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Abstract

Economic dispatch in grid-connected microgrids is challenged by the variability of renew-
able generation, the uncertainty of demand, and the need to simultaneously satisfy technical
and economic constraints under different operating conditions. This study proposes an
integrated predictive economic dispatch strategy for power grids with interconnected
microgrids, structured as a unified optimization framework. The approach integrates nodal
electrical modeling, Optimal Power Flow (OPF)-based optimization, multi-scenario analy-
sis, and post-optimization feasibility verification based on performance indicators within
a single decision-support structure. The methodology is applied to a modified 14-node
power grid interconnected with a microgrid, where simulations are conducted under three
representative load scenarios (100%, 70%, and 40%) and two operational configurations
(hybrid and renewable-only), enabling a comprehensive assessment of system behavior.
Results show that the hybrid configuration consistently outperforms the renewable-only
case, achieving loss reductions of up to 7.3 MW, increases in spinning reserve exceeding
50 MW, and a transition from net power import to export of approximately 50 MW under
high demand. Additionally, the microgrid plays an active operational role, dynamically
switching between import and export modes based on load levels and the generation mix.
The proposed framework enables identification of operationally efficient and technically fea-
sible configurations by incorporating bidirectional power exchange, electrical constraints,
and reserve requirements. The main contribution lies in integrating technical, opera-
tional, and interaction variables within a single deterministic Optimal Power Flow (OPF)-
based assessment scheme to support decision-making in interconnected microgrid-based
power grids.

Keywords: bidirectional power flow; deterministic scenario analysis; distributed energy
resources; economic dispatch; microgrids; optimal power flow; renewable energy integration;
spinning reserve; voltage stability
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1. Introduction
The transition to low-carbon energy systems has driven the increasing penetration of

renewable energy sources into electric power grids, transforming traditional generation,
operation, and control models. While this process contributes to environmental sustain-
ability, it also introduces operational challenges associated with the inherent variability of
renewable generation and changes in demand. In this context, the integration of micro-
grids as active elements of the power grid redefines conventional operation and requires
strategies that maintain reliability, stability, and economic efficiency [1].

The variability of renewable energy generation, together with changes in demand and
grid operational constraints, directly affects economic dispatch decisions. Consequently,
conventional deterministic approaches may be insufficient to represent the operational
complexity of power grids, with interconnected microgrids, which has motivated the
development of more adaptive models incorporating distributed energy resources, storage,
and flexibility mechanisms [2–4]. However, the simultaneous integration of these variables
into economic dispatch schemes remains an open challenge.

The state of the art shows significant progress in different dimensions of the prob-
lem, albeit in a fragmented way. On the one hand, several studies have examined the
configuration and topology of microgrids, establishing technical criteria for integrating
distributed energy resources, including reliability, efficiency, and operating costs [2]. These
works contribute to the structural design of power grids with microgrids, but they do not
fully address economic operation under different deterministic operating scenarios or the
interaction between the microgrid and the main power grid.

In parallel, research on power grid stability has examined the impact of high penetra-
tion of inverter-based resources on system inertia and robustness. A study demonstrated
that reducing synchronous generation increases the risk of frequency and voltage instabil-
ity [5] and another study highlighted the need for new control approaches in low-inertia
power grids [6]. However, these studies focus on dynamic aspects and do not comprehen-
sively address the economic optimization of dispatch in interconnected power grids with
microgrids. Furthermore, the literature on operational flexibility and demand management
has highlighted the role of energy storage, smart grids, and demand response as key mech-
anisms for balancing generation and consumption in power grids with high renewable
energy penetration [7,8]. Another study presented a detailed review of these mechanisms,
emphasizing their relevance for improving power grid adaptability [9]. However, these
approaches often remain at a conceptual level and are not translated into operational
models that simultaneously integrate technical and economic constraints in dispatch.

In recent years, model-based predictive control has emerged as a relevant tool for
energy management in complex power grids. A study highlighted its potential to improve
decision-making [10] and another demonstrated improvements in operational coordination
of interconnected microgrids using sliding-horizon optimization schemes [11]. Similarly, a
study proposed robust and hierarchical approaches to address uncertainty in integrated
energy power grids [12]. However, these developments have limitations in simultaneously
integrating critical technical variables, such as bidirectional power flows, interconnection
constraints, installed capacity, losses, and reliability, especially in scenarios that represent
real-world operation of interconnected power grids.

More specifically, predictive-control-based economic dispatch approaches have been
applied in various contexts. A study proposed a distributed predictive control scheme
for isolated microgrids [13], while another presented similar strategies for multinodal DC
microgrids [14]. Other authors presented different formulations of distributed predictive
control for real-time and intra-hour dispatch [15]. The authors of another study formulated
an economic predictive control scheme for grid-connected smart microgrids [16], and others
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incorporated climatic and market variables into predictive models for solar power grids
with storage [17]. Similarly, other authors proposed continuous dispatch optimization
based on forecast information [18], while others developed robust approaches to reduce
the impact of prediction errors [19]. Other studies, such as those by [20–22], analyzed
dispatch strategies in hybrid microgrids using techno-economic evaluations. In this regard,
another study showed that the technical–economic evaluation of renewable generation
integration should not be limited to the generation plant [23], but should also include
power-flow analysis, electrical losses, investment requirements, transmission costs, and
generation costs.

