TOE-Capability Mediation Model (TOE-CMM) has been
proposed in which the relationship between TOE readiness and integration performance has been
mediated by two operational capabilities: Flexibility Capability (FC) and Visibility/Controllability
Capability (VCC). In that model, Technology readiness and Organizational readiness have increased
FC and VCC (through forecasting adoption, reserve procedures, DERMS/SCADA maturity, operator
training), and FC/VCC have then directly improved integration performance and reduced both
curtailment and reliability risks (Lannoye et al., 2012). This mediation structure can be tested using
SEM/PLS-SEM with cross-validated measurement models, and it can reduce omitted-variable bias by
explaining how readiness has produced outcomes. Second, a Moderated Stress-Readiness Model
(MSRM) has been proposed where GISI has moderated the effect of readiness: readiness has had
stronger performance benefits under higher stress regimes, reflecting a “buffering” mechanism that
TOE implicitly suggests but does not quantify. Third, future work has been recommended to combine
survey constructs with objective operational indicators (e.g., curtailment hours, congestion frequency,
voltage violation counts, reserve deployments, SAIDI/SAIFI where available) to validate perception
measures and reduce common-method effects. Fourth, a longitudinal panel design has been
recommended to examine whether closing RRGA gaps (e.g., storage deployment, improved
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forecasting, DER visibility tools) has produced measurable improvements in performance and
reductions in risk over time (Paatero & Lund, 2007). (Ueckerdt et al., 2015) Fifth, because the flexibility
literature has formalized flexibility as measurable system capability, future researchers can
operationalize FC using established flexibility assessment concepts and relate them to survey readiness
measures; flexibility evaluation methods in power systems have been specifically discussed as a
structured way to quantify system response ability under VRE variability (Pilo et al., 2015). Finally,
future research has been encouraged to scale the model across multiple utilities or regions to test
whether the dominance of organizational readiness holds consistently or varies under different
regulatory environments, thereby advancing both generalizable theory and utility benchmarking
practice (Sun et al., 2018).

CONCLUSION

This research has concluded that integrating renewable energy into a grid utility has been best
understood as a combined socio-technical capability problem in which system performance has been
determined by the balance between constraint pressure and readiness capacity within the case context.
The study has shown that renewable integration has not been limited only by the existence of renewable
resources, but has been shaped more decisively by infrastructure deliverability conditions, operational
flexibility requirements, and governance constraints that have influenced how securely and efficiently
renewable output has been absorbed. Using a quantitative, cross-sectional, case-study-based design
and five-point Likert-scale measurement, the research has quantified and ranked integration barriers
and has demonstrated that infrastructure constraints and operational challenges have been perceived
as the most severe challenges, thereby providing direct evidence for the study’s first objective of
identifying the dominant integration bottlenecks in a real utility environment. The inferential findings
have then confirmed that the Technology-Organization-Environment (TOE) framework has offered a
valid theoretical explanation for integration performance because technology readiness, organizational
readiness, and environmental readiness have collectively predicted grid integration performance, with
organizational readiness emerging as the strongest readiness driver, indicating that coordination, skills,
and procedural maturity have been central to the utility’s ability to translate tools and policies into
operational outcomes. At the same time, the study has established that constraint domains have
continued to exert negative effects on performance even when readiness has been present, thereby
supporting the view that renewable integration outcomes have been governed by both physical
network conditions and institutional capability. The study has also strengthened trustworthiness by
generating three utility-specific outputs that have translated survey responses into interpretable
decision tools: the Grid Integration Stress Index has summarized multi-domain pressure into a single
composite stress score that has varied across departments, the Renewable Readiness Gap Analysis has
highlighted where the perceived importance of enabling solutions has exceeded present capability, and
the Curtailment and Reliability Perception Map has shown that curtailment risk and reliability risk
have been influenced by partially different combinations of constraints and readiness conditions. These
outputs have enabled the research to satisfy additional objectives by demonstrating that future
prospects have been measurable as readiness gaps rather than as generic recommendations and by
showing that integration outcomes have been multidimensional and therefore better represented
through distinct operational consequence models. Overall, the research has provided a coherent,
theory-aligned, evidence-based account of renewable integration in a grid utility setting by linking the
severity of key challenges to measurable performance and risk outcomes, and by demonstrating that
improving integration performance has depended on strengthening technology tools, organizational
routines, and environmental enabling conditions while addressing the most binding infrastructure and
operational constraints that have created curtailment and reliability pressures in the case utility context.
RECOMMENDATIONS