Despite these advances, these studies generally do not consider critical aspects of the
interconnection between the microgrid and the power grid in an integrated manner, such as
bidirectional energy transfer, operating reserve, generation limits, interconnection topology,
and power grid constraints. This limitation reduces the models’ ability to represent coordi-
nated grid–microgrid operation and restricts their applicability in interconnected power
grids. Overall, the literature shows significant progress in stability, flexibility, and predictive
control; however, a gap remains in the development of economic dispatch frameworks
that simultaneously integrate technical, operational, and grid–microgrid interaction vari-
ables in power grids with interconnected microgrids [24]. This gap is reflected in the lack
of approaches that jointly represent bidirectional power exchange, electrical constraints,
operating reserves, losses, and generation configurations under varying deterministic
operating conditions.

In this context, this article proposes a multi-scenario Optimal Power Flow (OPF)-based
economic dispatch framework for microgrids interconnected with the main power grid,
explicitly accounting for the technical variables of the power grid and their interactions
across predefined operating scenarios. The approach considers representative load levels,
models bidirectional power flows between the microgrid and the power grid, and incor-
porates electrical constraints related to voltage limits, line loadability, generation limits,
spinning reserve, and power losses. Therefore, the framework is formulated as a deter-
ministic, scenario-based OPF for assessing technically feasible and economically consistent
dispatch solutions.

The contribution of this work lies in the formulation of an economic dispatch frame-
work that integrates, within a single OPF-based structure, technical, operational, and inter-
action variables that have often been treated separately in the literature. In particular, the
novelty of the study lies in the simultaneous consideration of bidirectional grid–microgrid
power exchange, voltage and loadability constraints, spinning reserve, installed capacity,
power losses, and hybrid versus renewable-only generation configurations. This integrated
treatment enables a more comprehensive assessment of power grid operation with intercon-
nected microgrids and supports dispatch decision-making under predefined deterministic
operating scenarios.

2. Materials and Methods
The development of the multi-scenario OPF-based economic dispatch framework

follows a sequential procedure that integrates electrical modeling, optimization, deter-
ministic scenario analysis, and post-optimization feasibility verification. The general
methodology is illustrated in Figure 1, which presents the proposed algorithm for evalu-
ating the operation of the power grid interconnected with a microgrid under predefined
operating scenarios.

The study is conducted using simulation and power grid analysis tools. Power grid
modeling and analysis are performed using specialized software for load flow and optimal
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power flow, specifically DIgSILENT PowerFactory, version 2023 SP4 [25]. The stages
comprising the proposed framework strategy are described sequentially below.

Figure 1. Multi-Scenario OPF-Based Economic Dispatch Framework.

It should be noted that the proposed sequential structure of the methodology does
not align with a dynamic programming formulation. In this study, each load scenario
is treated as an independent deterministic operating condition and is solved through an
OPF-based optimization problem. Therefore, the framework does not include temporal
state transitions, stage-wise cost functions, storage state-of-charge evolution, or receding-
horizon decisions. Under this formulation, the optimal solution is the feasible OPF solution
that minimizes the defined generation cost function while satisfying the imposed electrical
and operational constraints.

2.1. Definition of Input Data

The input data definition stage corresponds to the starting point of the algorithm
shown in Figure 1 and provides the basis for developing the multi-scenario OPF-based
economic dispatch framework. This phase establishes the information required for the
electrical modeling of the power grid and for the subsequent execution of load-flow and
optimal power-flow models under predefined deterministic operating scenarios.

The input data include electrical, operational, and economic variables that describe
the behavior of the power grid and the microgrid. As shown in Table 1, these variables
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comprise nodal voltages, generation and demand power, operational constraints, generator
characteristics, cost curves, microgrid topology, and grid–microgrid power exchange. The
table also specifies the corresponding units of measurement and the range of parameter
variation considered in the simulations, including load levels of 100%, 70%, and 40%, as
well as the two evaluated generation configurations: hybrid and renewable-only.

Table 1. Description of the input data.

Variable Description Unit Range/Variation
Considered

Nodal voltage
- Voltage values at the nodes of

the power grid and
the microgrid

kV, p.u. Nominal values and
admissible range of ±5%

Active power
- Active power generated or

demanded by the power grid
and the microgrid

MW
According to generator
limits and load scenarios of
100%, 70%, and 40%

Reactive power
- Reactive power generated or

demanded by generators, loads,
and network elements

Mvar
According to the generator
reactive power limits and
load requirements

Apparent power
- Apparent power of generators,

loads, transformers, and
network elements

MVA
According to the nominal
capacity of each
component

Loads - Electrical demand of the power
grid and microgrid

MW, Mvar, MVA 100%, 70%, and 40% of the
reference load

Generators
- Technical characteristics and

operating limits of synchronous,
solar, and wind units

MW, Mvar, MVA, p.u.

Minimum and maximum
active/reactive power
limits; power factor
according to generator type

Element loadability - Loading level of lines,
transformers, and generators

% Must remain below 100%

Spinning reserve - Additional available
generation capacity

MW
Calculated for each
scenario and generation
configuration

Operating cost curves
- Relationship between generated

power and operating cost monetary unit/MWh
According to the cost
function used in the OPF
formulation

Microgrid topology - Configuration of the
interconnected microgrid

— AC-coupled or decoupled
configuration

Grid–microgrid
power exchange

- Active and reactive power
exchanged between the
microgrid and the main
power grid

MW, Mvar

Positive values indicate
export to the grid; negative
values indicate import
from the grid

Based on this data, the electrical model is formulated using nodal analysis. For this
purpose, a reference bus called “bus X” is considered, which establishes the relationship
between the injected power and current at the node.

The voltages at the nodes of the power grid are calculated using [26]:

[ Ib] = [Yb][Vb ] (1)

The term [Ib] is the vector of injected currents, [Yb] is the nodal admittance matrix, and
[Vb] is the vector of nodal voltages.

The complex power at each node is defined as [26]:

S*
x = Vx Ix = Px + jQx (2)
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The terms Sx, Ix, Px, Qx, and Vx represent the complex power, injected current, active
power, reactive power, and voltage at node x, respectively.

The reactive power must satisfy operational constraints, expressed as [27]:

(Qx)min ≤ Qx ≤ (Qx)max (3)

where the limits are defined by:

(Qx)min = (QGx)min − QCx (4)

(Qx)max = (QGx)max − QCx (5)

The term (QGx)min and (QGx)max are the reactive generation limits of the generator,
and QCx is the reactive power of the load at the node.

The reactive generation limits of the generator are determined based on its operational
capability [27]:

QGmax = Pmax
0.85 sin ϕ (6)

QGmin = −0.35 QGmax (7)

where ϕ is the power factor angle, calculated as:

ϕ = cos−1(factor de potencia) (8)

Additionally, to ensure stable power grid operation, a minimum generation power is
defined as:

Pmin = 0.3 Pmax (9)

The term Pmax corresponds to the nominal capacity of the generator.
This criterion ensures that generators operate within an adequate loading range,

avoiding unstable conditions and enabling an appropriate response to load variations
within the predefined operating scenarios [28].

2.2. Power Grid Interconnection—Microgrid

Once the input data is defined, the interconnection stage between the main power
grid and the microgrid begins, forming the basis technical and operational evaluation of
the integrated power grid. First, the load flow of the main power grid and, independently,
that of the microgrid are calculated. These studies are carried out using DIgSILENT
PowerFactory software [25], which enables precise modeling of the power grid’s electrical
variables and evaluation of its behavior in terms of voltages, power flows, and losses.
This initial evaluation allows for the characterization of each subsystem grid in isolation
and verification of compliance with operating limits. Subsequently, the power grid nodes
to which the microgrid will be connected are selected. This process considers technical
criteria such as network capacity, voltage levels, and operating conditions to ensure proper
integration without compromising power grid stability.

Once the connection points are defined, the power grid-microgrid interconnection
is performed, integrating both subsystem grids into a single electrical model within the
simulation environment. Next, the load flow of the modified power grid is calculated using
DIgSILENT PowerFactory 2023 SP4 [25], allowing for evaluation of the power grid’s overall
behavior after the microgrid’s integration. This analysis includes verifying variables such
as the node voltage profile, line power flows, the load capacity of the network elements,
and the balance between generation and demand. If deviations from the established
operating limits are identified, adjustments are made to the model parameters, such as load
redistribution, generation modifications, or redefinitions of interconnection nodes. This
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stage, according to the flowchart, establishes the starting point for generating deterministic
evaluation scenarios and applying the optimal power flow, ensuring that the integrated
power grid is correctly configured, technically verified, and validated for subsequent
analysis stages.

2.3. Evaluation Scenarios

Once the interconnection between the main power grid and the microgrid is estab-
lished, the evaluation scenarios are defined and analyzed. This stage allows characterization
of the integrated behavior of the power grid under predefined deterministic and other
operating conditions and forms the basis for applying optimal power flow.

Three representative load scenarios, described in Table 2, are considered, correspond-
ing to peak, medium, and low demand conditions. In each scenario, two operating con-
figurations are evaluated: (i) operation with renewable and synchronous generators and
(ii) operation exclusively with renewable sources.

Table 2. Deterministic Operating Scenarios.

Scenarios Description

Scenario 1: 100% Maximum demand scenario, with synchronous, solar, and
wind generators

Scenario 2: 70% Midday scenario, with the wind generator out of service
Scenario 3: 40% Early morning scenario, with solar generators out of service

For each scenario, the optimal power flow is determined by evaluating key tech-
nical variables, including spinning reserve, installed capacity, power transfer from the
power grid to the microgrid, maximum available generation, line load capacity, and power
grid losses.

Within the context of the predefined deterministic scenarios, the economic dispatch
problem is formulated as an objective function aimed at minimizing the total generation
cost of the power grid [21]:

min
Ng

∑
i=1

CGi PGi
(10)

The term CGi corresponds to the marginal generation cost of unit i, PGi is the generated
power, and Ng is the total number of generating units.

The optimization is performed subject to technical and operational constraints. First,
the power generated by each unit must satisfy:(

PGi )min ≤ PGi ≤
(

PGi )max (11)

Additionally, the balance between generation and demand is ensured by:

∑
i

PGi = PD (12)

These constraints ensure that the power grid operates under energy balance and within
the capacity limits of the equipment, avoiding overload or instability conditions [29].

The problem is solved using Optimal Power Flow (OPF) techniques implemented in
the DIgSILENT PowerFactory simulation environment, which allows the integration of
electrical constraints such as voltage limits, power-flow limits, and network-component
capacity limits. Each combination of load scenario and generation configuration was solved
independently as a deterministic AC-OPF problem. Before executing the optimization, an
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AC load-flow calculation was performed for the corresponding operating condition, and
its converged solution was used as the initial operating point of the OPF calculation.