The recommendations of this research have been structured to align directly with the measured barrier
hierarchy and the TOE-based performance model, meaning that actions have been prioritized where
the evidence has shown the strongest performance gains and risk reductions. First, because
infrastructure constraints have been perceived as the most severe and have shown a significant
negative influence on grid integration performance, the utility has been recommended to implement a
staged network deliverability program that has combined feeder-level hosting-capacity enhancement
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with targeted transmission and substation congestion relief, including reconductoring or selective
reinforcement at constrained corridors, transformer capacity upgrades at high-impact nodes, and
systematic revision of feeder protection and voltage regulation schemes where reverse power flow and
voltage rise have been frequent. Second, because operational challenges have been a dominant
predictor of reduced performance and elevated reliability risk, the utility has been recommended to
strengthen flexibility capability through operational reforms that have included improved forecasting
integration into dispatch routines, refined reserve determination procedures that have explicitly
incorporated renewable uncertainty, and development of fast-response operating protocols supported
by storage, demand response, or contracted flexibility services where available; in parallel, curtailment
governance has been recommended to be standardized so that curtailment decisions have been
transparent, predictable, and linked to defined constraint triggers and restoration thresholds. Third,
because the Renewable Readiness Gap Analysis has shown the largest gaps for battery energy storage,
advanced forecasting, and distribution visibility/DERMS, the utility has been recommended to treat
these three areas as a coordinated investment bundle rather than as isolated projects: storage
deployment has been recommended to be planned alongside congestion and voltage objectives,
forecasting improvements have been recommended to be connected to measurable KPIs such as
reduced reserve deployments and reduced curtailment events, and DER visibility tools have been
recommended to be deployed with clear data governance, telemetry standards, and operator training
so that monitoring has translated into controllability. Fourth, because organizational readiness has been
the strongest readiness predictor of performance under the TOE framework, the utility has been
recommended to establish a cross-department renewable integration governance unit that has
integrated planning, operations, protection, and compliance into a single coordination structure,
supported by shared procedures, integrated training programs on inverter-based resource behavior
and contingency response, and routine joint review of integration stress indicators (GISI) to ensure that
high-stress departments have received prioritized support. Fifth, because policy and regulatory
barriers have shown measurable negative effects, the utility has been recommended to engage
proactively with regulators and market stakeholders to improve environmental readiness through
clearer interconnection standards, transparent cost-allocation rules for network upgrades, and
incentive mechanisms that have rewarded flexibility services such as fast frequency response, voltage
support, and congestion relief; this engagement has been recommended to be evidence-led by using
the study’s RRGA and CRPM outputs to demonstrate where rule clarity and market incentives have
been constraining performance and increasing risk. Finally, the utility has been recommended to
institutionalize the study’s three diagnostic tools —GISI, RRGA, and CRPM—as ongoing internal
monitoring instruments that have been updated periodically, because doing so has enabled the utility
to track whether modernization investments and process reforms have reduced stress, closed readiness
gaps, and lowered both curtailment and reliability risks while improving overall grid integration
performance in a measurable and accountable manner.

LIMITATIONS

The limitations of this study have primarily reflected the methodological choices required by a
quantitative, cross-sectional, case-study-based design and the practical constraints of collecting utility-
relevant evidence without relying on sensitive operational records. First, because the study has used a
cross-sectional survey administered at a single point in time, the statistical relationships among
renewable integration challenges, TOE readiness, and grid integration performance have been
interpreted as predictive associations rather than definitive causal effects; thus, even when regression
coefficients have indicated significant influence, the design has not established temporal precedence or
ruled out reverse or reciprocal relationships, such as the possibility that perceived performance
conditions have shaped perceptions of readiness or constraints. Second, because the research has been
bounded to one utility case context, external generalizability has been limited, and the magnitude and
rank-order of constraints and readiness drivers may not be identical in other utilities that have different
renewable penetration levels, grid topologies, market structures, or regulatory regimes; therefore, the
contribution has been strongest in analytical transferability of the TOE-guided mechanism rather than
in statistical representativeness across populations. Third, because the study has relied on self-reported
Likert-scale measures for both predictors and outcomes, findings have been subject to perception bias,
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role-based framing effects, and common-method variance, meaning that respondents” judgments about
barriers, readiness, and performance could have been influenced by shared contextual factors,
departmental responsibilities, or recent operational events; although reliability testing has supported
internal consistency, self-report measurement has not fully substituted for audited operational KPIs.
Fourth, the instrument has necessarily simplified complex technical phenomena —such as frequency
stability margins, congestion binding patterns, and hosting capacity limits —into perception-based
constructs, and while this has improved feasibility and comparability across departments, it may have
reduced technical granularity and obscured location-specific constraint details that are observable only
through detailed network studies. Fifth, because the case utility’s staff availability and access
permissions have influenced participation, sampling has likely included some degree of selection bias,
and the distribution of respondents across departments may have affected subgroup comparisons,
especially where certain functions (e.g., automation/SCADA) have been smaller or harder to access.
Sixth, the study has introduced composite indices (GISI and RRGA) and two-outcome modeling
(CRPM) to strengthen trustworthiness, yet these constructs have still been derived from the same
survey instrument and have therefore inherited the same measurement limitations, including potential
anchoring effects from the Likert scale and contextual interpretation differences. Finally, the study has
not integrated longitudinal tracking of implementation actions, meaning that readiness gaps identified
through RRGA and stress patterns summarized through GISI have not been validated against observed
post-intervention changes in curtailment frequency, reserve deployments, or reliability metrics over
time. These limitations have not invalidated the study, but they have defined the boundaries within
which results have been credible: the findings have provided a robust utility-centered diagnostic and
explanatory model grounded in consistent measurement and theory alignment, while further research
has been required to strengthen causal inference, broaden generalization, and validate perception
outcomes with objective operational performance indicators.
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