To assess the numerical convergence behavior of the OPF formulation, the number of
solver iterations required to reach convergence was recorded for each evaluated scenario
and configuration. The iteration count was obtained directly from the internal iteration
counter provided in the DIgSILENT PowerFactory calculation output after the successful
completion of each OPF case. One iteration represents an internal numerical step in which
the solver updates the optimization variables and the associated network operating state
and subsequently reevaluates the objective function, the active- and reactive-power balance
equations, and the imposed equality and inequality constraints.

Convergence was considered to have been achieved when the solver satisfied its
configured numerical stopping criteria and obtained a feasible operating point that com-
plied with the limits imposed on nodal voltages, generator active and reactive power,
branch power flows, and network-component loadability. The same solver configuration,
initialization procedure, and convergence criteria were applied to all evaluated cases.

The recorded values include only the internal iterations of the OPF solver and exclude
the iterations associated with the preliminary AC load-flow calculation, manual modifi-
cations of the network model, repetitions of the complete methodological procedure, and
external post-optimization feasibility-adjustment cycles. This information was used as a
complementary indicator of numerical feasibility under the simulated deterministic operat-
ing conditions. However, the convergence results should not be interpreted as evidence
of real-time applicability, since the framework was not implemented as a real-time model
predictive control, receding-horizon, or online dispatch strategy.

Within this scope, the term “min” (best solution) refers to the OPF solution that mini-
mizes the total generation cost for each predefined deterministic scenario while satisfying
the system’s technical constraints. These constraints include active and reactive generation
limits, power balance, voltage limits, power-flow limits, line and generator loadability,
losses, and spinning reserve requirements. Therefore, optimality is interpreted internally
with respect to the OPF formulation, input data, and constraints used in the study, rather
than as a global comparison with all possible optimization techniques.

During the OPF execution, control conditions associated with active and reac-
tive power dispatch of generators are considered, together with power grid technical
constraints, including:

• Voltage limits at the nodes;
• Active and reactive power limits of generators;
• Power flow limits (line loading).

These constraints ensure a secure operation of the power grid under the evaluated
conditions [30].

The power grid performance is evaluated based on the technical criteria presented in
Figure 2.

These criteria include:

• Calculation of spinning reserve, as additional capacity to compensate for variations in
renewable generation;

• Installed capacity, associated with the energy that can be generated and distributed;
• Voltage profile, which allows for analysis of voltage distribution in the power grid;
• Line and generator losses and overloads, related to the capacity and resistance of

the components;
• Energy transfer from the grid to the microgrid, ensuring efficient exchange;
• Maximum available generation, determined by the capacity of the generation units

and the power grid demand.

https://doi.org/10.3390/asi9070135

https://doi.org/10.3390/asi9070135


Appl. Syst. Innov. 2026, 9, 135 9 of 22

Figure 2. Evaluation Criteria for the Multi-Scenario OPF-Based Framework.

The integration of these criteria enables a comprehensive evaluation of the power
grid’s operation, especially in the presence of intermittent renewable sources.

In this context, spinning reserve is incorporated as a key element to mitigate the
variability of solar and wind generation, ensuring power grid stability and continuity of
electricity supply. This resource allows for compensating for deviations between generation
and demand, helping to maintain operating conditions within established limits [31].

Spinning reserve is defined as the additional generation capacity available in the power
grid that can be activated immediately to compensate for imbalances between generation
and demand, particularly in the face of unexpected variations in renewable energy sources
or operational contingencies [32].

2.4. Technical Feasibility Verification

The technical feasibility verification stage aims to verify that the multi-scenario OPF-
based economic dispatch framework meets the technical, operational, and economic per-
formance criteria defined for the simulated scenarios. In this study, this stage corre-
sponds to a post-optimization verification process within the simulation environment.
This stage is activated only when the solution obtained through optimal power flow is
preliminarily accepted.

The acceptability of the solutions obtained through optimal power flow was verified
based on the following criteria: (i) voltages within ±5%, (ii) line and generator load capacity
below 100%, (iii) balance between generation and demand, (iv) technically acceptable losses,
and (v) existence of sufficient spinning reserve. If the solution is not accepted in the previous
stage, the algorithm returns to the optimal power flow calculation and scenario evaluation
phases, adjusting variables such as generation allocation, operational constraints, and load
conditions. This iterative process continues until a solution that meets the defined technical
criteria is obtained, at which point the validation stage is enabled.
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Once the solution is accepted, the technical feasibility verification process unfolds se-
quentially through five substages: contingency analysis, simulation results, data collection,
data analysis, and decision-making.

First, a contingency analysis is performed to evaluate the power grid’s response to
operational disturbances, including variations in renewable generation, changes in demand,
or failures of network elements. This analysis identifies critical operating conditions,
assesses the framework’s technical response under adverse scenarios, and verifies that the
power grid remains stable and secure.

Next, the simulation results stage is executed, in which the electrical and operational
variables of the power grid are obtained from the integrated power grid (microgrid–power
grid) load flow using simulation tools such as DIgSILENT PowerFactory. These results
allow for verification of compliance with technical constraints, including voltage levels,
power flows, losses, and the operating limits of the power grid elements.

Subsequently, data collection is conducted to consolidate the results for each evaluation
scenario. This information includes variables such as nodal voltages, line currents, power
grid losses, power transfer, installed capacity, and operating reserve, and forms the basis
for subsequent analysis.

In the next phase, data analysis is performed to evaluate power grid performance using
verification indicators. In this context, the percentage of nodes with voltage problems [33]
and the load percentage of the most heavily loaded network segment is used to quantify
compliance with the power grid’s technical constraints [34]. The combined analysis of these
indicators enables the identification of voltage regulation and overload issues, providing a
comprehensive evaluation of the power grid’s operational status.

Finally, the decision-making stage is carried out, in which the solution’s final ac-
ceptability is determined. If the indicators meet the established limits and the technical,
operational, and economic constraints are satisfied, the solution is considered technically
feasible, and the process concludes.

The technical result reported in the operational decision was adopted from the com-
bined evaluation of the physical quantities modeled and verified in the OPF-based assess-
ment. These quantities include nodal voltage compliance within the admissible range of
0.95–1.05 p.u., element loadability below 100%, active and reactive power balance, power
losses, available spinning reserve, and the sign and magnitude of the grid–microgrid power
exchange. Thus, a configuration was classified as recommended when it satisfied voltage
and loadability limits while presenting lower losses, higher reserve, and stable or favorable
power exchange. In contrast, configurations with higher dependence on the main grid,
lower operating margins, or import requirements were classified as conditional, backup-
required, or requiring external coordination. Since the study is based on a modified IEEE
14-node test system and not on a real distribution feeder with regulatory customer cate-
gories, consumer reliability classes were not explicitly assigned; instead, reliability-related
behavior was assessed indirectly through voltage compliance, loadability margins, reserve
availability, and dependence on the main grid.

Otherwise, the algorithm follows an alternative path and returns to previous stages of
the process, specifically to the formulation of the economic dispatch or the definition of
scenarios. This return allows for adjusting model parameters, redefining operating condi-
tions, or modifying generation allocation, establishing an iterative scheme of continuous
improvement until a viable solution is reached.

It should be noted that this verification is based on simulation results and comparison
with technical trends reported in the literature. Therefore, it does not replace validation
against measured operating data from a real microgrid, which is considered a future
extension of the study.
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3. Results
The multi-scenario OPF-based economic dispatch framework for microgrids intercon-

nected with the power grid was evaluated on the modified 14-node IEEE test power grid,
in which a microgrid was integrated by connecting it to several nodes. Figure 3 shows the
configuration of the microgrid used in the study, comprising 11 nodes, 11 lines, and 6 loads,
arranged in a radial structure.

Figure 3. Microgrid power grid.

The microgrid operates with a nominal voltage of 33 kV at all nodes. Its configuration
incorporates synchronous and renewable generation, enabling analysis of the interaction
between firm and variable sources within deterministic, scenario-based economic dispatch.

Table 3 presents the nodal voltage values of the microgrid. The voltages remain
between 0.99 and 1.00 p.u., indicating an adequate voltage profile with no significant
deviations from the nominal value.

Table 3. Voltage at the microgrid nodes.

Node Voltage (kV) Voltage (p.u.)

1 33.00 1.00
2 33.00 1.00
3 32.97 0.99
4 32.97 0.99
5 32.97 0.99
6 32.96 0.99
7 32.99 0.99
8 32.98 0.99
9 32.96 0.99
10 32.95 0.99
11 32.99 0.99
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Table 4 summarizes the operating characteristics of the microgrid lines. Load capacities
range from 1.31% to 8.92%, indicating no congestion and sufficient power transfer capacity.
Line 08–09 exhibits the highest relative load capacity, without exceeding operational limits.

Table 4. Microgrid Line Characteristics.

Line V (i) p.u. V (j) p.u. Loading (%)

09–10 0.99 0.99 4.56
08–11 0.99 0.99 3.50
08–09 0.99 0.99 8.92
06–10 0.99 0.99 2.04
05–06 0.99 0.99 1.31
04–05 0.99 0.99 1.67
03–04 0.99 0.99 1.67
02–08 1.00 0.99 6.69
02–07 1.00 0.99 2.64
02–03 1.00 0.99 2.39
01–02 1.00 1.00 4.11

Table 5 presents the load characteristics. Demand is heterogeneously distributed; node
1 has the highest consumption. Power factors range from 0.71 to 0.95, which determine
power-flow conditions and the grid’s reactive power requirements.

Table 5. Load Characteristics.

Node P (kW) S (kVA) I (A) Power Factor

N1 5394 5800 101.5 0.93
N3 1496 1700 29.7 0.88
N6 1000 1220 21.3 0.82
N7 2385 2680 46.9 0.89
N9 2850 3000 52.5 0.95

N10 2130 3000 52.5 0.71

Table 6 summarizes the technical parameters of the microgrid generators and their
connection nodes. Synchronous generation is located at nodes 1, 2, and 11, while renew-
able generation is located at nodes 5, 6, and 7. This distribution enables evaluation of
the differentiated contributions of firm and variable generation to the operation of the
power grid.

Table 6. Parameters and location of the microgrid generators.

Generator
Type

S
(MVA)

Pmin
(MW)

Pmax
(MW)

Power
Factor

Connection
Nodes

Synchronous 4.53 0.35 4.35 0.85 1, 2, 11
Solar 2.00 0.60 2.00 1.00 6, 7
Wind 2.00 0.50 2.00 0.85 5

Figure 4 shows the single-line diagram of the 14-node IEEE power grid used as the
main network.

The IEEE 14-node power grid consists of 14 nodes, 16 lines, 11 loads, 5 generators,
and 5 transformers [35]. It is modeled using per-unit values at 60 Hz and a base power of
100 MVA, enabling normalization of electrical variables and facilitating comparison between
operating scenarios.
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Figure 4. IEEE 14-node single-line diagram.

To evaluate the OPF-based economic dispatch framework, the microgrid was con-
nected to nodes 3, 12, and 14, which were selected for their lowest short-circuit power
levels, i.e., lower electrical rigidity. Table 7 summarizes these values.

Table 7. Microgrid connection nodes in the IEEE 14 power grid.

Node SKSS (MVA)

3 1216
12 408
14 390

Nodes 12 and 14 exhibit the lowest voltage withstand capacity, followed by node 3.
Therefore, interconnection at these points allows for a more sensitive evaluation of the
microgrid’s impact on voltage stability, power flows, and OPF-based dispatch performance
under demanding conditions.

Figure 5 presents the overall power grid indicators for the three load scenarios consid-
ered and the two operating configurations evaluated: hybrid and exclusively renewable. In
the net exchange of the microgrids, a positive sign indicates exports to the power grid, and
a negative sign indicates imports from it.

Figure 5 shows that the hybrid configuration achieves better technical performance
than the renewable-only configuration across the three evaluated load levels. This behav-
ior is mainly associated with the presence of synchronous generation, which provides
firm power and contributes to operating reserve. At high load, losses are reduced by
7.3 MW compared to the renewable-only configuration, while spinning reserve increases
by 57.8 MW. Similarly, net exchange changes from imports of 33.8 MW to an export of
16.7 MW, representing a net difference of 50.5 MW.

At medium load, the difference between the configurations is smaller, although the
hybrid configuration still presents lower losses and higher reserve. In this case, losses

https://doi.org/10.3390/asi9070135

https://doi.org/10.3390/asi9070135


Appl. Syst. Innov. 2026, 9, 135 14 of 22

decrease by 0.6 MW, and reserve increases by 9.6 MW. Both configurations allow power
export to the grid; however, the hybrid configuration provides a higher export level.

 
(a) 

 
(b) 

Figure 5. Global power grid indicators: (a) grid power, losses, and spinning reserve; and (b) power
transferred at grid connection points.

Under low load, the hybrid configuration also presents lower losses and higher reserve
than the renewable-only configuration. It exports 37.7 MW, while the renewable-only
configuration requires an import of 13.8 MW. This result confirms that the availability of
synchronous generation improves the operational autonomy of the microgrids under the
evaluated deterministic scenarios.

Therefore, Figure 5 should be interpreted as a comparative assessment of how the
imposed generation mix affects grid power, losses, spinning reserve, and net microgrid
exchange. The contribution of the OPF-based framework lies not in the isolated production
of these improvements, but in the integrated quantification and technical verification of
their operational effects under common constraints and load conditions.

Figure 6 shows the power exchange between each microgrid and the power grid.
Positive values represent power exports to the grid, while negative values indicate
power imports.
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Figure 6. Microgrid-grid power exchange.

Figure 6 shows that, under high load, the microgrids in hybrid configuration export
3.2 MW, 3.7 MW, and 9.7 MW, respectively. In contrast, under the renewable configuration,
they import between 10.8 MW and 12.3 MW each. Under medium load, all three microgrids
export power in both configurations, although the hybrid configuration increases the
individual contribution by approximately 2.5 MW per node. Under low load, the hybrid
configuration shows the highest contributions, between 10.4 MW and 14.9 MW, while in
the renewable configuration, the three microgrids import 4.6 MW each, indicating a loss of
self-sufficiency.

These results show that the microgrid does not operate as a passive load, but as an
active agent whose export or import status depends on the load level and the technological
composition of its resources.

As part of the technical feasibility verification stage, compliance with technical con-
straints and the load capacity of power grid elements were evaluated in both the main
network and the microgrids. Figure 7 shows the loading levels of the lines, generators,
machines, and transformers in both subsystems.

The term SG represents a synchronous generator, L represents transmission lines, SM
represents a synchronous motor, and T represents a transformer.

The analysis of Figure 7 shows that the main power grid operates under low to
moderate loadability levels across the evaluated scenarios. In particular, the generators
reach maximum values near 55%, while the lines and transformers generally remain
below 30%. This behavior demonstrates operation with sufficient margins to absorb
load variations, and predefined contingency conditions in the deterministic OPF analysis
indicate that, under the base operating scenarios, the main power grid operates with
available loading margins.

In microgrids, the synchronous generators maintain loadability levels close to 75% in
the 100% and 70% demand scenarios, reflecting their role as firm generation and operational
support sources. In contrast, the 40% load scenario shows a redistribution of generation
due to the lower availability of renewable resources, which increases the loading on
some equipment.

The most critical case occurs in the microgrid connected to node 12, where one of
the synchronous generators reaches approximately 92.6% loading under the 40% scenario,
indicating an operating condition close to the nominal limit. Although more demanding
conditions arise under low demand and limited availability of renewable generation, the
established technical limits are not exceeded in the base scenarios.
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Figure 7. Loadability of the elements: (a) power grid, (b) microgrid connected to node 3, (c) microgrid
connected to node 12, and (d) microgrid connected to node 14.
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Therefore, given nodal voltages within the admissible range of 0.95–1.05 p.u. and
element loadability below 100%, the OPF solutions obtained are considered technically
acceptable across all analyzed base scenarios. Table 8 summarizes the acceptability verifica-
tion, while Table 9 presents the operational decisions derived from the technical analysis.

Table 8. Acceptability Verification.

Scenario Configuration Voltage Loading Status

100% Hybrid 0.95–1.05 p.u <100% Accepted
100% Renewable 0.95–1.05 p.u <100% Accepted (lower operational margin)
70% Hybrid 0.95–1.05 p.u <100% Accepted
70% Renewable 0.95–1.05 p.u <100% Accepted
40% Hybrid 0.95–1.05 p.u 92.6% Accepted
40% Renewable 0.95–1.05 p.u <100% Accepted (with external support)

Table 9. Operational decisions derived from physical feasibility indicators.

Scenario Configuration Technical Result Decision

100% Hybrid Lower losses, higher reserve Recommended
100% Renewable High dependence on the grid Backup required
70% Hybrid Stable export Recommended
70% Renewable Feasible operation Conditional
40% Hybrid High reserve Recommended
40% Renewable Import required External coordination

Table 9 demonstrates the correlation between the power grid’s technical performance
and the operational decisions adopted. It shows that the hybrid configuration is consistently
recommended in all analyzed scenarios. This is due to its ability to reduce losses, increase
operating reserves, and maintain stable power-exchange conditions. Consequently, greater
operating margins and flexibility are achieved.

In contrast, the renewable configuration, while technically feasible according to the
acceptability verification, presents operational limitations. These limitations are mainly
associated with its dependence on the power grid, generation variability, and the need for
external support. As a result, more restrictive decisions are adopted, such as conditional
operation, backup requirements, and external coordination. These conditions are more
pronounced in high-demand (100%) and low-load (40%) scenarios, where reliability and
energy-balance demand increase.

To assess the numerical behavior of the OPF solution, the number of internal solver
iterations required for convergence was recorded for each evaluated scenario and configu-
ration. Table 10 summarizes the iteration counts obtained for the six evaluated cases.

Table 10. Internal OPF solver iterations for each evaluated scenario and configuration.

Scenario Configuration Number of OPF Iterations

100% Hybrid 12
100% Renewable 9
70% Hybrid 13
70% Renewable 11
40% Hybrid 10
40% Renewable 13

Table 10 shows that all evaluated scenarios converged within a narrow range of
9–13 OPF iterations. The 100% load scenarios required 12 iterations for the hybrid configu-
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ration and 9 for the renewable configuration, indicating stable numerical behavior even
under the highest-demand condition. The highest number of iterations was observed in
the 70% hybrid and 40% renewable scenarios, both with 13 iterations.

This behavior is technically consistent because OPF convergence depends not only
on the demand level but also on the active constraints, generation configuration, reactive
power limits, grid–microgrid power exchange conditions, and the solver’s initial operating
point. Scenarios with greater redistribution of generation or higher dependence on grid–
microgrid exchange may require additional iterations, even when the total demand is lower
than in the peak-load case.

Therefore, the results indicate the numerical feasibility of the OPF-based assessment
within the DIgSILENT PowerFactory simulation environment. However, these iteration
values should be interpreted as evidence of convergence under the simulated deterministic
conditions, rather than as a complete demonstration of real-time applicability. Since the
proposed framework is not implemented as a real-time MPC, receding-horizon, or online
dispatch strategy, execution time, hardware characteristics, solver settings, forecast update
intervals, and scalability for larger systems were not evaluated in this study. These aspects
are identified as future work for assessing real-time or near-real-time applicability of the
proposed framework.

4. Discussion
The results obtained show that the hybrid configuration achieves better technical

performance than the exclusively renewable configuration across all load scenarios. This
behavior is reflected in lower losses, higher spinning reserve, and improved net power
exchange. In the high-load scenario, the hybrid configuration reduces losses from 18.72 MW
to 11.42 MW, increases the spinning reserve from 91.48 MW to 149.30 MW, and changes
the operating condition from a net import of 33.78 MW into a net export of 16.69 MW. This
result is mainly associated with the availability of synchronous generation in the hybrid
configuration, which provides firm power and additional operating reserve. Therefore,
the improvement should be interpreted as the combined effect of the imposed generation
mix and the OPF-based dispatch assessment, rather than as the isolated effect of the
proposed framework.

These results are consistent with those reported in the literature on power grids
with high renewable energy penetration. Other authors indicated that the reduction in
synchronous generation affects the inertia and resilience of the power grid, increasing its
vulnerability [5,6]. Although the present study does not address dynamic phenomena, the
economic dispatch results indicate that synchronous generation plays a structural role in
power grid operation by providing firm power, increasing available reserves, and reducing
dependence on the main grid.

Additionally, the results support the analysis of the role of operational flexibility in
economic dispatch. As discussed in the literature [7–9], flexibility resources, such as energy
storage and demand response, are fundamental for managing the variability of renewable
energy sources. In this study, these resources are not optimized individually; therefore, their
roles are discussed only as contextual elements in the literature. The evaluated scenarios
show that the system can maintain favorable operating conditions, particularly regarding
power exports and reduced external dependence, under medium- and low-load conditions
when synchronous generation is available.

A key aspect of the analysis is the power exchange behavior between the microgrid
and the power grid. The results show that the microgrid acts as an active element of
the power grid, capable of modifying its operating condition between export and import
depending on the load level and generation configuration. This result confirms the need to
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explicitly model bidirectional power flows, as identified in the introduction as a limitation
of various existing approaches. In particular, studies based on predictive [13,15,16,19] have
demonstrated the effectiveness of these methods in decision-making under uncertainty.
However, the present work does not implement predictive control, uncertainty propagation,
stochastic optimization, or a receding-horizon structure. Its contribution is limited to a de-
terministic multi-scenario OPF-based assessment that explicitly incorporates bidirectional
energy transfer, electrical constraints, losses, installed capacity, and operating reserve.

This limitation becomes evident when comparing the behavior of both configurations.
While the hybrid configuration maintains export conditions in all scenarios, the renewable
configuration loses self-sufficiency under both high- and low-load conditions, requiring
imports from the power grid. Consequently, the results show that the explicit inclusion
of bidirectional exchange improves the representation of the power grid and directly
influences dispatch decision-making and performance evaluation.

Another relevant element of the analysis is the simultaneous verification of technical
constraints. Unlike approaches that prioritize cost minimization exclusively, this study
bases the solution’s acceptability on joint compliance with limits on nodal voltage, element
loadability, losses, and spinning reserve availability. This verification confirms the internal
technical feasibility of the OPF solutions under the simulated scenarios. However, this
process should be interpreted as a post-optimization technical feasibility verification within
the simulation environment, rather than as experimental validation or validation against
field measurements.

To further support the reliability of the obtained results, the main performance
indicators were interpreted in relative terms and contrasted with trends reported in
previous studies on hybrid microgrids, renewable energy integration, and technical–
economic dispatch assessment. In the present study, the hybrid configuration reduces
active power losses by approximately 39.0% in the high-load scenario, from 18.72 MW to
11.42 MW, while the spinning reserve increases by approximately 63.2%, from 91.48 MW to
149.30 MW. In addition, the net microgrid exchange shifts from an import of 33.78 MW to
an export of 16.69 MW. These relative results are consistent with studies indicating that
hybrid configurations with firm generation support can improve operating margins, reduce
dependence on the main grid, and increase the technical feasibility of systems with variable
renewable generation.

The results differ from those of studies focused on techno-economic evaluations of
hybrid microgrids [20–22] by explicitly incorporating the interaction between the microgrid
and the power grid, selecting nodes with low electrical rigidity, and verifying OPF solutions
under technical constraints. This enables evaluation of power grid performance under
predefined deterministic operating conditions. However, the comparison with previous
works is made in relative terms because the reviewed studies differ in network topology,
installed capacity, load level, dispatch formulation, and generation mix. Therefore, the
agreement with the literature should be understood as technical consistency with previously
reported trends, rather than as a direct one-to-one validation.

Taken together, the results support the findings of [20–22], who emphasized the need to
develop more adaptive and integrated dispatch models. In this study, this need is addressed
through a multi-scenario OPF-based framework that simultaneously incorporates load
scenarios, bidirectional power exchange, electrical constraints, losses, operating reserve,
and the coexistence of firm and variable generation.

Therefore, the main contribution of this work is to integrate these variables into a
single deterministic OPF-based framework for the joint assessment of key power grid
indicators, including losses, spinning reserve, net power exchange, and compliance with
technical constraints. The results should be interpreted within the scope of the modified
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IEEE 14-node test system, the interconnected microgrid, and the predefined deterministic
scenarios evaluated in this study.

5. Conclusions
The results show that the predictive economic dispatch strategy provides a coherent

structure for integrating technical, operational, and interaction variables between the
microgrid and the power grid into a single optimization scheme. The explicit incorporation
of electrical constraints, multiple operating scenarios, and bidirectional power flows ensures
solutions that are simultaneously feasible from both technical and economic perspectives,
thus supporting their applicability under real-world conditions.

The analysis confirms that modeling bidirectional power exchange is relevant for
representing the operational interaction between the microgrid and the power grid. The
results show that the microgrid can operate either as an importing or exporting subsystem,
depending on the load level and generation configuration. Furthermore, the improved
performance observed in the hybrid configuration is mainly attributable to the availability
of synchronous generation, which provides firm power and additional operating reserve.
Therefore, this result should be interpreted as the combined effect of the imposed genera-
tion mix and the OPF-based assessment, rather than as the isolated effect of a predictive
control strategy.

The main contribution of this work is the formulation of a unified OPF-based assess-
ment scheme that integrates technical, operational, and interaction variables, which have
often been addressed separately in the literature. In particular, the combined considera-
tion of electrical constraints, operating reserve, losses, and power-sharing mechanisms
enables a more complete representation of the power grid under predefined deterministic
operating conditions.

Additionally, the simultaneous verification of technical constraints during the op-
timization process supports the OPF solutions’ internal technical feasibility, surpassing
approaches that evaluate these constraints in isolation. This verification should be un-
derstood as a post-optimization technical feasibility assessment within the simulation
environment, rather than as experimental validation or validation against measured op-
erating data. In this regard, the proposed framework is useful for evaluating operating
conditions, comparing generation configurations, and interpreting power grid performance
indicators in interconnected microgrid studies.

The findings should be interpreted within the specific scope of the modified IEEE
14-node test system, the interconnected microgrid, and the three analyzed deterministic
load scenarios. Therefore, the results do not constitute a general validation of a predictive
dispatch strategy under all possible operating conditions.

Future work should extend the proposed multi-scenario OPF-based framework toward
a formal predictive dispatch formulation. This extension should incorporate renewable
generation and demand forecasting, uncertainty propagation, stochastic or robust optimiza-
tion, and receding-horizon implementation. In addition, future studies should evaluate
N−1 security-constrained OPF, tighter operating margins, stressed operating conditions,
additional test systems, and measured data from real microgrid operation. Computational
performance should also be assessed through execution time, solver settings, hardware-
dependent behavior, and scalability analysis. These developments would provide a more
rigorous basis for evaluating the methodology’s applicability under time-dependent oper-
ating conditions, forecast errors, variable renewable generation profiles, and near-real-time
microgrid operation.
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